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Preface

The continuous pursuit towards detecting extremely small concentrations of analytes
with ever-increasing complexity in an expanding diversity of sample matrices has
driven innovation in the field of biosensing. Another driving force can be identified
in the need to measure biochemical parameters quasi-instantly at the point of need
and thus, making analytical devices more accessible. With this book, we highlight
how the boundaries in detection limits and sensitivities have been pushed for a
variety of analytes and how the design of detection methodologies has been revolu-
tionized to fit the needs of specific applications.

Within the book we follow the classical definition of a biosensor as an analytical
tool comprising as heart elements a recognition element and a transduction system —
both in close contact. This makes the biosensing field highly interdisciplinary and
thus, innovations are driven by different developments. Materials, immobilization
strategies, and new methodologies are in the focus. Within this book, the analyte is
the molecule which is targeted, and the probe or capture molecule is the recognition
site. Although not always in separate chapters, we cover the different kinds of
recognition elements — from well-known biomolecules to non-biological
approaches. We also illustrate how well-established transduction strategies such as
field effect sensing can be revolutionized by new production technologies and
immobilization methodologies which widen the applicability. This may underline
the dynamic character in the biosensor research field. The book is not intended to
introduce into the basic techniques for transduction such as voltammetry,
amperometry, surface acoustic waves, surface plasmon resonance, fluorescence,
and others. Here, the reader is referred to the various books and reviews covering
these topics. Instead, the primary focus lies on highlighting recent developments in
the biosensor field. While analytical performance remains important, the emphasis is
on the operational principle. As such, the intention is not to be comprehensive, but
rather to present illustrative examples to introduce the reader with emerging aspects
of biosensor development.

This is highlighted from the first chapter on chimeric protein switch biosensors,
where the fusion of recognition and reporter elements paves the way for rapid and
efficient analyte detection in complex samples, to the exploration of solid-state
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vi Preface

nanopores for biomolecular analysis, which unlocks new possibilities in DNA and
protein sequencing.

The applications of graphene-based field effect biosensors and the integration of
gold nanoparticles in plasmonic and nanophotonic biosensing showcase the cou-
pling of cutting-edge materials with biological recognition elements leading to
innovative transduction principles, marking a significant leap towards portable and
cost-effective diagnostic tools.

The advances in DNA-based scaffolds and molecularly imprinted polymers offer
unique advantages in the realm of biomolecular recognition. Microbial biosensors
emerge as a novel approach, harnessing the metabolic activity of microorganisms to
convert chemical signals into electrical outputs, thereby expanding the horizon of
environmental monitoring and medical diagnostics.

The convergence of wearable technologies and skin-interfaced systems for con-
tinuous biochemical sensing opens avenues for personalized health monitoring,
promising a future where real-time data empowers individuals to take control of
their well-being.

In the pursuit of precision and sensitivity, aptamer-based biosensors for bacterial
detection and signal-amplified nanobiosensors for virus detection using advanced
nanomaterials highlight the potential for biosensing complex biological analytes at
minute concentrations.

The chapter on microarray-based electrochemical biosensing offers insights into
the versatility of array-based detection methodologies, presenting a comprehensive
overview of electrochemical techniques applied to high-throughput biosensing.

Finally, the chapter on the electrochemical sensing of illicit drugs underscores the
pivotal role of biosensors in addressing societal challenges, offering solutions
through rapid, on-site detection methodologies.

Each chapter within this book represents a milestone in the journey towards a
future where biosensors go beyond boundaries, transforming the landscape of
healthcare, environmental monitoring, and beyond. It is our hope that this book
serves as both — a guide and an inspiration to all those embarking on the path of
biosensor research, fostering collaboration and innovation

Munich, Germany Nicolas Plumere
Wildau, Germany Fred Lisdat
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Abstract Rapid detection of protein and small-molecule analytes is a valuable
technique across multiple disciplines, but most in vitro testing of biological or
environmental samples requires long, laborious processes and trained personnel in
laboratory settings, leading to long wait times for results and high expenses. Fusion
of recognition with reporter elements has been introduced to detection methods such
as enzyme-linked immunoassays (ELISA), with enzyme-conjugated secondary anti-
bodies removing one of the many incubation and wash steps. Chimeric protein
switch biosensors go further and provide a platform for homogenous mix-and-read
assays where long wash and incubation steps are eradicated from the process.
Chimeric protein switch biosensors consist of an enzyme switch (the reporter)
coupled to a recognition element, where binding of the analyte results in switching
the activity of the reporter enzyme on or off. Several chimeric protein switch
biosensors have successfully been developed for analytes ranging from small mol-
ecule drugs to large protein biomarkers. There are two main formats of chimeric
protein switch biosensor developed, one-component and multi-component, and
these formats exhibit unique advantages and disadvantages. Genetically fusing a
recognition protein to the enzyme switch has many advantages in the production and
performance of the biosensor. A range of immune and synthetic binding proteins
have been developed as alternatives to antibodies, including antibody mimetics or
antibody fragments. These are mainly small, easily manipulated proteins and can be
genetically fused to a reporter for recombinant expression or manipulated to allow
chemical fusion. Here, aspects of chimeric protein switch biosensors will be
reviewed with a comparison of different classes of recognition elements and
switching mechanisms.

Graphical Abstract
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Chimeric Protein Switch Biosensors 3
1 Introduction

Biosensors are typically comprised of three components: a recognition element, a
transduction element, and an interface, typically visual or electronic, to communicate
the result to the user [1]. Biosensors supersede traditional testing methods enabling
the measurement of an analyte of interest quickly, accurately, and at a much lower
cost than lengthy lab-based testing; crucially biosensors allow analyte detection at
the “point-of-need’ [1]. Biosensors have been implemented in a number of applica-
tions including clinical diagnostics [2], environmental pollution monitoring [3],
biological warfare [4], and food safety [5].

Biosensors can be categorised into whole-cell sensors, where an analyte can be
detected within a living cell [6]; cell-free sensors, genetic systems where the
recognition of analyte regulates reporter gene expression [7]; enzymatic sensors,
where an enzyme turns over the analyte and the products are measured, such as the
glucose sensor [8]; and bio-affinity sensors, where a biorecognition element is used
in vitro to capture the analyte from a sample and the transduction element converts
the binding event into a signal. Bio-affinity sensors are derived from lab-based
immunoassays, such as the very successful enzyme-linked immunosorbent assay
(ELISA), where analyte capture and signal transduction are usually separated by
wash-steps [9]. These steps can be automated in point-of-care (POC), lab-on-a-chip
microfluidic sensors [10], however few have been commercialised [9]. Lateral flow
tests (LFTs) are immunodetection devices that produce an optical signal upon
protein detection, beneficial for testing that requires a positive or negative result
without quantification. They have a long history of use, e.g. in home pregnancy
testing and have been widely adopted over the course of the COVID-19 pandemic,
due to their low cost, ease of use and utility in low resource settings. Despite their
broad uptake, LFTs are semi-quantitative, and often have limited sensitivity that may
not be sufficient for some applications [9]. In contrast, protein or enzyme switches,
the focus of this chapter, enables highly sensitive quantitative analyte detection at the
point-of-need, while retaining the benefits of LFT such as low cost, simplicity for the
user and application at the point-of-need. Chimeric protein switch biosensors are
defined as sensors in which the reporter and recognition element are fused in a single
design (Fig. 1). They can be grouped into (a) domain-inserted allosteric switches,
(b) modular allosteric switches, and (c) proximity switches [9, 11]. Here, we first
review recognition elements used in chimeric protein switch biosensors, followed by
an overview of successful switching mechanisms.
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2 Recognition Elements

2.1 Antibodies as Recognition Elements

Antibodies (Immunoglobulin, Ig) were the first and still most utilised recognition
elements in immunoassays and bio-affinity sensors. Antibodies are characteristically
‘Y’ shaped and are approximately 150 kDa in size. Their structure is made up of four
chains, two identical heavy chains and two identical light chains, with disulphide
bonds linking a light chain to each heavy chain and the two heavy chains together
(Fig. 2) [12]. The heavy chains are composed of four regions, three constant regions,
and one variable region. The sequences of the heavy chain constant regions deter-
mine the class of the immunoglobulin as IgG, IgD, IgM, IgA or IgE [13]. The light
chains can be divided into two regions, a constant and a variable region. The antigen-
binding sites of an antibody lie in the complementarity-determining regions (CDRs).
These regions determine the specificity of the antibody and are located in the heavy
and light chain variable regions [13]. The constant regions, on the other hand,
determine the immune response to binding the antigen, known as effector
functions [14].
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Monoclonal Fragment antigen Single chain Heavy chain only Nanobody
antibody binding (Fab) variable fragment antibody (HcAb) (Vi)
(ScFv)

Fig. 2 Antibodies and their fragments used as recognition elements for chimeric protein bio-
sensors. Heavy chain constant domains are depicted in green; light chain constant domains are
depicted in blue; heavy chain variable domains are depicted in yellow; light chain variable domains
are depicted in orange

The sequences of the constant regions are typically maintained, conversely, the
variable regions display a high degree of diversity in its sequences. Sequence
diversity in the binding region allows for specific binding to large numbers of
analytes and is a result of somatic hypermutation and gene recombination, an
immune process that occurs in B cell development in response to exposure of foreign
antigens [12]. This ability for sequence diversity is what allows the adaptive immune
system to respond to innumerable threats to a host organism [15], and it is this ability
that is exploited in biotechnology.

Due to the specificity to their associated antigen, antibodies have been an
essential tool in diagnostic tests, and remain a dominating technology for biomolec-
ular analysis [13]. Polyclonal antibodies refer to a non-homogenous pool of anti-
bodies (Igs), where each antibody typically has a different affinity and usually binds
to a different part of the analyte (different epitopes) [13]. Polyclonal antibodies are
produced through eliciting an immune response in an animal. After a series of
injections of the antigen, blood is extracted, and the produced antibodies are purified.
Monoclonal antibodies (mAbs), on the other hand, are a single Ig protein (usually an
IgG) with a single affinity for their target analyte. Monoclonal antibodies are
produced through hybridoma technology [12, 16], in which the effective antibody
can be carried forward for monoclonal antibody production [13]. Hybridoma cells
are a fusion of B-cells, which are short-lived, and immortal myeloma cells, resulting
in an immortalised antibody-producing cell line and, therefore, a maintained source
of the selected mAbs [17]. Being able to produce antibodies that are highly specific
and highly reproducible has paved the way for tests that are both reliable and
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accurate, revolutionising diagnostic technologies [13]. A combination of different
antibody types and specificities can be used as capture elements and/or detection
elements in assays such as ELISA and fluoroimmunoassays (FIA) to measure the
amount of an analyte in a sample [18]. Further, polyclonal and monoclonal anti-
bodies are extensively used in the development of biosensors, which has been
previously reviewed [12, 19-21].

Biosensors and immunoassays rely on the antibody’s specific affinity to the target
of interest. These targets include large macromolecules, such as proteins, larger units
such as bacteria, or even small molecules [22]. Whilst antibodies are the most widely
used binding proteins, there are limitations to their use and production. Antibodies
are typically heat sensitive and for their stability they require disulphide bonds and
glycosylation [23]. This complex macromolecular structure makes whole antibodies
difficult to express in bacteria, so production is often expensive, requiring the use of
animal immunisation or mammalian cell culture [23]. Additionally, there are a
number of factors that can result in production of poor antibodies, including mixed
hybridoma cultures, poor downstream testing, or antibodies not working well
together in an assay. Poor-quality antibodies then raise questions about the repro-
ducibility of antibodies, where researchers have struggled to reproduce the results of
published papers [24]. The applications for antibodies are vast, and that is seen in the
comprehensive use of antibodies. However, an antibody is only as good as the target
it is raised against, as well as the validation carried out subsequent to its selection
[25]. Using whole proteins as selection targets is the traditional method for antibody
selection [26], but issues may arise if the obtained antibody is cross-selective, with
affinities for homologous proteins [25, 27]. To combat inadvertently selecting an
antibody against epitopes that are present in multiple analogous proteins, antibodies
can be selected against specific epitopes [28-30], provided that the epitopes are
stable as isolated peptides. Selecting antibodies against specific epitopes may lead to
antibodies that do not have affinity for the whole, folded analyte protein if the
epitope is not surface exposed or sterically presented in the same context in the
native protein. Thus, care needs to be taken when selecting epitopes for antibody
selection.

Small molecules require attachment to a protein carrier to create haptens that
illicit an immune response. Typically, it is more challenging to select antibodies
against small molecules. Despite this, antibodies with high affinities against small
molecules have been produced [22, 31-33]. As with antibodies selected against
proteins, stringent validation is needed when being selected against haptens. Since
the small molecule needs a larger carrier for antibody production, the resultant
antibody may have interactions with a linker or the carrier protein, or a complex of
the small molecule and protein carrier [24].
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2.2 Antibody Fragments as Recognition Elements
in Chimeric Protein Biosensors

When looking for highly specific and sensitive recognition elements, antibodies
have been the gold-standard. However, antibodies have numerous limitations that
impede them as effective recognition elements in biosensors, particularly chimeric
protein switch biosensors. Chimeric proteins can be engineered at the genomic level
or by chemical conjugation of the antibody with the reporter protein. However, as
mentioned, bacteria are unable to produce antibodies, and thus chimeric proteins
engineered at the genomic level would need to be expressed in cell cultures.
Furthermore, their large size means that when chimeras are formed by chemical
conjugation, a heterogenous chimera sample is obtained, affecting the biosensor’s
performance. The modularity of antibodies allows for the uncoupling of the domains
via genetic or biochemical means, enabling the engineering of simplified custom
binders. The uncoupling of antibody domains produces antibody fragments with a
variety of domain combinations (Fig. 2).

The fragment antigen binding (Fab) region of an antibody is composed of one
variable domain and one constant domain from each of the light and heavy chains
that make up an antibody [34]. The variable domains contain the antibody paratope,
made up of complementary determining regions (CDRs) which are specific to an
antigen epitope; the most essential region of an antibody when utilising it for the
purpose of detection. Fab regions can be generated from the enzymatic cleavage of a
whole antibody with the enzyme papain [35], however, in the context of chimeric
protein biosensors it is more practical to recombinantly express chimeras of the Fab
region with the reporter protein. Further antibody fragments can be obtained from
Fabs. Single chain variable fragments (ScFv) contain the heavy chain (V) and light
chain (V) variable domains linked by a flexible amino acid (AA) linker, most
commonly glycine and serine-rich and ~15 residues long [36] (Fig. 2). Singular Vy
and Vi domains can also be isolated, although producing these as soluble proteins
can be difficult due to the naturally occurring hydrophobic interface between the Vi
and Vi, domains. The introduction of hydrophilic residues into the Vy/Vy interface
has shown improvements in solubility and stability of isolated human Vg or Vi
domains [37]. Many of these fragments can be efficiently selected via affinity
selection techniques such as with the construction of phage display libraries, using
synthetic, naive, or immune libraries. Synthetic libraries are built on the genetic
framework of an antibody fragment with the introduction of randomised sequences
into the CDRs and naive libraries are constructed with the B-cells of unimmunised
donors, both of which limit the requirement of animal immunisation. However
immune libraries, which require animal immunisation, tend to be more reliable in
the generation of high-affinity reagents [38—41]. Molecular display techniques are
discussed in more detail in the antibody mimetic section of this book chapter.

Production of Fab, ScFv and Vy fragments is simplified due to the removal of the
fragment crystallisation (FC) region of the antibody which eliminates the need for
glycosylation and therefore removes the need for mammalian expression systems
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[42]. Additionally, the reduced size of the binding protein makes the process of
creating a chimeric protein biosensor by genetic fusion easier, as antibody fragments
might be easier to express recombinantly with a reporter protein. Despite this
simplified structure, Fab fragments, ScFvs and Vi domains still contain disulphide
bonds (Fab: 5-6, ScFv: 2, Vy: 1), therefore, an oxidising environment is needed to
facilitate native folding of the proteins. Yeasts (Saccharomyces cerevisiae and
Pichia pastoris) are regularly used for the expression of Fab and ScFv fragments.
They are the simplest organism that contain an endoplasmic reticulum which aids
post-translational modifications, such as the formation of disulphide bonds [43].

Production in bacterial systems (Escherichia coli) is advantageous during the
research stage as it enables fast production of many different biosensing constructs.
However, the reducing environment of the cytoplasm prevents intradomain
disulphide bonds from forming, meaning antibody fragments produced in the cyto-
plasm must frequently be refolded from inclusion bodies under oxidising conditions
in vitro [44]. Antibody fragment production can also be directed to occur in the
periplasm of E. coli, where the environment is oxidising. The volume of the
periplasm is much smaller than the cytoplasm and the pathways that secrete proteins
from the cytoplasm for folding have a limited capacity, which can become
overloaded. This results in lower yields of correctly folded proteins [45]. When
expressing chimeric protein biosensors that include multiple ScFvs alongside
reporter proteins, E. coli, in our experience, is not a reliable host for producing
soluble, correctly folded proteins. However, the K-12 type strain RV308 (DE3)
expresses insoluble protein as inclusion bodies, and demonstrates less degradation of
soluble protein compared to E. coli strain BL21(DE3) [46]. The RV308 host strain
provides a cheaper alternative for the expression of antibody fragments as inclusion
bodies in the cytoplasm with high-yield expression [47]. This does, however,
requires the development of a successful refolding procedure when expressing
genetically fused chimera proteins.

2.3 Nanobodies as Recognition Elements

Heavy-chain-only antibodies (HcAb) were discovered in 1993 in the sera of camelid
species [48]. Compared to the standard mammalian immunoglobulin, HcAbs struc-
turally lack any kind of light chain and only have two of the usual three heavy chain
constant domains (Fig. 2). The variable domain of each heavy chain contains three
CDRs for antigen recognition. Although they contain only 50% of the binding loops
found in IgGs, HcAbs have comparable affinity [49]. Not long after their discovery,
the variable domains of HcAbs were isolated and coined VyH (Fig. 2). HcAbs have
also been observed in the sera of elasmobranchs, known as the immunoglobulin new
antigen receptor (IgNAR) [50]. These homodimeric HcAbs differ from the camelid
HcAbs by three extra constant domains on each chain of the native immunoglobulin.
The isolated variable domains (Vyar) also differ slightly, with 2 CDRs (CDR1 and
CDR3), and two smaller hypervariable regions (HV2 and HV4) in place of CDR2.
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Vnar domains can be further categorised into four isotypes based on the position
and number of non-canonical cysteine residues [51]. The collective term for VyH
and Vyar domains is nanobodies or single-domain antibodies (SdAbs). Alongside
the high affinity binding and small size (12—15 kDa), the lack of a hydrophobic Vy/
V., domain interface makes them more soluble, another desirable trait for protein
engineering. Nanobodies are commonly selected through immune libraries. This
involves the immunisation of camelid or shark species, followed by the removal of
peripheral blood lymphocytes, extraction of RNA from B-cells, and subsequence
synthesis of cDNA. Further selection and affinity maturation of nanobodies can then
occur via phage display. Yeast and bacterial display have also been used for this
purpose [52]. Nanobodies have been championed for their expression in bacterial
systems; however, reports of chimeric proteins involving nanobodies typically use
mammalian or yeast expression systems to aid proper folding [53]. In our experi-
ence, bacterial hosts do not have the machinery necessary to produce soluble pro-
teins when working with multi-domain chimeric proteins containing VyH or Vyar
domains. Bacterial expression of chimeras with nanobodies is possible, but may
need to rely on refolding from inclusion bodies to successfully produce pure
proteins [54].

The stability and size of nanobodies has made them versatile tools in developing
biosensors. Two VyHs raised against non-overlapping epitopes of the ectodomain of
EGFR (~190 kDa dimer) have been conjugated to semiconductor quantum dot
nanocrystals (QD) or terbium (Tb) via bioconjugation techniques. Due to the
distance dependence of this detection system, the use of small VgH domains is
advantageous compared to conventional antibodies. VyH domains can also be used
in protein switch biosensors for small molecule recognition. Dimerised VyH
domains form a binding pocket for small molecules, as seen in ScFvs and Fab
fragments. Hapten-induced dimerisation of VyHs provides a 2:1 binding stoichiom-
etry for small molecules, demonstrated in a sensor for caffeine [55, 56].

So far there is little published research utilising Vyar domains as chimeric
protein biosensors, with most work focusing on their binding properties in analytical
assays such as ELISAs, in vivo diagnostic imaging, and their potential as therapeutic
agents. But their potential value in point of care (POC) diagnostic settings has been
well documented in reviews [51] (Table 1).

2.4 Antibody Mimetics as Recognition Elements

Antibody mimetics or non-immunoglobin binding proteins are small, single-domain
binding proteins that are made up of a conserved scaffold region and a synthetically
engineered variable region. Without the natural immune system to rely upon,
antibody mimetics with high specificity for analytes need to be selected from protein
libraries in the lab with display methods [58, 59]. There are several display methods
available for selecting proteins with the desired affinity to analytes of interest.
Display methods refer to the presentation of recognition element variants, most
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Table 1 Overview of the characteristic of antibody-based binders used in chimeric protein bio-
sensors. Adapted from Ref. [57] Copyright 2021 according to CC-BY license

Antibody-based
binder Size Production References
Antibody ~150 kDa | Hybridoma or recombinant DNA technology & | [26, 30]
mammalian cell expression
Fragment antibody |~50 kDa | Proteolysis (e.g. with papain, IdeS, or [35, 42]
binding (Fab) GingisKHANTM) or recombinant DNA tech-
nology and mammalian, yeast, or bacterial cell
expression
Single chain vari- | ~25kDa | Recombinant DNA technology and yeast or [36, 44,
able fragment bacterial cell expression 47]
(ScFv)
Nanobodies ~ 15 kDa | Recombinant DNA technology and plant, mam- | [53, 54]
malian, yeast, or bacterial cell expression

commonly proteins, to select binders against a target analyte. The most commonly
used display method, phage display, uses bacteriophages that contain the recognition
element as a fusion with a coat protein, thus presenting the recognition element on
the coat of the phage, while retaining the genetic information that encodes that
protein within the phage genome. Where in antibody production diversity is pro-
duced through somatic hypermutation and gene recombination, diversity in libraries
of other protein scaffolds is introduced synthetically. DNA plasmid libraries coding
phage containing different recognition element variants are transformed into E. coli,
which then produce the phage library. The analyte of interest is immobilised onto a
surface and the phage library is introduced. Phages presenting recognition elements
that bind to the target analyte are identified through panning. Non-binders are
washed away, whilst binders are eluted, transformed into E. coli and the process is
repeated over a number of rounds of affinity selection known as ‘panning’ rounds
(Fig. 3a). Binders are then sequenced, produced and characterised, before introduc-
tion into a biosensor detection system. Other display methods utilise cell surface
expression of the target analyte in yeast and bacterial cells, and more recently
methods that use RNA-templates, such as ribosome display, have been developed
that work completely in vitro. They all follow the general concept of converting
genetic material into the protein phenotype to select proteins with affinity to a target
analyte (Fig. 3b). There are in-depth reviews of the molecular display techniques
available for selecting binding proteins [60, 61].

The standard scaffold structure of mimetic binding proteins allows for genetic
randomisation of the variable regions, providing a diverse selection of binding
proteins with target specificity and high affinity. In addition, desirable protein scaf-
folds can be selected based on other criteria that ensure downstream utility is
optimal. Lower molecular weight, cysteine-free, structures are typically selected to
try to ensure that binding reagents are easy to manufacture recombinantly in simple
heterologous expression systems [9, 59, 62]. Many antibody mimetic binding
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proteins have been developed [58], and only a selection will be further explored here
as recognition elements in chimeric protein switch biosensors.

Designed ankyrin repeat proteins (DARPins) derived from the naturally occurring
binding proteins, ankyrin repeat proteins, are an example of an antibody mimetic
protein [63]. Randomisation of the 7 variable amino acids per repeat unit results in
large DARPIn libraries for selection purposes [64]. The small size of DARPins
(14-18 kDa) and the absence of disulphide bonds make them ideal candidates for
bacterial expression, enabling production with limited aggregation [65] and incor-
poration into multi-domain biosensors. This, together with high affinity binding
properties, makes DARPins attractive for the design of chimeric protein switch
biosensors [66, 67]. However, there have been reports of diminished binding affinity
of DARPins when fused to reporter proteins [68].

Another example of antibody mimetic binders with the potential to be
implemented as recognition elements are monobodies. Monobodies are built on a
scaffold of human fibronectin tenth type III domain, which function as ligand-
binding domains in nature [69, 70]. With display-based selection processes,
monobodies have been developed against several target analytes such as kinase
domains implicated in human health and disease [71, 72], the SARS-CoV2 spike
protein [73], tumour biomarkers [74] and monoclonal antibodies [75]. Although
monobodies possess the desirable properties to be used as recognition elements
within chimeric protein biosensors, their use has so far been focused on therapeutics
and as imaging probes for in vivo diagnostics [74].

Affimer binding proteins are another group of antibody mimetic binder based on a
cystatin scaffold, with two hypervariable loops for high affinity binding [76]. The
‘consensus concept’ [77] was used to improve the thermostability of the cystatin to
produce the synthetic Adhiron scaffold, resulting in a scaffold thermal stability of
Tm = 101°C [76]. Affimer proteins are selected against specific targets through
phage display [78, 79], with numerous examples published [76, 80—83]. Affimer
proteins are small proteins (~12 kDa) without cysteines or disulphide bridges in the
scaffold structure. This makes them easy to express in E. coli and allows for both
site-specific labelling [76], and inclusion in large multi-domain protein switches
without misfolding and aggregation complications [84]. Although Affimers can be
raised against small molecules [76], Affimers against macromolecules typically have
a higher affinity. The use of Affimers as recognition elements in chimeric protein
switch biosensors is explored later in this chapter.

2.5 Peptides as Recognition Elements

Synthetic peptides can be used as biorecognition elements for chimeric biosensors.
As peptides are small and easy for E. coli to produce, with no protein folding,
disulphide bond formation, or glycosylation required, they may be suitable for
fusion with reporter elements in a chimeric sensor. Peptides are short amino acid
chains and can be arbitrarily synthesised through solid-phase peptide synthesis
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(SPPS) to create a peptide library [85]. Alternatively, peptides can be selected
through phage display, with peptide phage libraries commercially available, or
mRNA display libraries which covalently combine the genotype coding sequence
and the phenotype peptide sequence in one molecule [86]. Peptides, either selected
through display methods or synthetically produced, are then characterised through
assays and peptides that bind specifically to a target of interest identified. Peptides as
recognition elements can give a high affinity to their targets, as with proteins, as well
as being easy to synthesise, modify, and produce in bacteria if part of a larger
construct [85]. Research has also shown that specificity to the target and stability
of the peptide can be improved through the introduction of a hydrocarbon ‘staple’
between amino acids in the peptide [87]. The use of peptides in chimeric protein
switch biosensors is discussed later in this chapter.

2.6 Aptamers as Recognition Elements

Nucleic acid aptamers are short oligonucleotides that form a specific 3D structure
with a high affinity to their target molecule which have emerged in the past 20 years
as another alternative to antibodies [88]. Their dissociation constants have been
reported in the picomolar range against their targets. They bind to their target
through salt bridges, van der Waals forces, hydrophobic and other electrostatic
interactions [89]. Their small size has also been exploited for use in therapeutics,
drug delivery and cell imaging [90]. Aptamers are readily available to bind a variety
of biomarkers and pathogens and have been shown to have great biotechnological
potential.

In contrast to antibodies, aptamers are produced via chemical synthesis, instead of
using in vivo or in vitro mammalian cells, resulting in no batch-to-batch variation.
As aptamers are synthesised chemically, reporter molecules or other binding mole-
cules required for biosensor design, need to be chemically attached at precise
locations to avoid interference with binding. Aptamers are selected through a process
known as Systematic Evolution of Ligands by Exponential Enrichment (SELEX).
Compared to antibody selection, SELEX is quicker, more cost-effective, and allows
for selection of binders against molecules that would otherwise be toxic to mammals
[91]. In SELEX the target of interest is introduced to a single-stranded DNA or RNA
library. Non-binding strands are then removed, whilst binders are amplified via
polymerase chain reaction (PCR) and used for the next round after converting the
double-stranded amplicons into a new single-stranded pool [92]. This process is
repeated until the pool is dominated by sequences that bind to the target. DNA
sequencing techniques (Sanger sequencing, Illumina, etc,) are used to identify the
sequence of aptamers [93]. Several aspects of the isolation process can be
customised, including the ionic strength, pH, temperature, and overall chemical
environment to optimise binding in an environment that is relevant to the application
[94]. The selection of nucleic acid aptamers as binding elements is particularly
advantageous when selecting a binder against a small molecule. Antibody selection
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requires small molecules to be conjugated to proteins to elicit an immune response
[22], and phage display for antibody mimetic protein selection requires
immobilisation of the small molecule to a surface, usually conjugated to a protein
that can then be immobilised [64, 78, 79]. Both these approaches can alter the
chemical structure of the target analyte, resulting in weak binders to the unmodified
target, or binders to the protein-molecule complex. Aptamers can be selected against
unmodified small molecules in solution through Capture-SELEX. In Capture-
SELEX, the library of capture oligonucleotides includes a docking sequence region
and are flanked by primer regions. The oligonucleotides are attached to beads using
oligonucleotides complementary to the docking region. The small molecule target is
then introduced to the bead-bound oligonucleotides. If any of the capture oligonu-
cleotides have a sufficiently high affinity to the target, the nucleotide detaches from
the bead, and binds to the target. Non-binders remain on the bead and are removed,
whilst binders are amplified by PCR through the flanking primer regions. This
process is then repeated for a number of additional cycles [95]. A detailed review
on existing SELEX methods has been published [96]. Several aptamers against small
molecules have been selected including Aptamers against cocaine, mycotoxins, and
pharmaceuticals [97].

The use of aptamers tackles many of the production and development hurdles that
face antibodies. Aptamers can be easily amplified, are very stable and not immuno-
genic [98]. Due to the reliance on living animals for development of antibodies, it
makes development of antibodies against some toxic elements and
non-immunogenic proteins impractical whereas, in theory, aptamers can be selected
against any target [99]. Despite this, aptamers are vulnerable to nucleases and other
proteins, present in cells and blood samples, which can break down the oligonucle-
otides and their 3D structure, preventing them from binding to their desired target
[100]. Nanoparticles [98] or chemical modifications can be used to protect them
from this breakdown but reduce the number of potential binders in the SELEX
process, and may impact affinity to the target of interest. Aptamers also have a
tendency to restructure under different ionic or pH conditions limiting their use to the
buffer systems used for their selection. The heavily charged nature of aptamers also
causes issues with non-specific binding, locked nucleic acids (LNAs) and peptide
nucleic acids (PNAs) have been designed as more stable, uncharged alternatives to
aptamers [101, 102]. Such chemical modifications can be used to expand the
diversity of nucleobase affinity reagents which are otherwise limited by only four
nucleic acid building blocks [103].

As with antibodies, care has to be taken with published aptamer sequences.
Bottari et al used a number of techniques to measure aptamer binding, including
isothermal calorimetry (ITC), and found several published aptamers did not actually
bind their respective targets [104]. Also in our experience, several aptamers
published to bind antibiotics [105—107] were found to have no or negligible affinity
to the target when tested using ITC. Together, this highlights the need for thorough
evaluation of selected aptamers.
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2.7 De Novo Proteins as Recognition Elements

So far, the discussed recognition elements are all selected through exposure to the
target of interest, whether that is via immunisation of animals or through selection
from a library. But, analytes can also be targeted through de novo protein design
[108, 109]. Here, amino acid monomers are computationally docked to the desired
target region and interacting amino acids are stored. Guided by the interacting amino
acids, a library of ‘miniprotein’ scaffolds (50—65 residues) are then computationally
docked to the target. The sequences that interface with the target region are further
optimised to maximise the number of interactions to the target, this can be done
computationally or by creating a synthetic library which is tested and screened to
provide more information to the selection process. A second search round is used to
improve overall designs, focusing on the designs of the first round that have the best
interfaces to the target. Secondary structure motifs that interfaced well with the target
region are extracted and clustered, based on their placement and the coordinates of
their backbone. Scaffolds are then again docked and superimposed onto the motifs,
and the motifs that interact favourably are incorporated into the scaffold. Further
interactions to the target are sought through optimising scaffold sequences. The most
promising designs are taken forward for experimental validation [108]. This
approach may help improve sensor development timelines and improve specificity
to the desired target, particularly if analogous proteins to the target exist. For
instance, in the development of a biosensor to a virus. This approach will help target
regions specific to a more virulent viral strain. Additionally, this can help in the
development of biosensors requiring two recognition elements specific to
non-overlapping epitopes of the target (Table 2).

3 Sensing Targets

Biosensors need to be specific to the target of interest, so that a signal is not produced
in the presence of molecules other than the target of interest. Specificity to the target
comes from the recognition elements. As well as specificity, a biosensor needs to be
sensitive enough to produce a measurable signal in the presence of the analyte within
the desired concentration range. In chimera switch protein biosensors, lack of
sensitivity might result from an inability of the target binding event to drive the
switching mechanism. Less specific but highly sensitive recognition elements can
produce a high background signal when the analyte of interest is not present. Control
of sensor component concentrations can typically reduce background binding when
using recognition elements with good specificity. Aside from analyte affinity to the
recognition elements, sensitivity can be affected by the transduction method (e.g. the
enzyme switch) and sensor design. Largely, biosensors can be split into ‘switch-off”
and ‘switch-on’ designs (Fig. 4). Switch-off sensors produce a signal in the absence
of their target, and when the target is present the signal is inhibited. This sensor
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Table 2 Overview of the characteristics of non-immunoglobulin binders used as recognition
elements in chimeric protein biosensors. Adapted from Ref. [57] Copyright 2021 according to

CC-BY license

Non-
immunoglobulin
binder Size Scaffold Production References
Affimer ~12— Cystatin Phage display and bacterial [76, 78,
14 kDa expression 79]
DARPins ~14— Ankyrin repeats | Phage or ribosome display and | [63, 65]
18 kDa bacterial expression
Monobodies ~10 kDa | Human fibro- Phage or yeast display and bac- | [69, 70]
nectin type III terial expression
domain
Peptides ~5— Amino acid Solid-phase peptide synthesis, [85]
30 kDa | chains phage display and bacterial
expression
Aptamers ~5— Oligonucleotide/ | Chemical synthesis (SELEX [88, 91,
30 kDa | protein scaffold | procedure) or phage display and | 92]
bacterial expression
De novo proteins | ~5— Amino acid Computational design, recom- | [108]
8 kDa monomers/ binant DNA technology and
‘Miniprotein’ bacterial expression
Switch on Switch off
Recognition
Reporter
elements
Recognition } % Reporter
elements
off - On
+ analyte‘ +analyte ‘
Reporter P 3 On Off
Recognition
Recognition elements
elements i
Reporter

No BRET

Fig. 4 Schematic examples of ‘switch on’ and ‘switch off” sensor mechanisms. Defined by an
increase in signal from baseline (switch on) or a decrease in signal from baseline (switch off)

design, which includes competitive ELISAs, is common for measuring small mol-
ecules. Typically, the signal is generated by a tagged target homologue that binds to
the recognition element. When the target is present in a sample, it competes for
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binding with the tagged homologue and the signal decreases. This sensor design
only requires one recognition element and hence is more frequently used for small
analytes that have less chemical ‘space’ for two simultaneous recognition elements
to bind. However, at low analyte concentrations, differences in the signal compared
to the blank become harder to confidently detect, resulting in lower sensitivity and an
increase in error. Switch-off sensors thus typically have a lower sensitivity than
switch-on sensors. Switch-on sensors produce a signal in the presence of the target of
interest. Generally, two recognition elements specific to non-overlapping target
epitopes are needed for a switch-on sensor. This allows for capture and detection
of the target, such as in a sandwich ELISA. As a signal is produced in the presence of
the target, switch-on sensors tend to be more sensitive as differences in signal
compared to the background can be measured even at low analyte concentrations.
Switch-on sensors can, however, be difficult to validate when they exhibit high
background signal as this must be accounted for in limit of detection and limit of
quantification calculations [110].

3.1 Transduction Methods

The methods for producing a signal are known as transduction methods, converting
the presence of the target to a measurable signal. These can be categorised into:
electrochemical sensors, such as potentiometric, amperometric, and impedimetric;
optical sensors, such as colourimetric, spectrophotometric, luminescent, and fluo-
rescent; thermal sensors, such as calorimetric, and thermometric; and mass-based
sensors, including magnetoelectric, and piezoelectric sensors [111]. The majority of
protein switches are optical sensors and will be the focus of this chapter. Other
transduction methods are included in the referenced reviews [1, 111].

A number of optical transduction methods exist, in particular colourimetric,
bioluminescent and fluorescent biosensors. Colourimetry is the technique of mea-
suring a colour change that is dependent on the concentration of the target analyte
[112]. Colourimetry has been used extensively as a transduction method in protein
switches, for instance with pB-lactamase:p-lactamase inhibitor protein (BLA-BLIP)-
based sensors [11]. The substrate nitrocefin is hydrolysed by f-lactamase from a
yellow substrate to a red product, which then can be measured optically. The use of
optical transducers limits the requirement for complex instruments with the potential
of naked-eye detection, which improves the accessibility and cost-effectiveness of a
sensor but restricts its quantitative capabilities. A review on novel approaches for
colourimetric measurements, many of which are relevant for point-of-need tests, is
referenced [112].

When developing biosensors, chemiluminescence or bioluminescence can be
used as transduction methods. Chemiluminescence is the emission of photons as a
result of a chemical reaction, which is used by some living organisms to produce
light (bioluminescence). Luciferase enzymes are an example of bioluminescent
proteins that turn over a substrate to produce light [113]. Although more sensitive
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than colourimetric transduction, luminescence is not visible and therefore requires
equipment to read the output signal.

Finally, stable fluorescent molecules can be easily attached to recognition ele-
ments or linkers to produce sensitive signals in fluorescent biosensors [114]. For
instance, the ease of chemical modification of aptamers lends themselves towards
fluorescent labelling and numerous diagnostics have been published using
fluorophores and quenchers in sensor design. The binding of the aptamer to the
target results in a conformational change in the aptamer that is then transduced into a
measurable signal due to positions of the fluorophore and quencher [115, 116]. Incor-
porating fluorescent molecules into sensors also allows for Forster/Bioluminescence
resonance energy transfer (F/BRET)-based techniques. FRET occurs through energy
transfer between two dipoles, known as dipole-dipole coupling. When the two
dipoles are within appropriate proximity and spectral overlap, energy is transferred
from an excited state donor fluorophore (D) to an acceptor, a ground state
fluorophore or a quencher (A) [117]. BRET is where the energy donor is a biolumi-
nescent molecule, rather than a fluorescent molecule. Both techniques have advan-
tages, FRET produces a stronger signal than BRET and does not require the addition
of a substrate. There are several well-documented FRET pairs in literature whereas
only a few BRET donors have been identified to date. However, BRET does not
require an excitation source which permits the use of simple reading equipment such
as smart phones [118] or digital cameras [119]. FRET and BRET as methods are
explained in detail in the referenced reviews [117, 120, 121].

3.2 Switching Mechanisms

The mechanism by which a reporter, within a chimeric protein switch biosensor,
recovers its activity to transduce a signal in response to analyte binding is known as
the switching mechanism. The design of this mechanism aims to maximise the
signal-noise ratio (S/N) to obtain a large signal change in response to an analyte.

3.3 One Component Protein Switches

In some instances, all recognition and reporter components of a protein switch are
designed and purified as one multimeric polypeptide and can utilise peptide linker
regions to connect multiple domains. These are known as one component, or
allosteric, protein switches [9, 11]. Generally, allosteric switches are modelled on
naturally occurring protein switches that control biomolecular signalling pathways.

Allosteric switches can be categorised as having either a domain inserted or a
modular design (Fig. 1). To transduce input to output, domain-inserted switches rely
on conformational change within the reporter to switch its activity on (or off).
Modular switches limit the conformational change to linker regions which drive
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the change in reporter activity. Recombinantly engineering a multidomain protein
with the ability to recognise analytes and transduce a signal in a single protein has
advantages. It limits the number of steps necessary in the resulting detection assay,
typically creating a ‘one-pot’ assay. It also decreases the number of proteins to be
expressed and purified for the assay. Still, as highlighted in the previous sections,
there are challenges posed by the expression of multidomain proteins. The
multidomain structure these switches possess can end up as large (>80 kDa) pro-
teins, each domain of which must be correctly folded to generate a functional
product. The host expression system must also navigate the correct folding of the
overall structure, with the possibility of adjacent domains sterically hindering one
another. The lack of machinery available in bacterial expression systems to aid in
correctly folding such large and complex proteins can result in the formation of
unfolded, or aggregated, insoluble protein.

3.3.1 Domain-Inserted Design

Domain-inserted protein switches depend on the direct fusion of a recognition
element to a reporter protein. The reporter protein undergoes a conformational
change in response to the target analyte binding to the fused recognition element
(Fig. 1). The development of these switches requires allosteric coupling of the
recognition and reporter elements to allow transduction through residues that are
adjacent in the tertiary protein structure [9, 11, 122, 123]. Direct fusion of a
recognition element to a reporter can be challenging and ultimately detrimental to
reporter activity or binder affinity. Most successful accounts of domain insertion
require the inserted domain to be paralogous to the protein in which it is being
inserted [124]. f-lactamase (BLA) is a reporter enzyme readily used throughout the
field of synthetic biology and bioengineering, and has been successfully inserted into
periplasmic binding proteins (PBPs) to create domain-inserted protein switches
[122]. The binding of PBPs to their target analyte causes a conformational change
which in turn creates a change in conformation and enzymatic activity of BLA. A
similar mechanism has been observed with the insertion of calmodulin into the
reporter glutamate dehydrogenase (GDH) [123]. Domain-inserted protein switches
have been largely limited to specific, naturally occurring binding proteins that are
designed with one target analyte in mind and can be restricted in application to other
analytes. In this sense, domain-inserted protein switches are often not modular in
design.

The use of a modular approach in which a single switch system can measure a
range of analytes by replacing the recognition domain is more challenging. There
have been accounts of insertion of binding domains from non-paralogous species
such as VyH nanobodies into the solvent-exposed loop of BLA whilst preserving the
functionality of both proteins [125]. However, to create the conformational response
necessary to make it a protein switch, the reporter protein usually needs to be
inserted into the recognition element. Attempts at this with DARPins and
monobodies led to diminished binding affinity, limiting the sensitivity and ability
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to trigger switching activity [68]. Domain-inserted designs have been complemented
by more modular designs to improve adaptability to a range of analytes.

3.3.2 Modular Design

With few protein families exhibiting conformational changes powerful enough to be
exploited for signal transduction, engineering of allosteric regulation has taken
precedent with more modular designs (Fig. 1). The use of generic reporters that
are structurally separated from recognition elements by polypeptide linkers reduces
the risk that either the enzyme switch or the recognition domains are affected by the
chimera protein design. Such a modular style thus proposes easy adaptability with
interchangeable recognition elements (Fig. 1). Interdomain peptide linkers produce a
loosely structured conformation to the sensor in its unbound ‘off” state. A large
conformational change is driven by ligand binding, the bound ‘on’ state can cause
linkers to become rigid, which in turn shifts the conformation of the reporter element
(s). In contrast to domain-inserted designs, where the conformational change typi-
cally occurs within one protein domain, these modular designs exploit the disruption
of an interaction such as an enzyme-inhibitor complex, a fluorophore and quencher
or the distance between donor and acceptor fluorophores.

One such successful modular allosteric switch design exploits enzyme
autoinhibition, whereby the ‘on-off’ state of the switch is controlled by the inhibited
and non-inhibited state of the enzyme. The wealth of information available on
enzymes, their inhibitors and the biophysical properties of their interactions makes
these switches easier to design [11]. TEM-1p-lactamase (BLA) can be used for
enzyme autoinhibition with its naturally occurring p-lactamase inhibitor protein
(BLIP). The BLA-BLIP complex has been engineered into a modular allosteric
switch whereby the enzyme and inhibitor are tethered via a long flexible linker
containing two recognition elements (Fig. 5). The use of a long, glycine-serine rich
linker between the two recognition elements provides the flexibility for the two
recognition elements, raised against non-overlapping epitopes, to bind the analyte in
a sandwich (capture-detection) format. In contrast, the short rigid linkers that anchor

1t

Fig. 5 Chimeric protein switch biosensor design of the BLA-BLIP modular allosteric enzyme
switch. (a) Original design with peptide epitope sequence recognition elements for the detection of
monoclonal antibodies. (b) Adapted design with Affimer reagent recognition elements for the
detection of multiple protein analytes. Adapted from Ref. [84] Copyright 2019 according to
CC-BY license
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BLA and BLIP to the recognition elements ensure that binding to the analyte
disrupts the enzyme-inhibitor complex (Fig. 5).

This action activates BLA so that its hydrolytic activity can be measured with the
addition of a colourimetric substrate. The modular aspect of this switch allows for
different recognition elements to be used for a range of targets. This has been
demonstrated with peptide epitope sequences (Fig. 5a) [126] and Affimer reagents
(Fig. 5b) [84]. The design of this chimeric protein switch biosensor is favourable for
the detection of large protein analytes, including antibodies and the multimeric
protein biomarker C-reactive protein (CRP).

The BLA-BLIP reporter system has however been adapted for the detection of
viral DNA in a single-component modular biosensor [127]. Here, the presence of
viral DNA controls BLA inhibition. BLA and BLIP are conjugated to oligonucleo-
tide strands, either side of a region that is complementary to the target viral DNA. In
the absence of the target viral DNA, BLIP binds to BLA, inhibiting nitrocefin
hydrolysis. When viral DNA is present in the sample, the formation of dsDNA
disrupts the BLA-BLIP interaction, resulting in signal generation and viral DNA
detection as low as 2 fmol DNA.

Introducing a new reporter, a single component BRET system was created to
measure titres of antibodies —- LUMABS (LUMinescent AntiBody Sensor) (Fig. 6).
Here, the NanoLuc bioluminescent enzyme was used as the donor and the green
fluorescent protein mNeonGreen was used as the acceptor, with both proteins fused
together by a semi-flexible peptide linker with two peptide recognition elements,
specific to the target antibody, included at either end of the peptide linker. In the
absence of the antibody target the NanoLuc and mNeonGreen donor and acceptor
are held in proximity by a helper domain. The SH3-proline-rich peptide (Spl)
interaction was used as the helper domain, whereby the SH3 protein was fused to
the N- terminus of the mNeonGreen protein and the Spl peptide was fused to the
C-terminus of the NanoLuc. SH3 and Spl interact, bringing NanoLuc and
mNeonGreen together, allowing BRET from NanoLuc to mNeonGreen. When the
target antibody is present in a sample, the antibody binds to the specific peptide
epitopes which disrupts the SH3-Spl interaction. This separates NanoLuc and
mNeonGreen, consequently inhibiting the BRET, giving a measurable signal that
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Fig. 6 LUMABSs sensor design for antibody detection. Reprinted with permission from Ref [118]
Copyright 2016 American Chemical Society
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Fig. 7 LUCID sensor design for small molecule drug detection. The LUCID sensor is a fusion
protein of NanoLuc luciferase (NLuc), SNAP-tag, and a binding protein (BP). SNAP-tag is labelled
with a fluorophore-containing molecule (red star) and a synthetic ligand (green ball) that binds to
BP. Wax-printed filter paper is used in the paper-based format and the resulting signal collected
using a digital camera. Adapted from Ref. [119] Copyright 2017 according to CC-BY license

is dependent on the concentration of the target antibody. The ratiometric BRET
signal produced by the change permits measurements in whole blood, ideal for POC
testing [118].

Another one-component modular allosteric switch that uses BRET as a transduc-
tion method are the LUCID sensors (luciferase-based indicators of drugs), designed
for therapeutic drug monitoring (TDM) in POC settings. LUCID sensors use only
one recognition element and do not rely on binding of non-overlapping epitopes to
activate the protein-switching mechanism. Instead, displacement of a fluorescent-
tagged competitor ligand from the recognition element by the target analyte causes a
conformational change within the linker regions of the sensor. Binding of the analyte
therefore disrupts BRET between the blue NanoLuc luciferase and red fluorophore,
shifting the colour from red to blue in a concentration-dependent manner (Fig. 7).
The signal produced permits the quantification of drugs by spotting samples onto
paper, followed by analysis with a digital camera. This requirement for non-specific
equipment allows these tests to be used in a low-resource environment, often where
POC testing is most needed [119].

3.4 Multicomponent Protein Switches
3.4.1 Split Enzymes

Multicomponent switching mechanisms usually rely on the re-complementation of a
reporter (Fig. 1). The reporter, most commonly an enzyme, is split into two inactive
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fragments that produce no signal when separated [128—131]. It is also possible to
exploit the polymerisation process of a multimeric enzyme by modifying the affinity
of the associated sub-domains (monomers) [56, 132]. As with most protein switches,
the recognition elements selected must bind non-overlapping epitopes of the target
analyte to ensure co-localisation of reporter fragments [66, 129, 132—134]. Binding
of fused recognition elements to the analyte increases the effective concentration of
the reporter fragments, prompting enzyme re-assembly. This results in an increase in
signal that is dependent on the concentration of the target analyte; providing that the
affinity of the target to the recognition elements is stronger than the consolidation of
the reporter enzyme components, so not to drive spontaneous reporter
complementation.

Within early examples, two-component proximity switches relied on the split
reporter being fused to two proteins that directly interact with one another to drive
re-complementation [135, 136]. The system was developed for the analysis of
protein—protein interactions (PPI), with an evolution into high-throughput screening
(HTS) through the introduction of inhibitors and measurement of the ‘off” state of
the switch [135]. More recently, improvements in design and development of high
affinity binding proteins, such as antibody fragments, antibody mimetics and DNA
binders, have opened the possibility of indirect protein detection.

The concept of protein fragment re-complementation to yield active molecules
was first observed in (-galactosidase (B-Gal) and ribonuclease [137, 138]. Splitting
of a protein for the purpose of measuring its reassembly to monitor PPI was
introduced by a split ubiquitin sensor in 1994 [139], however successful reconstitu-
tion of ubiquitin was determined by visualisation of ubiquitin-mediated cleavage
using blotting methods. Enzymes such as 3-Gal have since been split for use in PPI
studies. The enzymatic catalysis that produces a fluorescent dye after reconstituting
the split parts of the enzyme allows for much easier measurement of PPI and permits
such chimeric proteins to work as a tracer of direct PPI within live cells [136]. Chi-
meric protein biosensors can utilise enzyme complementation for several read-out
signals depending on the enzyme and substrate used [56, 66, 67, 131-133, 140].

One development in chimeric protein biosensors exploited the proximity-
switching mechanism for the detection of small molecules. Isolated variable (Vy
and V) domains of a Fab fragment raised against 4-hydroxy-3-nitrophenylacetyl
(NP) have been genetically fused to dimerised subunits of the homotetrameric
enzyme f-glucuronidase (GUS) to function as a proximity switch [132]. This style
of proximity switch relies on high effective concentrations of the chimeric protein
driving polymerisation of the dimerised monomers of GUS to produce the fully
active homotetrameric enzyme. The sandwich binding pocket created by the V; and
Vy or VyH domains of an antibody binding to an analyte allows for the detection of
small molecules such as NP and caffeine [56].

Improvement of enzyme complementation has largely been focused on lucifer-
ases due to their luminescent output and subsequent low background signal, making
them highly sensitive in a proximity switch mechanism [66]. A variety of organisms
emit light via luciferases which catalyse light-producing reactions, these range from
bacteria and fungi to marine life and insects [141]. The splitting of Renilla luciferase
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Fig. 8 Schematic diagram of the NanoBiT proximity switch where target-driven co-localisation of
the SmBIT and LgBiT fragments results in complementation of the NanoLuc enzyme which emits
luminescence with addition of the substrate

[142], Gaussia luciferase [143] and firefly luciferase [144] have successfully been
used for PPI studies. ScFvs as recognition elements were fused to firefly luciferase
fragments and expressed in a cell-free system. This enabled the detection of HER2 in
a concentration-dependent manner [145]. However, this was less successful for other
targets in the same expression system due to the issues with folding of ScFvs.

To be successfully implemented into a POC setting for in vitro detection of
proteins, chimeric biosensor components need to be purified as stable isolated
protein. The aforementioned enzyme complementation sensors have been exclu-
sively used in in vivo settings where the sensor components have no need to be
extracted from the expression environment. There have been noted issues with the
stability of split enzymes in vitro, with the reconstituted activity not reaching that of
the wild-type enzyme or high residual activity in the isolated fragments resulting in
large background signals and loss of sensitivity [56, 130, 132, 145, 146].

Efforts to optimise a luciferase system resulted in the isolation of an engineered
catalytic subunit of the deep-sea shrimp (Oplophorus gracilirostris) termed
NanoLuc [66, 147]. The high stability and small size of this subunit permitted
splitting into two inactive fragments to create a proximity switch system known as
the NanoLuc Binary Technology (NanoBiT) (Fig. 8) [148, 149]. The large and small
NanoBiT fragments (LgBiT and SmBiT) have been genetically fused to immune and
mimetic binding proteins, expressed in E. coli, and successfully purified as fully
functional chimeric proteins. The NanoBiT system is diverse in its applications with
proximity switch assays developed for the detection of large (~270 kDa) and small
(~14 kDa) protein biomarkers [148, 149]. An ongoing issue with two-component
biosensors is that they are much less sensitive to the orientation of the recognition
element binding domains and the analyte. Although this makes their construction
easier, the concentration-driven nature means activity is reliant on absolute and
relative component concentrations [150]. There is a trade-off between background
activity from spontaneous fragment re-complementation and limits to the concen-
tration range that is detectable, as fragment concentrations must be kept below the
residual K4 [9]. Component concentrations must also be controlled to limit hook
effects at high analyte concentrations: this is where the two sensor components start



Chimeric Protein Switch Biosensors 25

Dual-peptide dependent luciferase

N\
hl LN
- Peptide-fused
Peptide-fused Fab DARPin

-

/ luminescence

Fig. 9 Schematic of Target Engaged Complementation (TEC) split reporter system for the
detection of HER2. Reprinted from Ref. [66]. Copyright 2017 according to CC-BY license

binding to two different analyte molecules, omitting the co-localisation of fragments
and diminishing the response.

NanoLuc has also been split into three fragments to create a tri-part split lucifer-
ase [66, 140, 146]. This involves splitting of NanoLuc into two 11 amino acid
[B-strand peptides to be fused to recognition elements as chimeric proteins. The use of
two smaller peptide reporter fragments improves upon the expression, purification
and storage issues commonly seen when creating chimeric proteins with larger more
complex reporter proteins. The remainder of the NanoLuc makes up the third
component of the switch as a detector protein, or co-operative binder, to limit the
hook effect and promote co-localisation (Fig. 9). Dixon et al [66] implemented this
system for the detection of HER2 using a Fab fragment and DARPin pair that bind
non-overlapping epitopes of the receptor. This alteration of the NanoBiT enables
detection of pM concentrations of HER2, with the possibility of adaption for a range
of target analytes. Split enzyme systems have the capacity to be used as chimeric
protein biosensors with a range of recognition elements facilitating the detection of
diverse analytes with diagnostic value.

Fluorescent reporter proteins can also be used in proximity switches: this mech-
anism is known as biomolecular fluorescence complementation (BiFC) [151]. Two
fragments of a fluorescent protein are inactive apart, therefore do not produce a
fluorescent signal. Co-localisation of the two inactive fragments permits reassembly
of the fluorescent protein resulting in a readable signal. However, as with enzyme
re-assembly, spontaneous self-association of the reporter must be considered as
background signal. The use of reporters from the green fluorescent protein (GFP)
family in BiFC can be slow and result in irreversible complex formation [152, 153],
which make them less suitable for rapid analyte detection. However, other fluores-
cent proteins have been used for BiFC more successfully.

A protein tag derived from apo photoactive yellow protein (PYP) of
Halorhodospira halophila has been engineered. The protein tag coined FAST
(Fluorescence-Activating and absorption-Shifting Tag) forms fluorescent complexes
with 4-hydroxybenzylidene rhodanine (HBR) derivatives [154]. FAST was spilt into
two inactive loops which maintained some affinity for one another in the presence of
HBR derivatives. Fusion of two mammalian binding proteins which interact in the
presence of rapamycin resulted in a proximity switch able to image, and measure the
presence of rapamycin in vivo [155].
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A multi-component biosensor to measure aflatoxin B, (AFB), a small molecule,
using a competitive FRET-based system has been published. Here, two different-
sized quantum dots (QD) were used. In proximity, energy transfer occurs from the
donor QD (emission: 530 nm) to the acceptor (emission: 650 nm). On the donor QD,
multiple AFB; molecules were conjugated to the surface. The antibody against
AFB; was then monovalently conjugated to the acceptor QD. With no AFB; present
in a sample, the AFB; molecule on the donor QD would bind the antibody attached
to the acceptor QD, resulting in high FRET and a higher 650 nm emission spectrum.
If a sample contained AFB,, less of the donor QD would be in proximity to the
acceptor QD, as the monovalent antibody would be bound by AFB; in the sample,
resulting in a higher 530 nm emission spectrum and a lower 650 nm emission
spectrum [156].

Small molecule toxins, microcystin and nodularin, have been detected in a
capture-detection format using ScFv recognition elements. A ScFv labelled with
Alexa Fluor 680 and a monoclonal antibody labelled with europium enabled the
FRET process to occur in the presence of microcystin or nodularin, within a
sandwich binding format [157].

4 Conclusions

Chimeric protein switches permit the direct transduction of analyte binding into a
measurable signal using a wash-free, homogenous setup. The general design
includes recognition and reporter elements which function together within a
switching mechanism, each of these factors impacts the performance of the protein
switch. There are a range of binders that have been explored as recognition elements
within chimeric protein switches. In some instances, highly specific, naturally
occurring binding proteins can be used but these result in limited designs as the
naturally occurring binding proteins bind to only one target analyte. These have
generally been superseded by antibody-based and non-immunoglobin binding pro-
teins which provide a modular design with the opportunity to be raised against
numerous target analytes by swapping of the binding proteins. Each binder has
strengths and limitations as a recognition element, depending on their size, affinity,
ease of selection and expression conditions. Choosing the best option can depend on
their activity once paired with a reporter and switching mechanism.

The reporter element of a chimeric protein switch determines the method of
transduction. These are typically colourimetric, fluorescent, or bioluminescent, and
can be used alone or in combination with an inhibitor or quencher depending on the
switching mechanism. The signal produced must be considered, specifically as the
equipment necessary to read the signal would need to be available in the intended
setting. The stability of the reporter is also important, as protein engineering to create
chimeric proteins by chemical and genetic fusion, or splitting into inactive frag-
ments, can be detrimental to reporter stability and/or activity. The limited number of
reporters able to maintain their activity when inserted into the domain of a
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recognition element can make domain-inserted protein switches less favourable.
Similarly, the splitting of a reporter (split enzyme switch) can be detrimental to
recovery of activity. However, intensive research has gone into the design and
optimisation of split luciferase systems. Despite that, multi-component switches
can suffer from concentration-dependent background activation. One-component
modular switches generally do not suffer from concentration dependence and use
intact reporters. However, in the case of BLA-BLIP and LUMABS, successful
activation of the switch is dependent on exact binding geometries which can be
difficult to control when adapting to future targets. Although the general focus of
modular protein switches is to create a stable platform with interchangeable recog-
nition elements, the dynamic range of current chimeric protein switches is highly
variable. With more focus on creating modular protein switch formats that do not
require redesign between target analytes, the prospect of chimeric protein switches
being implemented into clinical and real-world settings to compete with the ‘gold-
standard’ analyte measurement assays is improving.
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Abstract This chapter provides a comprehensive overview of the principles, appli-
cations, and advancements in graphene field-effect transistor (gFET) biosensors for
biological sensing. The unique properties of graphene that make it ideal for
biosensing, including its high conductivity, chemical stability, and ability to facili-
tate label-free detection, will be discussed. The chapter also explores various appli-
cations of gFET biosensors, from detecting pH and salinity changes to complex
protein-protein interactions and DNA/RNA sensing. It also addresses the challenges
and future directions in gFET biosensor technology, emphasizing the need for
scalable manufacturing, sophisticated surface chemistry, and the integration of
multiomics approaches to enhance biosensing capabilities.

Graphical Abstract

All-in-one platform for multiomics

The graphene biosensors can be functionalized with different biological
capture agents

Keywords CRISPR, Field effect Biosesnors, Mutiomics

1 Introduction and Background

Biomedical and environmental testing currently require access to highly specialized
facilities or extensive training. Biochemical tests require complex reagents to
achieve a simple human readable result such as a color change. Although we have
already test systems for providing defined readout with affordable costs (e.g.,
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glucose, virus detection, or pregnancy tests), there are still many high-cost tests with
insufficient information about human diseases. To maximize information from
testing while minimizing costs, biotechnology should leverage complex analysis
enabled by advanced portable computing power and use simplified reagents, tools,
and processes. This concept can be conceived of as “the internet of biology” in the
same way miniaturized electronic sensors have enabled “the internet of things.”
Nanotechnologists have created proof-of-concept hand-held, easy-to-use personal
devices, but none have achieved large-scale manufacturability. We introduce here
the concept, principle, and application of the first economical nanoelectronics
produced in a commercial foundry. The mass-manufacture of these graphene-
based digital biosensors is achieved by successfully integrating graphene into
standard electronic high-volume production processes. Access to this type of pro-
duction opens the door for rapid deployment of nanoelectronic sensors outside the
research space. The low power and resource usage of these biosensors enables
biotech engineers to gain immediate control over precise biological and
environmental data.

The prevailing philosophy in biological testing has been to focus on simple tests
with easy to interpret information such as ELISA or lateral flow assays. At the same
time, there has been a decades long understanding in device physics and nanotech-
nology that electrical approaches have the potential to drastically improve the
quality, speed, and cost of biological testing provided that computational resources
are available to analyze the resulting complex data. It is well established in the
nanotechnology literature that techniques such as field effect biosensing are capable
of rapid and flexible biological testing. Until now, access to this new technology has
been limited to academic researchers focused on bioelectronic devices and their
collaborators. Here we show that this capability is retained in an industrially
manufactured device, opening access to this technology generally.

The world is entering an inflection point in medical and biological testing with the
simultaneous emergence of improved testing technology, advanced software tools,
and increased expectations for quality healthcare worldwide. Organizations like the
Qualcomm Tricorder XPRIZE and Gates Foundation have pushed for integrations of
varied technologies in clinical tests to demonstrate potential application [1]. Tradi-
tional healthcare companies market point-of-care tools with limited test libraries
[2]. In each case, complex, analyte-specific reagents and intricate protocols are
essential for multiple platforms and deep biochemical or clinical expertise to repli-
cate the capability of a central lab [3].

There is a need for information-dense single assays that break the mold of
expensive labs running colorimetric and PCR-based assays [4]. Label-free measure-
ment tools based on field-effect sensors should lower the amount for most liquid
reagents, decrease power requirements, and shrink the size of handheld testing
devices [5]. These tools will be capable of performing a wide variety of chemical
and biochemical assays built on top of a single sensor manufacturing chain, leading
to lower overall cost for biological measurements.

The unique attributes that are required to build effective field effect biosensors are
a combination of semiconductor behavior with chemical stability of the sensor
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Fig. 1 A schematic view of the surface of an Agile R100 biosensor chip. (a) Immobilized probe
bound to biosensor chip. (b) Capture probe binding on the biosensor surface detected using FEB
and the change in current

surface in air and salt water [6]. Materials like silicon require oxide layers between
the transistor channel and the environment, limiting the sensitivity of field effect
sensors made using those conventional materials [5]. Materials, such as graphene,
carbon nanotubes, and molybdenum disulfide have the unique combination of
chemical stability and electric field sensitivity desirable to create sensitive electronic
interfaces to biological molecules [7]. This has led to a dense literature covering
chemical and biological sensors using these materials [§—20]. Several attempts were
made to produce carbon nanotube biosensors for biomedical use in the early part of
the twenty-first century with limited results due to manufacturing difficulties
[14]. Fabrication techniques using molybdenum disulfide have not matured suffi-
ciently for devices to move beyond the proof of concept stage [15].

2 Principle of Operation

2.1 Opverview

With graphene-based biosensors, scientists have direct visibility into the binding
interactions that natively occur in biological systems without intermediary trans-
lations from optical data. In particular, graphene biosensors using field effect
biosensing (FEB) offer a label-free technology for measuring biomolecular interac-
tions. FEB, an electrical technique, measures the current across a graphene biosensor
surface functionalized with immobilized biomolecular capture probes (Fig. 1a). Any
interaction or binding that occurs on the biosensor surface causes a change in
conductance of the biosensor that is monitored in real-time (Fig. 1b), enabling
accurate kinetic, affinity, and concentration measurements. These measurements
are consistent with other biosensor advancements that aim to achieve label-free
detection for biochemical analysis. This includes impedimetric techniques, surface
plasmon resonance-based optical detection systems, or mass-sensitive devices, such
as surface acoustic wave devices (SAW) [21].

Graphene FEB sensors integrate biologically active materials (i.e., the
immobilized capture probe) with graphene-based electronics to detect the binding
of an analyte in solution. When analyte binds to the probe, the charge distribution at
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the surface changes, triggering a change in graphene field effect transistor (gFET)
electrical characteristics. This can be obtained by measuring the source and drain
current, which effectively converts biological events into electrical signals, such as
current. Current (I) changes are directly linked to the analyte concentration, and the
concentration of the analyte as well as the kinetic binding data and affinity of the
analyte to the target can be detected.

The general concept of biosensing was introduced by Clark in continuous
monitoring of chemical composition of blood in cardiovascular surgery as early as
1962 [22]. Additionally, the concept of charge detection, which is the foundational
research for graphene FEB, is not new and has been utilized in the insulated-gate
field-effect transistor (IGFET) [23] or metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) starting from the 1960s [24]. The MOSFET is composed of a
silicon substrate that has connections for the source and drain, as well as a layer of
silicon dioxide on top. In the typical MOSFET setup, the oxide is coated with a gate
metal. When a gate potential is applied, a conducting channel is generated in the
silicon, which can be measured as a resistance between the source and drain.
Adapting the MOSFET design to operation in liquid for sensing application has
been reported by Bergveld in 1970 [25]. The so-called ion-sensitive field effect
transistors (ISFETs) are composed of source and drain areas connected by a semi-
conducting channel of different doping. In ISFETs, the reference electrode
(RE) passes no current and utilizes applying the gate voltage while providing a
constant potential to the solution. The conductance of the channel is modulated by
the potential of the liquid gate. The conducting channel in the semiconductor is
separated from the solution by a passivation layer put in place to prevent chemical
oxidation of the silicon by water. The concept has been originally developed for ion
sensing. Here an ion-selective membrane has been coupled to the gate insulator to
allow a defined potential formation in dependence on the respective ion concentra-
tion in solution [26].

Later this concept has been extended to biomolecular sensing (BioFET)
[25]. Here different principles have been used. In combination with enzymes
(ENFET) the detection is based on the production/consumption of an ionic edduct/
product (often H+) during the biomolecular conversion which changes the potential
at the interface ion-selective membrane/solution and subsequently the source-drain
current. This approach is not only valuable for single metabolites but also for
measuring cellular activities. [27, 28] One notable commercially successful appli-
cation of this technology is Ion Torrent, which detects H+ production when nucle-
otides are incorporated during DNA sequencing [29].

To expand the utilization of BioFETS, approaches were developed where specific
biological receptors (or probes) are conjugated on the gate to directly capture the
desired analytes based on bioaffinity [30]. The specific binding event is directly
transduced, and various BioFETs have been developed for the detection of nucleo-
tides [31-33] and proteins [34—36]. However, it was realized that the charge
situation plays an important role and also the ion concentration in solution. The
ions in solution can screen part of the charge of the surface attached biomolecule.
This can be expressed by the Debye length. This Debye length screening is
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proportional to the reciprocal of the square root of the ionic strength and is quite
small in physiological solutions, less than 1 nm [37-39]. This has limited the
application to mainly highly charged molecules.

On the other hand, organic field-effect transistors (OFETs) represent the next
stage of development in transistor technology. OFETs use organic semiconducting
materials such as polymers, instead of traditional inorganic materials like silicon.
There are several advantages to using organic materials in transistors: (1) Flexibility:
Organic materials can be printed on flexible substrates, allowing for the creation of
flexible and conformable electronic devices. (2) Low-cost fabrication: Organic
materials are less expensive to produce and process than inorganic materials, making
them an attractive option for large-scale production. (3) Solution-processability:
Organic materials can be dissolved in solvents and processed using solution-based
techniques such as inkjet printing, roll-to-roll printing, and spray coating. (4) Tun-
ability: The electronic properties of organic materials can be easily tuned by mod-
ifying the chemical structure of the material, enabling the creation of a wide range of
devices with varying properties. OFETs have several potential applications, includ-
ing flexible displays, smart sensors, and wearable electronics. Additionally, the use
of organic materials in transistors is environmentally friendly, as organic materials
are often biodegradable and can be recycled. Overall, the development of OFETs
represents a significant advancement in transistor technology and has the potential to
revolutionize the field of electronics with its unique advantages.

2.2 gFET FEB Compact Model

In order to illustrate the advantages of graphene-based field effect transistors first the
conditions of operation of a silicon based ISFET or BioFET will be described. The
presence of bound charged biomolecules at the sensing surface of the transistor will
be detected by changes in channel conductance of the FET due to a change in the
effective gate potential. The sensing surface in a BioFET consists of the interface
between a passivating layer + ion-selective layer, such as silicon nitride, and the
solution.

The amount of bound biomolecules changes the charge at the sensor’s surface,
thus modifying the gate on the transistor. The charge per biomolecule depends upon
the biochemistry, with dependence on the pH of the aqueous solution and the
biomolecules’ isoelectric points [40, 41]. Historically, in commercial ISFET appli-
cations, the signal of interest is the shift in threshold voltage Vi from the addition of
AV; [26]. but the source-drain current can also be followed resulting in better
sensitivities which is shown in the following equation:

w
Isp=F ((Vas — Vr)Vps — 0.5V ) et C (1)
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where W is the width of the channel, L is the length of the channel, Vg is the gate-
source voltage, Vpg is the drain-source bias, and p.g is the effective mobility
incorporating the effects of finite contact resistance. It should be emphasized that
in this equation, the capacitance of the gate insulator C, is contained instead of the
double layer capacitance Cpy which directly influences the source-drain current.

In these silicon devices, the dielectric in between the channel and the liquid
introduces not only a small capacitance but may also cause background signal due to
the interposing charge traps between the channel and liquid [42, 43]. In gFETs, the
channel material is a single atomic layer of carbon in the form of chemical vapor
deposition (CVD) grown graphene [44, 45]. This has beneficial electronic and
chemical effects for biosensing. The graphene surface is chemically compatible
with biological electrolytes, so dielectric passivation layers are not required. This
enables direct interaction with the conduction channel via simple functionalization
chemistries. In addition, the conductivity of gFETs is extremely sensitive to inter-
actions near the channel because of its two-dimensional structure, as all atoms are
surface atoms [46].

Rather than using the source-drain follower measurement scheme commonly
used for silicon ISFETS, gFET FEB sensors reported in the literature are usually
operated as signal amplifiers, in which the gFET output current response Alp is
measured [37, 45, 47-49]. In this case the external operational amplifier (op-amp)
which is an integrated circuit for amplifying weak electric signals will be configured
as a transimpedance amplifier. Using the typical small signal FET model [45], the
change in drain current from a binding event at the surface can be approximated as:

w CFET Ao
Alp = 2= Vs flogr A ir 22
D= 7 VDS Heft CpL + Crer

)
where Cggr is the field effect transistor capacitance and Cpy is the double layer
capacitance. In comparing Eqs. 1 and 2, it can be seen that the overall gain is an
increase in the current response by a factor equal to the transconductance g,, = (W/
L)Vps perr Crer- Graphene has high intrinsic carrier mobility (¢ > 2,000 cm? V s_l)
compared with silicon, leading to an advantage over silicon in this amplification
mode. This advantage in transconductance is compounded in biosensing applica-
tions because of the increased Cggr in graphene compared to silicon/insulator
structures. This is because Cggr is a series combination of all the capacitances
between the interface and the channel, which includes the capacitance of the
dielectric passivation layer in silicon, which isn’t present in graphene. In gFETSs
Crgt can be comparable to Cpy, leading to a higher overall gain [50, 51].

Beyond the increase in signal gain and the lower noise due to no charge traps
between the channel and the liquid, a gFET’s ability to operate in amplification mode
with high transconductance devices allows for multimodal sensing. Multimodal
sensing involves the integration of multiple sensors or sensing modalities, such as
optical, acoustic, and electrical sensors, to provide a more comprehensive and
accurate understanding of the environment or system being monitored. For instance,
a multimodal biosensor may include electrodes for measuring neuron spikes
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electrical signal, optical sensors for measuring blood oxygen levels, and accelerom-
eters for measuring body movement and activity. Changes in the total gate capaci-
tance Ct and changes in the channel mobility u.¢ modulate the transconductance and
can be detected by sweeping the liquid gate voltage to measure the /(Vg) transfer
curves. This requires using both a gate electrode and a reference electrode in a
manner similar to how an electrochemical cell uses a counter electrode and a
reference electrode to ensures the potential is properly measured while sweeping
[52]. This uses a gate circuit design similar to an electrochemical potentiostat,
allowing for very accurate and dynamic control of the liquid potential and contin-
uous measurement of the current vs gate voltage transfer curve. From this, features
such as the charge neutrality potential, resistance, surface charge density, mobility,
and capacitance can all be extracted simultaneously.

Changes in capacitance result from the displacement of charges in the liquid by
the presence of the biomolecules, which can change the double layer capacitance of
the channel with the liquid gate [45]. In this case, the biomolecules do not need to be
necessarily charged to be sensed but sensitivity might be limited. Mobility changes
will be stronger in the opposite limit of strongly charged targets, where charges near
the channel can scatter charge carriers, thereby decreasing the mobility [37, 49].

The biomolecules in reality will not assemble as uniform layer of charges right at
the interface, but rather will sit some distance away from the FET channel. If the
biomolecules sit much farther away than the Debye length, the ions in solution will
nearly completely screen the charges of the biomolecule, and they will not materially
affect the gate potential of the device. Modern gFET biosensor designs mitigate
Debye screening by employing the Donnan effect concept from membrane science.
As usual in biosensors based on affinity the capture molecules are immobilized in a
layer — here on top of the graphene channel. These layers are composed of various
types of molecules with different functions, including biological receptor molecules
for the analyte of interest, linker molecules if the biological receptor cannot be
directly attached, and blocking molecules such as BSA and PEG to passivate the
empty linkers and channel. [13, 47-51, 53] As with the analytes of interest, the
organic molecules used in the Donnan layer will usually be charged when in buffer
solution, depending on their isoelectric point and the local pH. Larger biomolecules
cannot generally penetrate the layer, so the layer is mainly permeable for ions (and
small molecules). A concentration gradient is formed between the immobile charged
molecules within the layer and the mobile ions in the bulk solution, which in turn
creates a potential difference between the bulk solution and the immobilized layer.
The potential within the layer, the Donnan potential, is sensitive to pH and ionic
concentration [54, 55], and this is the potential directly sensed by the FET. The
Donnan potential changes as new biomolecules are bound to or released from the
layer of biomolecules immobilized on the surface of the gFET.

Adding a Donnan layer to the interface has led to the modern era of biosensor
FETs that can operate even in physiologically relevant, high ionic strength buffers
[13, 56-59]. The effect enables sensor to be much more sensitive to bound analyte
than under a double layer alone, because, in Donnan equilibrium, the double layer is
moved away from the surface of the FET and instead forms at the Donnan layer
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interface [55]. If the biological receptors are captured within the Donnan layer and so
beneath the double layer, the screening is much reduced because of the decreased
concentration of mobile ions [53]. Capacitance mode sensing also benefits from the
presence of the Donnan layer, as Crggr must be modified to include the series
capacitance of the Donnan layer, Cp,,, which will be smaller than the double
layer capacitance and can therefore limit the total capacitance. Cp,, is proportional
to the ionic strength and thereby is more sensitive to changes in ionic concentration
than the double layer capacitance which is proportional to the square root of the ionic
strength. The presence of large biomolecules, even outside the double layer, can
cause large shifts in Cger and the transconductance [57]. This requires that Cp,, is
the limiting term in Cggr, true for gFETSs, but may not be true in silicon BioFETs
with passivating layers that themselves limit Cggr.
A current model incorporating these concepts is shown in Eq. 3.

w

I= T H Ciot Vs (Vene — Vg + 2.3 ¢ga ApH + (1 — a) Agp,) (3)

where [ is the current, y is the charge carrier mobility, C,, is the total capacitance per
unit area, V., is the charge neutrality point (CNP) potential, V, is the gate voltage,
alpha is pH sensitivity factor, ApH is the pH shift from the neutral surface, Agp is
the Donnan potential which is explained in Eq. 5, and ¢y, is the thermal voltage at
room temperature. In the context of a liquid gate or pH sensor, the thermal voltage
should be thought of as a thermodynamic potential driven by a change in ionic
concentration at a surface. It is typically constructed as R*T/F with T being temper-
ature, R being the ideal gas constant and F being Faraday’s constant.

This model generally relates the current (/) to typical electrical properties such as
the charge carrier mobility (u), total capacitance per unit area (Cy,), width (W) and
length (L) of the graphene channel, source-drain voltage applied directly to the
graphene (Vps), and the gate voltage (V) relative to the charge neutrality point
(CNP) potential (Vonp). The CNP voltage here is the gate voltage at which there is a
minimum in conduction at neutral pH. The capacitance between the graphene and
the liquid, Cy, is a series combination of the graphene quantum capacitance, the
double layer capacitance, and the Donnan capacitance. It is important to note that
Eq. 3 is only valid for hole conduction and does not account for non-linear gate
effects near the CNP voltage. It can be combined with a more complete foundational
graphene FET model as in Eq. 4:
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Here n, represents the charge density of conduction-band, g is the charge density of
valence-band, and Agp is the Donnan potential (see Eq. 5). With appropriate
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construction of the Cy, term, this model can be used to represent electron and hole
conduction regimes, and close to the CNP. This model encompasses effects from the
liquid gate, surface chemistry, and biochemistry. The remaining undescribed terms
in Eqs. 3 and 4 are corrections to the gate voltage due to the influence of pH changes
and the Donnan potential. This model assumes operation of the sensor near room
temperature, for an equivalent gate voltage less than the CNP voltage, for source-
drain voltages below 1 V, and for a channel length greater than 10 pm.

Electronic sensitivity to pH is typically attributed to proton binding to a gate
dielectric. For graphene transistors, there is no gate dielectric, but this form of pH
sensitivity has been shown to apply through direct shifts in the apparent Dirac
voltage [60, 61]. The surface pH sensitivity factor (a) is a material dependent
value. For clean isolated graphene, a is a very low 0.02, but in practice this value
is increased by the presence of oxides and nitrides used in device fabrication; a
values for practical graphene transistors are around 0.37 [62—64]. This term is
combined with the thermal voltage (¢y,), about 26 mV, and pH shift from a neutral
surface (ApH) to produce the equivalent gate voltage due to pH. The thermal voltage
of 26 mV multiplied by a factor of 2.3 that comes from the use of log;, instead of
natural log by pH measurement results in the familiar Nernst limit for pH measure-
ments of 59 mV per unit change in pH.

A Donnan potential (Agp) is created when an ion-permeable layer separates two
collections of ions, as shown in Eq. 5.

(\/m + cx> (5)

A(pD = ¢th In 2 Cs

Here ¢, stands for the ionic strength of the bulk solution and ¢, for captured probe
ionic strength. All together, this model provides a relatively simple framework for
thinking about how a gFET FEB biosensor works.

2.3 Structure of gFET Sensor

A diagram of a gFET FEB sensor is shown in Fig. 2a, and a top-down microscopy
image of the active region of an example gFET FEB biosensor is shown in Fig. 2b.
During measurement, a liquid drop is placed onto the circular region defined by the
black epoxy shown here. The platinum counter and pseudo-reference electrodes built
into the sensor surface control and monitor a voltage in the bulk liquid. A blocking
layer and embedded biomolecules such as proteins are immobilized onto 15 graphene
channels on the surface. This particular design is intended to lower the possibility
that localized mechanical damage, such as from a pipette tip, would completely
destroy a sensing channel. There are three sensing channels on the chip, each with
five transistors spread around the surface.
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Fig. 2 (a) Scheme of the sensor architecture. Circular sections on top of the graphene represent
proteins embedded in a blocking layer, represented by curved lines with two Pt electrodes in the
liquid as gate and reference and two Pt electrodes on a chip for source and drain. (b) A microscopy
image showing an entire sensor surface. Red scalebar is 1 mm. There are 15 graphene strips grouped
into three groups of five, exposed through the silicon nitride (SiN = Si3N4) protective layer. The
center of the circuit is the gate measurement pad (pseudo-reference) and the large pad surrounding
the graphene strips is the liquid gate (counter electrode). (¢) Diagram of the sensor regions near the
graphene. The double layer region is 0.3//c; nm tall, where ¢; is the ionic strength of the bulk
solution. The Donnan equilibrium region is the thickness of the combined protein and blocking
layer on the surface. (d) Picture of the complete biosensor

Carbon-based and non-carbon-based nanomaterials are two main categories of
electronic and electrochemical biosensors. Graphene field-effect transistors (gFETSs)
use a three-electrode set up called the source, drain, and gate electrode. gFETSs are
ion-sensitive and current across graphene channel can be modulated by a liquid gate.
While FETs can use any semiconductor material, a higher carrier mobility, and its
electrophysical properties make gFETs well suited to biosensing.

gFET sensing is quantified by a transfer curve which is collected as current
between sources-drain with respect to the applied gate voltages. The lowest point
of the transfer curve is called the Dirac point, or the charge neutrality point (VCNP).
While other sensors measure current over time and use electrochemical tags, sensing
on gFETs is often in terms of the charge neutrality point, capacitance,
transconductivity, and current modulation due to functionalization and biomolecule
interaction.
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2.4 gFET Sensor Biochemical Interaction Model

¢FET FEB sensors are typically used to perform label-free affinity binding assays. It
is useful to understand the basics of the biochemical interactions occurring on the
graphene surface to understand how to separate measurements of the targeted
biochemistry from measurements of background effects or contaminants. While
data collected from a real-time, label-free biosensor can be analyzed using several
models, the standard approach is to use experiment design so that a first-order
chemical interaction can be used to model the data.

The mathematics behind the analysis of label-free biosensor data begins with the
1:1 L model and gets increasingly more detailed as more potential convoluting
effects are considered [65]. In its simplest form, the Langmuir model describes the
binding of one analyte to one capture molecule to form a complex. Further, all
binding sites are assumed to be equal and independent and unaffected by mass
transport such as diffusion.

In biochemistry and pharmacology, there are very few reactions that are truly
irreversible or truly completely reversible. Analyte molecules are continuously
binding and unbinding to the thousands or millions of capture molecules bound to
the sensor surface. The often non-equilibrium reaction of capture molecule (M) and
analyte (A) can be written as [66]:

M+ A = MA (6)

where TA is the complex of the capture molecule with bound analyte.
Therefore, the binding rate of the analyte is:

d[MA]

dt = kon [M] [A] - koff [MA] (7)

where [M] is the unoccupied capture molecule concentration, [A] is the free analyte
concentration, [MA] is the concentration of the complex of the capture molecule
with bound analyte, k,, is the association rate constant, and k. is the dissociation
rate constant.

When the system is in equilibrium, the concentrations of capture molecules,
analyte, and complex of the capture molecule with bound analyte are no longer
time dependent.

% - kon [M] [A] — koff[MA} =0 (8)

Then, Kp is defined as such and called the dissociation constant.
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Kp =S _ M][A]/[MA] 9)

In Eq. 7, the number of analyte molecules in each experiment should be several
orders of magnitude higher than the number of capture molecules bound to
the sensor surface to avoid needing to take into account mass transport effects.
Thus, the concentration [A] can be considered constant throughout association since
the number of free molecules remains relatively unchanged. Based on this
assumption:

9 fon(1 = O)[A] kot -0 (10)

dt

where 6 is the fraction (time-dependent) of occupied probes on the sensor surface.
Solving this differential equation produces the relation:

0= (1—e """ O (11)

where 0. is the fraction of occupied capture probes once the binding reaction has
equilibrated, and k., is the observed binding rate at a given concentration is
defined as:

kobs = kon [A] + koff (12)

This should be familiar to anyone experienced with conventional label-free
sensing systems such as surface plasmon resonance (SPR). Building on the experi-
ence from that community, there are some useful guidelines in evaluating biochem-
ical interaction data. One issue is connected to non-specific binding to the sensor
surface. Non-specific binding refers to adhesion to the surface or surface chemistry
of molecules not targeted by the immobilized capture chemistry. In some cases these
are chemical interactions that simply appear as adhesion in the data. The qualitative
label of nonspecific binding typically implies a quantitative value for k,, of less than
10° M~ ! s7! [67]. To account for this problem calibration is often performed under
defined conditions. However, analyzing nonspecific binding is uncertain because, in
a genuine sample, accurate kinetic measurement of unknown molecules adsorbing
onto the sensor surface is not possible. To address this issue, a different approach is
employed by establishing a reference surface without the recognition element and
examining the nonspecific binding that occurs there. As a result, in the context of
SPR-style sensing, it becomes possible to assess a differential signal to analyze the
specific binding and to calculate the rate constant of the specific binding reaction.

For an on-rate of 10° M~ s~! you might require many minutes or even hours to
achieve half of the equilibrated response to a 1 nM application of [A]. A “specific
binder” typically refers to a biochemical system with k,, between 10> and 10’ M~
"s~!. This is the domain of biochemistry with binding pockets such as antibodies.
Here, you will still require several minutes to achieve half of the equilibrated
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response to a 1 nM application of [A], and longer time for lower concentrations than
1 nM. Binding rates above this range indicate a steered reaction, where the reaction
at the surface is consuming reactants from solution faster than diffusion would
normally provide them to the surface. An example of this is a CRISPR complex.
Such a reaction is the only case in which a 1 nM application of [A] will achieve at
least half the equilibrium response in less than 1 min. These guidelines are presented
to help understand how to approach data that shows very fast responses. Very fast
label-free sensor responses, including responses on gFETs, are typically due to
buffer mismatch, addition of preservatives, or presence of some contamination.

3 Basic Applications
3.1 pH and Salinity

The most basic biochemistry measurements start with detecting changes in pH and
salinity. gFET biosensors are sensitive to pH, salinity, and the chemical composition
of the buffers applied to them. The exact sensitivity of a gFET sensor depends on its
specific design and manufacture, as significant contributions to pH and salinity
sensitivity of gFETs come from the substrate on which the graphene is deposited
and the processing of the sensor surface prior to use. Examples of some pH and
salinity sensing measurements are shown in Fig. 3. The percent change in slope
appears to be very high because the slope at “O salt” or negligible salt is very
shallow. Pure DI water is effectively an insulator and the liquid gate will not function
well. So in terms of % change, there is a large change because the starting value is
quite small. Essentially the “gateablility” of the channel changes in a pronounced
way with salt concentration while the (effective) resistance of the channel only
changes slightly.

The solutions used in Figs. 2¢ and 3a are standard 1x phosphate buffered saline
(PBS) pH 7.4 1x PBS has a concentration of 0.01 M phosphate buffer concentration,
0.0027 M potassium chloride, and 137 mM sodium chloride or salt concentration.
Varying amounts of 100 mM HCI added to 1x PBS to adjust the pH. The sensors
were calibrated in pH 7 solutions for these measurements. The solutions used in
Fig. 3b, d are NaCl in deionized water.

3.2 Protein-Protein Interactions

Measuring a protein-protein interaction is arguably the most popular and fundamen-
tal use of gFET FEB sensors in literature. Here we show an interaction between a
monoclonal antibody against human interleukin-6 (anti-IL6) and recombinant
human IL6 (IL6). Reagents were sourced from a commercial ELISA kit. IL6 is a
well-known cytokine and biomarker related to inflammation, autoimmune diseases,
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Fig. 3 (a) Change in current due to change in pH. Fit is linear with a slope of —3.2% per pH unit.
(b) Change in current due to change in ionic strength, when pH is held constant. Fit is linear with a
slope of 3.0% per molar unit of NaCl. (¢) Change in slope (dI/dVg) due to change in pH. Fit is linear
with a slope of 5.9% per pH unit. (d) Change in slope due to change in ionic strength. Response is fit

to —0.3 /[NaCl]. Each datapoint in this figure is an average of data from four sensor chips

and late-stage cancers. Anti-IL6 was immobilized on graphene chips with a prepared
carboxyl surface and activated via standard carbodiimide chemistry in a process
shown in Fig. 3 [68]. This approach to surface chemistry is very common in gFET
FEB literature. The ethanolamine step here likely presents a dramatic change as itis a
charged small molecule that interacts closely with the graphene channel being
applied in a low-salt solution.

Figure 4b, ¢ shows the percent change in current and slope responses for
23 different sensor chips all following the same immobilization protocol with the
same anti-IL6 reagent. The relatively small variations from chip to chip highlight the
stability and reproducibility of the sensors. The immobilization data shows consis-
tent trends. Addition of EDC and sNHS after calibration always leads to a decrease
in current, without a change in transconductance slope. This is expected as the
carbodiimide chemistry should change the charge at the surface without adding a
large amount of material. Addition of the antibody at 30 min leads to a further
decrease in current and a large increase in slope. This change is largely due to
switching from the pH 6.0 MES buffer used during carboxyl activation to the pH 7.4
PBS pH buffer used during antibody incubation. This highlights the need to limit
buffer changes throughout an assay on a gFET, or to make sure the sensor is
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Fig. 4 (a) Diagram of the steps of protein immobilization and measurement used here. First,
antibodies against IL-6 are immobilized, then PEG is added as a blocker for nonspecific binding,
then measurements are performed with IL-6. (b) Change in current and (c) change in slope
(transconductance) for 23 different sensors during immobilization process. Shading is used to
delineate steps: 1: calibration in MES buffer, 2: COOH activation by EDC/sNHS incubation in
MES buffer, 3: wash in MES, 4: antibody incubation in PBS, 5: PEG incubation in PBS, 6: reaction
of remaining COOH groups with ethanolamine, 7: wash in PBS buffer

calibrated and equilibrated in a new buffer when a change in buffer is required.
Addition of PEG-amine after anti-IL6 immobilization leads to a small decrease in
current and a small increase in slope. This is consistent with association of PEG to
the surface to serve as a blocking layer around immobilized protein. After addition of
PEG, a complete layer is formed on the graphene surface, enabling a Donnan effect
measurement. Addition of ethanolamine (pH 8.0) quenches any remaining activated
carboxyl groups, and causes a large decrease in current and a large increase in slope.
Rinsing with PBS (pH 7.4) then raises the current and decreases the slope, although
never back to the initial starting position. This repeatable set of chemistry and sensor
responses indicates both reproducibility of sensor-to-sensor response as well as a
detectable and defined change of the surface chemistry due to the immobilization
process. These kinds of evaluations of surface chemistry process and repetition
across multiple chips are necessary to be confident in subsequent biochemical
measurements.

It has to be emphasized here that such approaches are common for several label-
free measuring techniques in order to make sure that observed effects can be
correlated to a biomolecular event and not to other effects in solution or on the
surface. This is often ignored and thus, erroneous conclusions occur.
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Fig. 5 (a) Change in transconductance of sensors functionalized with antibodies against IL-6 to
different concentrations of IL6, each measurement from a different sensor chip. (b) Simultaneously
measured change in current

The effectiveness of this immobilization process is demonstrated in the sensing
measurements shown in Fig. 5. Different concentrations of IL6 in PBS were applied
to the anti-IL6 immobilized chips. The different concentrations of IL6 lead to
different response magnitudes and different speeds of interaction, as expected for
any kinetic binding measurement. This data compares well with the metrics provided
by the ELISA kit from which the reagents were taken and previous IL6 standard
curves gathered on graphene FEB sensors [69]. This is an example of the kind of
information available in a real time assay that is not possible in an end-point assay. In
addition, it highlights how process, user, and chip variation may be manifested in the
data.

When running an ELISA with this kit, the expected lower limit of detection is
<2 pgmL~", and the linear range of response is between 7.8 and 500 pg mL ' (FEB
range of response is 2 pg/mL to 1,000 pg/mL). Here, we have reproduced the ELISA
quality while adding kinetic information. We have removed the need for labels while
providing more information-dense real-time data than an end-point assay technique
like ELISA.

3.3 Small Molecule Measurement

Building on sensing protein-protein interaction measurements, the same gFET
sensor design can be used for protein-small molecule measurement. This type of
measurement is particularly useful for pharmaceutical research. Here, we show an
example of a rank-ordering experiment. The purpose of this set of measurements is
to compare the relative binding affinities of several small molecules to the same
protein. When working with small molecules, it is important to perform appropriate
controls. Nonspecific binding of small molecules to graphene is extremely common.
If a complete concentration vs response curve can be taken, a comparison of the
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Fig. 6 Dose-response curves generated for TNFa interacting with SPD304 (black;
Kp = 33 = 0.7 pM), Evans Blue (blue; Kp = 1,102 + 107 pM), and Trypan Blue (red;
Kp = 2,454 + 415 pM). The determined Kd values are given in the legend. For comparison: The
ICs of each inhibitor respectively is 22 pM, 750 pM, and 1,000 pM [1]

calculated kinetics relative to values obtained from other methods can be a helpful
check that nonspecific binding is not dominating the observed response.

In this case, the small molecules SPD304, Evans Blue, and Trypan Blue were
investigated as drug compounds interacting with the target protein, Tumor Necrosis
Factor alpha (TNFa). The assay buffer for all small molecules composed of 1x PBS
(0.01 M phosphate buffer concentration, 0.0027 M potassium chloride, 137 mM
sodium chloride, pH 7.4), and multiple concentrations were measured for each small
molecule.

Fresh assay buffer was added to the chip with the immobilized protein to calibrate
a baseline measurement for 5 min, followed by the addition of the compound in
assay buffer for 10 min to measure association. After the association measurement
was complete, assay buffer was added to measure dissociation of the interaction.
Recall that unlike a pure electrochemical sensor, a properly constructed FEB surface
is sensitive to changes in the charges within the immobilized layer through mea-
surement of changes in the Donnan potential. When a small molecule displaces the
normal salts and hydrogen bonding network on a protein, there is an overall change
in this value.

A dose-response curve of the current measurement is plotted in Fig. 6 as the
sensor response versus concentration of the compound as the compound interacts
with the target protein TNFa. Affinity ranking is determined from the dose-response
curves and the associated kinetic binding data. The affinity ranking is comparable to
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the rank ordering of the known ICsq values: Kp = 3.3 + 0.7 uM SPD304,
Kp = 1,102 + 107 pM Evans Blue, and Kp = 2,454 + 415 pM Trypan Blue
compared to ICsy = 22 pM, 750 pM, and 1,000 pM respectively [70, 71]. The
results show that an important drug discovery measurement, affinity ranking for
small molecule biochemistry, can be performed on gFET FEB sensors.

4 Bioaffinity-Based Detection
4.1 DNA and RNA Detection

Perhaps the most important area of active research in gFET biosensors is the
detection of DNA and RNA. Affinity-based biosensors for nucleic acid detection
can be useful after a sample amplification process such as PCR. An affinity-based
biosensor provides little advantage when used in conjunction with sample amplifi-
cation, and does not address the fundamental limitations of sample amplification.
Where gFET sensors provide a unique capability is as a solid-state sensor that
incorporates new signal amplification techniques, such as the use of CRISPR.
These approaches can match the sensitivity of sample amplification, while avoiding
the largest problem of sample amplification, which is the potential amplification of
contaminating sequences.

As with some small molecules, nonspecific binding of DNA to the surface of the
graphene can affect sensor effectiveness. In addition, when DNA associates with the
graphene surface, this interaction can disrupt the hydrogen bonds between comple-
mentary DNA strands, decreasing the binding affinity of complimentary DNA
strands. Since this is valid for all biosensors with immobilized capture probes, care
has to be taken during immobilization.

Even with these complications, a gFET FEB sensor can differentiate target DNA
from DNA with even a single nucleotide polymorphism (SNP) in a simple affinity
sensor mode using a probe DNA attached to the graphene surface. Single stranded
probe DNA attached to the graphene gives a negative Vcnp shift after immobiliza-
tion. When a matching single-stranded DNA molecule is detected, a further negative
Venp shift occurs, while non-matching sequences gave significantly smaller shift in
Venp. This negative shift after target addition should match the shift found when
double-stranded DNA is bound to the graphene, indicating that hybridization occurs
on probe attached to the graphene [72]. There are reports of gFET affinity binding
sensors detecting DNA and RNA at extraordinarily low concentrations. Such results
need to be considered in context with theoretical limits of detection based on the
expected binding kinetics, measurement time, and diffusion. Using Eqs. 11 and 12
above, it is easy to quickly calculate how long a measurement should take for a
particular concentration of DNA.

By bending or crumpling, the graphene layer gFET sensing capabilities can be
enhanced due to the changes in the Debye length [73]. In order to evaluate this, a
DNA probe has been tethered to both crumpled and flat gFETs and a complementary
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strand was added to the gFET. Displayed crumpled graphene enhanced the detection
of DNA hybridization at LOD of 20 aM, while the flat gFETs displayed a signal
change at 2 pM. Additionally, a DNA probe was tethered to the crumbled gFET
complementary, to the target miRNA or Let-7b in human serum. While a shift is seen
at 20 aM, the standard deviation makes it difficult to differentiate. Another strategy
for enhancing sensitivity is using peptide nucleic acid (PNA). PNA is a synthetic
oligo, with a peptide backbone in the place of (deoxy)ribose sugar—phosphate chain.
PNAs are more stable and have less negative charge, which improves the probe
proximity to the graphene surface. The LOD of DNA concentration using PNA was
shown to be 600 zM which is more sensitive than using DNA probes. Crumbled
gFETs sensor shows unprecedented and incomparable sensitivity without target
amplification. While the results are undebatable impressive, it is important to keep
in mind what the resolution of any machine is when examining small shifts, even if
the fold change is large. The error of the machine nor signal-to-noise ratio are
discussed in the paper, making it difficult to fully assess.

Another way to improve the sensitivity of a gFET sensor for detecting nucleic
acids is to use a CRISPR complex to improve the binding and search capabilities of
the biochemistry. This can be particularly useful when working with real biological
samples that contain small copy numbers of long strands of DNA. This way the
novel and ultrasensitive gFET biosensor is combined with the selectivity and
specificity of CRISPR-Cas system [47, 74]. Such accurate measurement is specifi-
cally useful for the detection of single-point mutation and single-gene disorders such
as sickle cell anemia [75, 76] or SARS-Cov2 variants without amplification
[74]. This section gives first a comprehensive description about CRISPR-Cas detec-
tion system and applications. Then, we will explain the mechanism of CRISPR-Cas
gFET detection platforms.

4.2 CRISPR-Cas System

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) [77] and
associated protein (Cas) has been established as a bacterial immune system [78]
evolved in Bacteria and Archaea [79] against bacteriophage invasion. The CRISPR
locus has two main parts which when transcribed, become the CRISPR-Cas system.
The first part of the CRISPR locus is the Cas operon, which codes for a wide variety
of Cas proteins [80]. The Cas protein, or CRISPR-associated protein, is an endonu-
clease responsible for the binding and cleavage in CRISPR-Cas systems. The other
component of the CRISPR locus is the CRISPR array, which contains spacer
regions. When transcribed and spliced, these spacer regions become the CRISPR
RNA or crRNA, which forms a complex with the Cas protein and guides the
endonuclease to the target region of DNA (deoxynucleic acids) or RNA. When the
Cas protein and crRNA come together, they form the ribonucleoprotein complex
or RNP.
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Protospacer Adjacent Motif (PAM), a three to six specific nucleotide sequences
(e.g., spCas9, NGG, N can be A/TG/C) is required at the target site to be recognized
by the RNP complex to complement with crRNA and cleave the sequence [81].

The trans-activating CRISPR RNA or “tracer RNA,” pairs with the CRISPR
RNA (crRNA) to create a functional guide RNA (gRNA). Within this gRNA
complex, the tracrRNA acts as a handle for the Cas9 enzyme, while the crRNA
spacer sequence guides the complex to a specific viral sequence that matches it. The
potential of CRISPR-Cas system to precisely cleave at specific site and easy to
engineer guide RNA (=tracerRNA+crRNA) has opened a new frontier in gene
editing. For instance, the first pig-to-human heart transplant has been enabled by
CRISPR genome editing [82].

In the CRISPR-Cas system, the concept of classes and types is used to categorize
and classify different variants of CRISPR systems based on their molecular compo-
nents and mechanisms of action. Based on the number of subunits in the molecular
structure, CRISPR-Cas systems have been divided into two classes, both of which
have multiple types and subtypes.

Class I contains types I, III, and IV, made up of multi-subunit complexes [83]
These complexes have a broader variety of enzymatic activity including auxiliary
messenger molecules, such as cyclic oligoadenylates (cOAs) which can provide
additional cleavage events. The most well-known type of Class I is type III which
contains Cas10 and a set of auxiliary subunits called Csm and Cmr [84].

Class II contains types II, V, and VI, which only have a single subunit. While
90% of CRISPR systems fall under Class I, they are significantly less well studied
than their Class II counterparts, which contain Cas 9 in type II, Cas 12 in type V, and
Casl3 in type VI [83]. Because many clinical applications use Class II CRISPR
complexes, this is what we will be focusing on for electrical sensing. Cas 9 and
guide-RNA (gRNA) complex specifically target and cut dsDNA. However, Class 1
complexes offer advantages for some applications where the detection of various
byproducts can be further utilized for biosensing. For Class II CRISPR complexes,
gRNA is made up of two different sections, which can be synthetically produced as a
single unit, called the single guide RNA or sgRNA. The crRNA or CRISPR RNA
has one segment that is complementary to the target sequence, while the tracrRNA
fits into the scaffold of the Cas protein. If both the PAM and target sequence are
present, Cas will bind and cut the DNA or RNA.

There are two distinct types of cleavage that Cas can have cis or trans cleavage.
Cis cleavage is when the Cas complex cuts at the target region. Trans cleavage, also
known as collateral cleavage or non-specific cleavage, occurs during target recog-
nition when the activated RNP complex non-discriminately cleaves either RNA or
DNA at off-target sites that partially match the guide sequence of gRNA or crRNA.

Cas9 targets dsSDNA and exhibits only cis-cleavage, making it particularly useful
for gene editing applications and is also used for CRISPR diagnostic and dead-Cas9-
mediated imaging applications. Casl2 recognizes and exhibits cis cleavage on
dsDNA and trans-cleavage after target recognition and cleaves ssDNA and Cas
13 targets RNA and displays both cis and trans cleavage [85]. Most of these
technologies use Cas9, Cas12, and Casl13 either in isolation or grouped together.
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However, this field is very much still in its nascence — so more research is conducted
about other CRISPR Cas systems, specifically in type L.

4.3 CRISPR-Cas Powered gFET Biosensor

Because of CRISPR-Cas gene editing potential and also for many analytical
applications several systems have been described in the literature in combining
CRISPR-Cas system with gFET biosensors. Recently, CRISPR Casl3a target
detection-mediated collateral cleavage was utilized to detect SARS-CoV2 and
respiratory syncytial virus samples without the need for PCR analysis. For instance,
functionalized RNA reporter sequence is trans-cleaved upon Cas13a activation by Li
et al. gFET platform for amplification-free detection of SARS-CoV-2 virus [86]. In
their platform, a PolyU reporter RNA oligo was tethered to the surface of the gFET.
Then, pre-incubated Cas13a and the target RNA were introduced on the gFET. The
presence of the target activates the Cas13a trans-cleavage activity towards the PolyU
reporter. The sensor monitors the source-drain current before and after adding the
target sequences (SARS-CoV-2 N gene, 1 fM) while keeping a constant source-drain
voltage (Vds = 100 mV) and sweeping the gate voltage (Vg) from —1 to 1 V with
steps of 10 mV. To optimize the sensor response and to decrease the LOD up to 1aM,
incubation time, MgCl, concentration, Cas13a concentration, polyU probe length,
and incubation temperature were tested. To further validate the assay design, respi-
ratory syncytial virus (RSV) was also tested and achieved the LOD of 1 aM. The
assay was next tested on heat-inactivated SARS-CoV-2 from clinical samples. The
assay successfully decimates the difference between positive and negative samples
making it comparable to RT-qPCR. The easy programmability of the assay to detect
different pathogens displays the robust design of the assay. Since gFETs do not rely
on optical sensing, the assays are easily completed by liquid handling devices.

Another successful gFET platform for detecting genetic mutation without DNA
amplification developed by Hajian et al. [47] They immobilized CRISPR-Cas9 on
gFET to analyze DNA samples collected from in vitro cell lines and clinical samples
of DNA with two distinct mutations in patients with Duchenne muscular dystrophy
or DMD. In their platform named CRISPR-chip, standard carbodiimide chemistry is
used to link dCas9 (catalytically deactivated Cas9) to lattice of the graphene. A
scrambled gRNA sequence has been applied in order to access the specificity of the
detection. In the clinical investigation, authors demonstrate by targeting exon 51 in
the dystrophin gene, the CRISPR-Chip differentiates between healthy and patient
samples, DMD patients with a mutated exon 3, and DMD patients with a mutated
exon 51. Their results show CRISPR—Chip generated an enhancement in output
signal relative to the samples lacking the DNA target sequence without amplifica-
tion, within 15 min, and with a sensitivity of 1.7 M.

As shown in Fig. 7, CRISPR-Cas9 protein was conjugated on a gFET surface to
detect Sickle cell and Duchenne muscular dystrophy (DMD)-associated mutations at
fM concentrations in extracted human DNA without sample amplification [47,
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Fig. 7 CRISPR-Chip analysis of healthy and DMD clinical samples for DMD-associated dystro-
phin exon deletions. (a) Schematic of the dystrophin gene with highlighted target exons. (b) Top, I
response obtained by CRISPR—Chip functionalized with dRNP-DMD3 in the presence of healthy
(H1, H2, and H3) and A-F DMD clinical samples (*P = 0.017, one-tailed t-test). Bottom, schematic
of sgRNA-DMD3, designed to target exon 3. x represents a false negative as confirmed by
sequencing. (¢) Top, I response obtained by CRISPR—Chip functionalized with dRNP-DMD51 in
the presence of healthy (H1-H3) and DMD clinical samples, A-F, (¥**P = 0.0014, one-tailed t-test).
Bottom, schematic of sgRNA-DMDS51, designed to target exon 51. Samples H1-H3 did not lack any
Exon in their dystrophin gene. Samples A, B and C were lacking multiple exons including exon 3 as
indicated in table e. Sample D, E and F were also lacking multiple exons including exon 51 as
indicated in table (e, d) CRISPR—Chip’s negative signal threshold was defined by testing CRISPR—
Chips with samples lacking target exons at the highest concentrations of genomic sample obtainable
from commercially available buccal swabbing methods to ensure that high sample concentrations
would not lead to false positives. (¢) CRISPR—Chip results for the presence of targeted exons (+)
within healthy and DMD clinical samples, as defined by a threshold of 1.73%. (f) dARNP-DMD51-
functionalized CRISPR-Chip’s I response in the presence of varied amounts of clinical sample A
(mean; n = 3). (g) Reproducibility of individual CRISPR—Chips functionalized with dRNP-
DMD51 in the presence of clinical sample A. Error bars represent s.d.

75]. In Fig. 7b, c, it can be observed that CRISPR-Chips functionalized with dRNP-
DMD3 and dRNP-DMD51 exhibited a significant increase (P < 0.00059) in signal
output when exposed to genomic samples containing the target exons 3 or 51. This
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enhancement was observed in comparison to DMD samples that had deletions
specifically at exon 3 or 51. Furthermore, additional experiments were conducted
to establish a negative signal threshold.

In an additional investigation, Ban et al. have recently developed a single-cell
multiomics platform to detect variants of the SARS-Cov2 antigen and viral RNA
without amplification [74]. The biosensor platform showcased combines a chimeric
probe (RNA-DNA) for detecting RNA using LwaCasl3a’s collateral cleavage
activity. The biosensor has the capability to distinguish unprocessed Saliva samples
of SARS-CoV-2, Influenza, and Rhinovirus and a LOD of approximately
65 attomolar (aM) is calculated for viral RNA isolation without the need for
amplification.

4.4 Extracellular Vesicles and Cells

In addition to detecting of proteins, small molecules, and nucleic acids as discussed
above, gFETs are increasingly being researched for direct detection of cells and
extracellular vesicles [87]. For example, exosomes are small extracellular vesicles
expelled by both healthy and tumorous cells present in blood serum in high abun-
dance (10°%-10"" particles mL~"). The presence of an exosome with cancer-related
surface biomarkers and its genetic cargo are important for liquid biopsy diagnostics.
By immobilizing anti-CD63 and anti-CD151 antibodies on a graphene channel, a
gFET sensor demonstrated specific detection of CD63" and CD151"exosomes. The
change in electrical properties of the graphene in the presence of highly charged
captured exosomes resulted in change in electrical parameters of gFET at low
concentrations.

Similar device design and surface chemistry for exosome detection can be
extended toward monitoring of interactions with cells. An early example of gFET
sensing used a device with an array of graphene sensors to track the flow of cells in a
microfluidic channel. In addition to this electrical detection, these sensors were built
on top of a glass substrate, which allowed simultaneous optical and electrical
interrogation of the cells in the channel. The transparent nature of graphene is
often emphasized in sensing literature as beneficial to these kinds of combined
optical and electrical measurements. While optical graphene materials and electronic
graphene tools are both now much more accessible in biology labs, combined
systems remain sophisticated nanotechnology tools. Beyond simple detection of
cells, the biocompatible nature of graphene enabled gFET sensors for monitoring
cardiomyocytes and neuron activity.
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5 Requirements for Successful Use

5.1 Scaled Manufacturing

A major hurdle to providing graphene biosensors to biological researchers is the
typical manufacture of nanoelectronics in research-oriented clean rooms by teams of
research scientists. Increasingly, there are commercial options for obtaining
graphene material, graphene chips, and entire gFET FEB sensing systems.
Critically, the cost of graphene and graphene chips has come down significantly.
Figure 8 shows the quality assurance results from an example batch of commercially
manufactured gFET FEB sensors. For these chips, the cost of graphene was $0.019
per cm?. This comes from the average cost of copper foil of $0.012 per cm? and the
cost of power to run furnaces to grow the graphene of $0.007 per cm* of grown
graphene. This is less than the price of silicon wafer substrates used for these sensors,
which was $0.40 per cm® for 150 mm wafers. The cost of processing the wafers
through a commercial foundry was 20-fold greater than the cost of the graphene raw

Count
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Fig. 8 (a) Histogram of test resistances from 5,543 chips. Fit is a log-normal distribution with a
peak at 13.6 kQ and a standard deviation of 9.2 kQ. This is for a target graphene resistance of 10 kQ.
(b) Microscopy image of defect-free graphene sensor (¢) Microscopy image of a graphene sensor
with minor polymer contamination highlighted by the red arrow. (d) Microscopy image of a
graphene sensor with major graphene tearing highlighted by the red arrow. (e) Wafer yield map
combining data from 27 wafers, showing cumulative % yield per 0.4 cm? area
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material, making conventional wafer processing the dominant costs in producing a
¢FET FEB device.

Figure 8 presents quality assurance data from three production lots comprising
27 150 mm wafers and 7,992 chips produced over the course of 1 year. Quality
assurance processes focus on reproducibility and cost rather than searching for
occasional outstanding performance. Specifically, this means the usage of automated
optical microscopy commonly found associated with commercial silicon fabrication
to search for contamination and graphene tearing over entire wafers, rather than
using nanotechnology specialized research hardware such as atomic force micros-
copy or Raman spectroscopy.

Differential interference contrast microscopy is used along with Al-enabled
defect identification to perform optical evaluations, such as those shown in
Fig. 8b—d. The schematic of the chip side view has been shown in Fig. 2a, b with
materials indication. Briefly, yellow material is platinum electrode, blue is the silicon
nitride passivation layer, and the line is the graphene electrode.

At the end of the QA process during commercial fabrication, a map of percent
yields on different areas of each wafer, shown in Fig. 8e, is produced, and used for
chip packaging selection. Although most of the focus for the cost of gFET sensor
chips is on wafer scale fabrication issues, the actual driving cost of gFET sensor
manufacturing is chip packaging. Costs dominated by packaging are not unique to
gFET sensors but are very common across a wide range of electronics. Recently,
gFET sensor manufacturers were included in the semiconductor industry working
group forming the roadmap for Advanced Packaging. This is the first significant
semiconductor roadmap to include graphene chip fabrication which can be found on
the Semiconductor Research Corporation Webpage [88].

5.2 Surface Chemistry

When designing your experiment, determining the method of capture molecule
immobilization is the first step. Currently, the most common surface chemistries
use a pyrene with a butyric acid functional group [89, 90]. This molecule (PBA) can
be used as is, or it can be used with an attached N-hydroxysuccinimide ester
(PBASE) [91]. Both of these approaches use carbodiimide crosslinker chemistry,
but when using PBA, you must apply N-ethyl-N’-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (SNHS) to acti-
vate the carboxylic group immediately prior to use. PBASE does not require this;
however, the attached NHS ester will hydrolyze in the presence of water, adding a
timing and purity complication to storage and use. Both of these approaches will
covalently link to an amine presented by a biomolecule in solution.

Other common surface chemistries include pyrene with a nitrilotriacetic acid
(NTA) functional group that will associate with a His tag in the presence of NiCl,,
and CLICK chemistry-enabled pyrene linkers. [92]
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5.3 Choosing a Capture Molecule for Immobilization

There are many factors to consider when selecting your immobilized capture mol-
ecule. First, your target must be able to bind to the graphene biosensor surface.
Capture molecule should generally contain a free primary amine to be covalently
linked via the common PBA or PBASE chemistries. If this is not the case, more
exotic crosslinkers will be necessary. The location of the free primary amine or other
binding tag relative to the binding region of the targeted analyte can affect the
performance of system as a whole. A binding pocket that is facing down into the
graphene will not be effective.

Size also plays an important factor when choosing a recognition element. Smaller
immobilized capture probes have reduced interaction surfaces that may be sterically
hindered through direct attachment to the surface, and thus obstruct binding to the
analyte [93]. For small capture molecules, the use of a spacer arm for attachment to
the surface is recommended. The benefit of smaller capture molecules is the prox-
imity of the binding interaction to the graphene surface, which will yield a greater
change in electrical properties than when the interaction is further away from the
surface (Fig. 9).

Buffer conditions may also affect your choices in recognition elements. Proteins
or chemicals in the buffer used during immobilization may interact with your surface
chemistry (i.e., bovine serum albumin [BSA] used as a carrier molecule to increase
stability of proteins) will also bind along with your specific molecule to the
graphene. This can lead to a decrease in signal by reduction in capture probe
attachment, or a misleading increase in perceived binding due to your analyte
interacting with the nonspecific proteins crosslinked to the surface.

Immobilized Probe Orientation Affecting Sensing Response
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Fig. 9 Orientation of the capture molecule during crosslinking to the surface of a COOH or NHS
biosensor chips is a random event. As shown in figure 9, sensing of the analyte by an antibody is
only prevented when the variable region of the antibody binds directly to the surface. This is valid
for every biosensor construction
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If you suspect that specific capture molecule orientation is crucial, alternative
binding strategies may be helpful. For specific orientation of a recognition element to
a surface, His-tag mediated immobilization to NTA biosensor chips is often used.

5.4 Capture Molecule in Solution

Several factors should also be considered when selecting your capture molecule.
Size of the analyte can affect the amount of measurement time needed, as smaller
molecules diffuse much faster than larger molecules. Small molecules may also
more easily move through a blocking layer made of a polymer such as PEG.
However, large molecules tend to show more clear changes in capacitance due to
the increased displacement of liquid volume compared to smaller molecules.

5.5 Buffers and Blocking

gFET sensors are versatile and compatible with many commonly used physiological
buffers such as phosphate buffered saline (PBS), N-2-hydroxyethylpiperazine-N-2-
ethane sulfonic acid (HEPES), and Dulbecco’s modified Eagle medium (DMEM).
Although graphene literature contains many examples of sensing with extremely
dilute buffers, variability in measurement will increase with decreasing salt concen-
tration, and gate voltage control is extremely difficult when using less conductive
liquids; consider also the stability and function of the biochemistry in addition to the
performance of the gFET when choosing the optimum assay buffers. It is also
recommended to avoid buffers with pH < 2.0 as extremely low pH can disrupt the
pi-pi stacking between commonly used pyrene-based surface chemistries and
graphene. The buffers used during EDC/sNHS crosslinking should not include any
amine- or carboxylate-containing buffers or components (e.g. Tris—HCl buffer).

As in standard biochemical assays, one goal of blocking is to improve your
signal-to-noise ratio by physically blocking nonspecific interactions without inter-
fering with specific binding interactions. An additional goal when using a gFET
sensor is to create a Donnan potential at the surface. Polyethylene glycol (PEG) is a
common blocker for gFET sensors, as is BSA. In some cases, adding low concen-
trations of detergents like Tween 20 to the assay buffers may be more effective than a
static blocking layer alone.

Ideally, a gFET FEB sensor is equilibrated and calibrated in a buffer that is as
similar as that containing the analyte as possible. This prevents changes in compo-
sition such as salt concentration, pH, and preservative concentrations from contrib-
uting to the sensor response. For example, if your analyte is in human serum, then
you may want to use a synthetic serum substitute as your assay buffer during
equilibration, in addition to using it as a diluent. Similarly, for animal samples or



Applications of Graphene Field Effect Biosensors for Biological Sensing 65

cell and tissue lysates, you may want to use a species-specific serum albumin to
mimic the nonspecific proteins found in your sample.

5.6 Looking Forward: Multiomics

Almost 20 years ago, the Human Genome Project verified something that greatly
complicated the way we understand biology: that proteins are not derived from
simple expression of the genetic codes in nucleic acid sequences. The human
genome contains open reading frames that code for roughly 20,000 canonical pro-
teins. Around 70,000 additional proteins can be created by using alternative splicing
of the DNA code. However, to our best understanding, a single human cell contains
at least 1,000,000 different forms of proteins.

The elegance of the Central Dogma of biology that information cannot be
transferred from protein to protein has been necessarily augmented by an under-
standing that reality is much more complicated. The definition and construction of a
particular protein is due to multiple overlapping parameters such as gene expression
and post-translation modifications, which are regulated by interactions with other
genetic molecules, methylation, mutation, and transcription factors. In addition, the
function of the same protein requires a multitude of interactions between other
proteins, small molecules, and metabolic markers. Complexity in biology comes
not only from the complexity of the networks of interactions involved, but also in the
variations in the parts of those networks. This compounded complexity creates limits
to what can be accomplished via reductionist approaches to biology, as well as limits
to the usefulness of naive mappings of engineering and computer science concepts
into biology.

This understanding led to the creation of the field of systems biology, the study of
emergent patterns from the dynamic complexity of biology rather than focusing on a
particular type of molecule, such as genomics, proteomics, or metabolomics. An
early editorial in Science put it well: “the pluralism of causes and effects in
biological networks is better addressed by observing, through quantitative measures,
multiple components simultaneously, and by rigorous data integration with mathe-
matical models.” This powerful concept offers a way forward to understand how
observable traits come about in biological systems and the creation of a new
approach to measurement: multiomics.

Multiomics is a challenging idea. Gaining understanding of biology at a system
level based on combining a large number of simultaneous measurements including
pH, mRNA, DNA, and enzyme activity is going to require far more than “simply”
fully realizing gFETs as a multiomics measurement platform. There will remain
challenges in sample collection and processing, experiment design, data interpreta-
tion, and a host of other issues. Despite all this, “simply” using a single measurement
platform to execute a wide range of measurements could open the doors for far more
people to try out multiomics studies. To understand and overcome the experimental
challenges necessary to standardize and democratize multiomics, we need tools to
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enable more experimentation, more data, and more creativity. Many of the most
popular biosensing platforms have been widely commercially available for decades,
and have developmental histories going back 50 years or more. In comparison,
gFETs have only recently gained attention as biosensing platform. Yet in that short
time, a tremendous amount of progress has been made, demonstrating capabilities
far beyond what has been capable with traditional semiconducting materials. The
maturation of graphene device manufacturing in recent years shows broad accessi-
bility through scalable commercialization will be realized in near term [45, 68].

In the last few years, we have seen a change in the character of papers published
in gFET sensing literature. It is often the case that different fields and different stages
of technology development require different types of studies. Classical gFET liter-
ature commonly applied a large number of samples to a small number of test chips in
a repeated fashion. This was necessary because of the difficulty in constructing a
working sensor. Recently, there have been a few studies that follow the statistical
conventions of biology research and apply a smaller number of samples to a larger
number of test chips. [47, 94-96] This is a subtle but significant difference. Device
designs and analysis are standardizing, while gFET production on a small scale is
maturing [45, 68, 97].

In the coming few years, we expect to see a transition in proof-of-concept studies
using gFETs from testing a single analyte per sample to testing multiple analytes per
sample simultaneously. We have seen studies that used hundreds of gFETs, we
should soon see the first biosensing studies that use thousands of gFETs. These are
small milestones that do not yet reach the scale of multiplexing and throughput that
are common with traditional optical methods. The distinguishing characteristic
should be that gFETs can monitor protein, small molecule, and genomic activity
together at the same time. This, at last, would indicate a transition from “promise” to
reality for gFETs as a multiomics platform.
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Abstract The detection of a protein analyte and use of this type of information for
disease diagnosis and physiological monitoring requires methods with high sensi-
tivity and specificity that have to be also easy to use, rapid and, ideally, single step. In
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the last 10 years, a number of DNA-based sensing methods and sensors have been
developed in order to achieve quantitative readout of protein biomarkers. Inspired by
the speed, specificity, and versatility of naturally occurring chemosensors based on
structure-switching biomolecules, significant efforts have been done to reproduce
these mechanisms into the fabrication of artificial biosensors for protein detection.
As an alternative, in scaffold DNA biosensors, different recognition elements (e.g.,
peptides, proteins, small molecules, and antibodies) can be conjugated to the DNA
scaffold with high accuracy and precision in order to specifically interact with the
target protein with high affinity and specificity. They have several advantages and
potential, especially because the transduction signal can be drastically enhanced. Our
aim here is to provide an overview of the best examples of structure switching-based
and scaffold DNA sensors, as well as to introduce the reader to the rational design of
innovative sensing mechanisms and strategies based on programmable functional
DNA systems for protein detection.

Graphical Abstract

DNA-based

biosensors
for protein
detection

Keyword DNA scaffold, DNA switch, Electrochemical DNA biosensors,
Functional DNA nanotechnology

1 Introduction

Detection of protein biomarkers is extremely important for the early diagnostics,
treatment, and management of many diseases, as well as in fundamental research and
other biomedical applications. Sensitive and accurate detection of proteins in bio-
logical fluids, as well as the study of their interactions and their post-translational
modifications, is a challenge for research and diagnostic purposes. The high cost and
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the complex operating protocols of protein analysis based on the use of laboratory-
scale instruments are not able to meet the needs for frequent screening and/or
continuous monitoring of patients in primary care, as well as in remote health
monitoring systems.

Starting from the 1960s, specific detection of proteins has been achieved mainly
through the use of a plethora of immunoassays (immunosorbent colorimetric,
Immunoelectrophoresis, Western blot, etc.) capable of detecting and quantifying
protein targets in biological fluids. To date, the enzyme-linked immunosorbent assay
(ELISA) [1] and Western blot represent the most frequently used techniques. In the
last 20 years, apart from these methods, a number of biosensing platforms using
appropriate recognition elements (DNA, peptide, synthetic receptors, imprinted
polymers, etc.) have been reported for the detection of proteins in solution [2—
4]. In particular, many efforts have been directed toward the development of
point-of-care (POC) devices for sensitive and specific protein detection, similar to
the glucometer in terms of ease-of-operation, response time, operating and equip-
ment costs.

Among them, DNA-based biosensors appear particularly relevant because they
harness the design ability of DNA-based systems to easily translate a specific
binding event into a measurable signal. Watson-Crick-Franklin base pairing is
indeed highly predictable and programmable, and DNA nanotechnologies can be
engineered into molecular transduction systems and thus used in conjunction with a
variety of material interfaces [5].

In the following chapter, two main approaches developed in the context of
protein-responsive nucleic acid-based biosensors are discussed. Specifically, we
first introduce the general principles and rules underlying the design of the target-
induced structure-switching mechanism (Sects. 2 and 3). Then, we highlight some of
the main examples of optical and electrochemical DNA-based biosensors that are
based on structure-switching probes (Sect. 4). Finally, we introduce the concept of
DNA scaffold showing some applications where simple single and double stranded
DNA units can be harnessed as signaling scaffolds that generate a signal output only
when in the presence of the specific target protein (Sect. 5).

2 The Many Advantages of Structure-Switching Biosensors

Due to the extraordinary versatility, affinity, and specificity of biomolecular recog-
nition, biosensors [6] have seen significant research advances and commercial
exploitation over the last years [7—11]. Besides the amazing recognition properties
of biomolecules, however, a significant limitation in the development of biosensing
technologies has been represented by the capacity of generating a measurable output
in response to the binding of the target molecule [12]. For instance, immunosensors
and many other affinity-based biosensors simply rely on bioreceptors that can
specifically interact with their targets without emitting electrons or photons upon
target binding. To generate a signal in response to target binding most biosensors, as
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well as many bioanalytical platforms, require subsequent washings/incubations
steps, reagent-intensive procedures, and/or the combination with a secondary rec-
ognition element labelled with a tag in order to generate a measurable output. On the
contrary, “label-free” biosensors represent an alternative because they are capable of
generating an analytical signal in response to the change of an intrinsic property of
the receptor upon target recognition, such as subtle changes in molecular mass or
charge. To monitor the small changes induced by the unlabelled components, these
sensing strategies rely on the use of very sensitive and sophisticated equipment.
Among label-free sensing techniques, most famous are the surface plasmon reso-
nance (SPR) [13], field effect transistors [14], quartz microbalances, and
microcantilevers [15]. However, they still suffer from a common limitation that is
non-specific interaction of contaminants, especially when the sensing platforms are
challenged in complex biological matrices.

To overcome this limitation, over millions of years of evolution Nature has
optimized a specific class of biomolecules (i.e., switches) operating through the
binding-induced structure-switching mechanism that senses chemical/biological
inputs and transduce the binding event into a specific biological function [16]. Struc-
ture switching generally provides high specificity for the target analyte because the
recognition event is not simply mediated by the formation of many weak,
non-covalent bonds (e.g., hydrogen bonding and hydrophobic effects) but also
requires that the target binding induces a conformational or oligomerization change
of the recognition element itself. This dual requirement is essential for initiating the
signaling response. Consequently, molecules other than the target, which can
nonspecifically interact with the recognition element but lack the capability to induce
structural reconfiguration, will not result in signal generation. That prevents inter-
ferences and renders the recognition element highly specific. Nature has coupled the
structure-switching sensing to an amazing diversity of possible outputs such as
enzyme activation/inhibition, gene expression, or opening of an ion channel [17].

Inspired by this naturally occurring mechanism, significant efforts have been
vested to take advantage of it for artificial biotechnologies. In particular, since
structure switching can be easily combined for the generation of a measurable signal
output, biomolecular switches are perfect candidates for biosensing applications.
The structural reconfiguration can be either combined with a relative change in
FRET efficiency between a fluorophore and quencher pair [18], or with the variation
of electron transfer efficiency onto the electrode surface, as well as the activation of a
catalytic activity [19]. As a consequence of structure-switching mechanism, these
biosensors are generally easy to use, reagentless, and single step, thus, appearing
particularly promising for the real-time monitoring of binding events even in com-
plex environments. Among them, engineered protein switches have been widely
designed for synthetic biology and sensing applications, and they appear transfor-
mative for future point-of-need tests [20, 21]. In this respect, comprehensive reviews
of protein switches can better describe their advantages and disadvantages for
bioanalytical applications [20].

Design and synthesis of oligonucleotides is still simpler and more affordable than
those of protein. As a matter of fact, engineering protein-based recognition elements
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becomes a remarkably more challenging endeavor than engineering nucleic acid-
based recognition elements. In this line, the superior chemical robustness over time
in a wider range of conditions make oligonucleotides superior compared to many
proteins. In addition, DNA is a low cost and stable biomolecule easy to synthetize
using solid phase synthesis in an automated way [22, 23]. Altogether these features
make nucleic acids more accessible and affordable to research labs spread all over
the world. Therefore, the literature has experimented a large increase of examples of
structure-switching DNA biosensors. Our focus here is on structure-switching DNA
biosensors for protein detection. More specifically, we introduce in this Section the
basic concept underlying the design of structure-switching DNA receptors and then
highlight some applications of structure-switching DNA recognition elements for
either point-of-care applications [24] and real-time continuous monitoring [25] of
proteins.

3 Engineering Structure Switching DNA Receptors

All the remarkable advantages that structure-switching DNA-based recognition
elements offer come at the cost of limited number of DNA sequences that undergo
a conformational change upon target binding. Thus, structure switching has to be
engineered into those responsive DNA elements that do not change their conforma-
tion in response to the binding of the target. Here, we highlight some general rules to
help the reader better understand how to design structure-switching DNA receptors.

The physics of structure-switching recognition elements is well described by the
population-shift model which provides a route to tune the useful dynamic range of
such recognition elements more-or-less at will [26]. According to this model, a
DNA-based recognition element can populate two conformational states, i.e., a
non-binding and a binding-competent state. The low-energy non-binding state of
the DNA recognition element is a more stable conformation and it is always in
equilibrium with a less stable, but binding-competent conformation. Target binding
stabilizes the latter state thus shifting the equilibrium toward the bound state
[26, 27]. Experimental validation of the free energy of the two equilibrium states
is crucial to guide the engineering process, and experimental information can be
easily obtained from urea [28] or temperature [29] denaturation curves. The equi-
librium between the non-binding and binding-competent states is regulated by
switching equilibrium constant (K, Fig. 1) that can be properly tuned by simply
working on the secondary structure of the DNA-based recognition element. As an
example, a DNA-based recognition element with a K of 0.1 describes a conforma-
tional equilibrium where 90% of the recognition element populates the non-binding
state. This implies that structure switching is typically connected with a minimal
background signal and a substantial signal change upon binding with the target.
However, stabilization of the non-binding conformation rises an energetic penalty
that target binding must overcome in order to induce the switch. Hence, the con-
centration of target necessary to trigger the switch (and thus generating a signal)
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Fig. 1 The population-shift model describes biomolecular receptors operating through structure-
switching mechanisms. (a) Top, working principle Of the population-shift mechanism. Switching
constant (Ks) determines the interconversion between the non-binding and the binding-competent
states of the recognition element. The target binding stabilizes the binding-competent state. Bottom,
the combination of Kg and intrinsic constant (Kj,) determines the final observed dissociation
constant (Kp) and binding affinity of the recognition element for the target. (b) Recognition
elements with high K have a majority population of receptors in the binding-competent state,
which is translated in improved binding affinity (lower Kp) but also lower signal change upon target
binding (black and red lines). Enhanced signal changes come at the cost of losing recognition
element affinity (Kp). As a general rule, Kg value comprised between 0.1 and 1 offers a good
compromise in terms of binding affinity and signal gain of the switch

strongly depends on K values, with lower K associated to higher observed binding
affinity [26]. Thus, it is very important to not over stabilize the non-binding
conformation of the recognition element beyond values of Kp required for the
specific sensing application. Apparent binding affinities and switching constants
can be related through the mathematical expression [26] displayed in Fig. la.
Generally, achieving a satisfactory compromise between optimal signal-to-noise
and strong binding affinity is linked to Ks values falling within the range of 0.1
and 1 with the latter that yields a maximum signal gain of 50% (half population in the
binding-competent state in absence of target) while decreasing the observer affinity
of the recognition element (Kp) just twofold [27].

Following these basic rules, it is possible to convert a DNA-based recognition
element into a switching receptor and also to tune its binding properties and/or signal
transduction [30]. In the following subsections, we highlight some of the most
relevant strategies for the rational design of structure-switching mechanisms for
sensing applications.

3.1 Formation of Duplex Motifs as Regulators of Structure
Switching

This category describes the simplest and most straightforward strategy to incorporate
a binding-induced structure-switching mechanism into a DNA-based recognition
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Fig. 2 Different strategies to generate structure-switching aptamers. (a) Simplest strategy consists
of the addition of a complementary region to the binding site in the recognition element. The target
competes for the binding site of the recognition element and disrupts the duplex in order to form the
bound complex. (b) By introducing self-complementary motifs in the same DNA receptors it is
possible to generate a non-binding state. The presence of the target destabilizes the non-binding
state and stabilizes the binding conformation [36]. (¢) Splitting of recognition element into two
different subunits that rearrange and fold properly only in presence of the target. (d) In some cases,
it can be advantageous to integrate the different split subunits in a single molecule connecting them
through a linker region. (e) Specific selection strategies in aptamer selection make it possible to
directly select structure-switching aptamers that intrinsically operate through a conformation
change mechanism without needing further modifications

element. The hybridization between a complementary strand (CS) and a
DNA-based recognition element generates a duplex structure (i.e., non-binding
state) that does not allow the binding of the target molecule. The target has indeed
to overcome a free energy penalty to bind to the recognition element, and it will not
be able to do so until reaching certain target concentrations. Using a DNA aptamer
as a recognition element, this format is known by the name “duplexed aptamer”
[31]. For example, the CS can compete with the target for the free DNA recogni-
tion element labelled with a reporter molecule. In this approach, the CS binds the
recognition element that now populates a non-emitting conformation. When the
target is present in a concentration sufficient to displace the CS, structure switching
leads to a noteworthy change in the signal (Fig. 2a). In an exhaustive and thorough
study using optical characterizations, Lackey and co-workers [32] developed a
methodology to study the kinetics of the binding event to recognition events using
duplexed aptamer sensors, and demonstrated the switching mechanism behind the
L-tyrosinamide binding aptamer. Specifically, they found that the switching mech-
anism is consistent with a Sy1-like mechanism, in which the complementary strand
of the aptamer must dissociate first before aptamer binding to its target. This
mechanism, however, is not universal since other aptamers might follow other
mechanisms such as induced-fit, in which the target molecule directly interacts
with the duplexed recognition elements and facilitates the displacing of the
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complementary strand from the aptamer [33]. Another sensing architecture
employs labelled CS bound to the DNA recognition element (low background
signal) that when displaced by the formation of target-receptor complex generates
a response. Dillen A. and colleagues [34] employed this approach in an assay for
thrombin detection and extensively examined the associated thermodynamics.

Tuning properly either CS concentration and relative binding affinity between CS
and DNA recognition element is fundamental to deploying a working sensor.
Essentially, The free energy of the CS interaction with the DNA probe establishes
the K value linked to the equilibrium between the non-binding and binding states.
Therefore, it is important to properly select the length of the complementary motif,
i.e., its binding affinity, and also CS concentration to achieve optimal signal gain
upon target binding and adequate binding affinity. Besides, since the CS is an
independent element added, it can be adapted without affecting intrinsic binding
properties and selectivity of the recognition element, as opposed to other mecha-
nisms explained later in the chapter. However, such assay formats are generally
limited to end point measurements and are not easily transferrable to continuous
monitoring platforms nor reusable biosensors.

An alternative approach consists of the addition of a short self-complementary
motif in the sequence of the DNA recognition element itself (Fig. 2b). In this case,
the duplex is formed by the self-complementary region and causes the receptor to
fold upon itself into a non-binding conformation. The presence of target will push
the equilibrium toward the binding competent conformation breaking this self-
complementarity interaction and leading the system to the equilibrium bound state.
This strategy is also known as the “pseudo knot” approach [35, 36] and has been
successfully applied for the thrombin aptamer [37] and later adapted for electro-
chemical readout [38].

3.2 Splitting DNA-Based Recognition Elements into Two
or More Independent Fragments

Here, the DNA recognition element is split into independent sequences not physi-
cally linked to each other. The structural change induced by the target binding guides
the re-association of the two different subunits in one complex [39]. Not purely a
structure switching, since the change in conformation is substituted for the assembly
of the subunits, here the main requirement is the formation of secondary structures of
the two subunits that still maintain the capacity to interact with the target molecule
(Fig. 2c). Even in this case, a remarkable advantage of this approach is the generation
of large signal gain upon target binding due to the relative high change in the
distance between dissociated subunits that comes into close proximity in the pres-
ence of the target. In comparison, typical unimolecular structure-switching
bioreceptors can only achieve small structure changes—and so limited signal
change—that are basically comprised to the maximum distances within the
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recognition element itself. To overcome this limitation, it is also possible to intro-
duce a linker between the subunits involved in the interaction with the target in order
to increase signal change upon target binding (Fig. 2d). In principle, this approach
could be applied to any aptamer as a generalizable mechanism of signal transduction
[40], since it just requires the correct splitting of the aptamer in two different isolated
subunits. However, the presence of additional bases can significantly affect the
overall secondary structure of the aptamer and its binding affinity for the target
molecule.

Reality proves to be more complex and proper assessment of the splitting point in
the aptamer is required. A general weakness of the strategy based on split aptamers is
the partial re-assemble of the aptamer’s subunits often occurring also in the absence
of a target. This phenomenon generally results in an increase of the background
signal. Furthermore, the approach appears difficult to generalize because splitting the
aptamer can also significantly affect intrinsic binding properties and specificity
toward the target. As a consequence, the repertoire of split aptamers available still
remains limited [39].

3.3 Selection Processes of Structure-Switching DNA
Recognition Elements and Their Optimization Through
Molecular Engineering

During the selection process of DNA aptamers for non-nucleic acid targets, it is
possible to directly select for structure-switching aptamers without the need of
further engineering. Initial efforts in this area took advantage of immobilized DNA
sequences to a solid surface using libraries containing a complementary docking
motif (Fig. 2e). Upon binding with the target, DNA sequences selected and further
enriched are those detached from the anchoring sequence. That means that selected
aptamers must have undergone a structural change upon target binding inducing
strand displacement from the anchoring strand. Different groups have reported
successful assays to specifically select small molecules [41] and proteins such as
thrombin [42], proving the capacity to successfully select aptamers with structure-
switching properties. However, a key limitation of this approach is represented by
the fact that the equilibrium state for binding of the sequences to the beads is being
constantly re-established with each wash, and thus some non-functional sequences
are recovered during the target elution step [43]. An alternative structure-switching
SELEX method using a homogenous isolation step can be also performed in order to
distinguish between active and inactive library members, without the need to
immobilize target or capture strand [41].

Some further engineering strategies, independently of their selection method,
can be introduced to induce a conformational change mechanism into
non-switchable recognition elements. Either mutations, deletions (truncations), or
additions of bases in the recognition element need to be done in a rational way, to
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guarantee the binding properties of the aptamer, or to avoid destabilizing the
binding conformation (decreasing the Ks) so much that the apparent binding affinity
of the recognition element would fall out of the detection range of interest for that
target. This approach has been extensively applied in aptamers for detection of
small molecules [44—46], and for detection of proteins, for instance, neutrophil
gelatinase-associated lipocalin (NGAL) [25]. However, the small changes intro-
duced with respect to the original binding recognition element, require the knowl-
edge of extensive structural information to guide the process in a rational way. Due
to the difficulties in obtaining complete structural information for most of the
aptamers, guidance in the process of selecting proper single-point mutations is
severely limited [46, 47].

4 Protein Detection Using Structure-Switching DNA
Receptors

Aptamers are short DNA or RNA single strands (~12—-80 nucleotides long) that fold
into defined secondary and tertiary structures and can selectively bind to molecular
targets, such as small molecules, carbohydrates, proteins, and live cells. In truth,
aptamers are selected from libraries [48], typical SELEX library starts with 10'°
random sequences, of single-stranded oligos. Through sequential steps of binding,
eluting, and amplification, DNA sequences capable of binding to the target of
interest with high specificity and affinity are enriched within the library. After
5-15 selection cycles and counter-selection steps against potential interferants, the
enriched pool is sequenced, and aptamer candidates are identified from the sequenc-
ing results using bioinformatics analysis. The selected sequences are chemically
synthesized and characterized by their binding ability and specificity to a target. In
the last 30 years, more than 30 variants of their process selection (i.e., Systematic
Evolution of Ligands by Exponential Enrichment (SELEX)), have been developed
[49] and now it is possible to select aptamers that show specificity and affinity
comparable to those of antibodies toward their targets. Aptamers, however, are
smaller, low-cost bioreceptors that are easier to produce and more straightforward
to modify than antibodies.

Consequently, significant progress has been made by both the research commu-
nity and pharmaceutical companies in the development of aptamer-based technolo-
gies, spanning applications from diagnostics to therapeutics [50]. In December 2004,
the first aptamer drug was approved by the US Food and Drug Administration
(pegaptanib sodium, commercialized under the name of Macugen), and many
other aptamers have shown promising results in preclinical research and clinical
trials. Among the myriad of aptamer-based biosensor technologies reported in
scientific literature, some of them have recently been translated into commercially
available diagnostic kit for food safety and biomarker detection [51]. To extend to
aptamers all the advantages of the structure-switching binding mechanism
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previously described, different molecular designs have been proposed. Since only a
few aptamers present structure-switching functionality rationally introduced directly
in the selection [52-56] many strategies focused on how to re-create structure-
switching behaviors into aptamers that do not undergo a conformational change
upon binding to the specific target.

In this section, we only report examples of sensing systems based on structure-
switching DNA probes that present a sequence or a motif (i.e., a synthetic aptamer or
a consensus sequence) that recognizes the target protein. Nucleic acid-based sensing
systems using RNA or other artificial mimics, as well systems where the recognition
event is mediated by non-nucleic acid-based elements (i.e., peptides, small mole-
cules and antibodies) will be discussed in the Sect. 5. To help the reader, we have
separated subsections for the detection of proteins and transcription factors, also
providing a brief overview of DNA-nanoswitches for the activity-based monitoring
of repair enzymes.

4.1 Structure-Switching DNA-Based Aptamers
Jor the Optical Detection of Proteins

Pioneer in this field was Ellington’s group that designed a new class of recognition
elements named aptamer beacons [37]. By appending a complementary DNA motif
at the extremity of thrombin-binding aptamer, Ellington and co-workers generated a
structure-switching “beacon-like” probe. In the absence of thrombin, the aptamer
adopts a stem-loop structure that can be easily visualized by labelling the two termini
of the sequence with a fluorophore/quencher pair resulting in a quenched fluores-
cence emission. Thrombin binding to the G-quadruplex motif triggers the confor-
mation change of the aptamer that ultimately leads to a fluorescence signal increase.
This molecular design has been successively developed by many other researchers
for bioanalytical and biomedical applications [38, 57—62]. Following these design
principles, more recently, a structure-switching aptamer has been selected by Tan
and colleagues where a tyrosine kinase-7 (PTK7)-binding aptamer is integrated with
a single stranded pH-responsive i-motif allowing for selective binding of PTK-7
recognition elements on the surface of target CCRF-CEM cells [63]. By making use
of an i-motif domain, the switching equilibrium is regulated by the pH of cellular
microenvironment. At slightly acidic pH (i.e., in tumor microenvironment), the
i-motifs enable the binding between the aptamer and the cognate target; at physio-
logical pH (healthy cells) instead, the i-motif structure is switched in a random coil
conformation that prevents the recognition event.

Liu’s group has also reported on the detection of membrane protein PTK7 on
living cells, specifically by employing “beacon-like” aptamers as Surface-Enhanced
Raman scattering probe [64]. In the presence of the target protein, the structure
switching exposes a DNA portion that triggers an enzyme-mediated signal amplifi-
cation reaction. This generates Cy5-labelled residual DNA strands, which can



82 A. Chamorro et al.

further hybridize with the capture DNA strands immobilized on gold nanoparticles
assembled on a functionalized silicon substrate. By integrating SERS, aptamer
conformational change, and Exo III enzyme amplification, the sensitivity is superior
to that of the commercial ELISA method by several orders of magnitude. However, a
common limitation of SERS-based assays showing high sensitivity is that such
platforms sometimes exhibit limited accuracy and reliability for quantitative
analysis.

Another useful strategy for the design of structure-switching DNA probes was
developed by Szostak’s group for the detection of ATP [65] and small molecules
[66], and later adapted for protein detection. The strategy consists of splitting the
aptamer into two or more portions that can associate only in the presence of the
specific target. Liu et al. [67] proposed a specific design for the detection of thrombin
based on split aptamer-programmed self-assembly of quantum dots (QDs). Specif-
ically, two fragments of the split aptamer are conjugated to different QD populations.
The reassembling of the aptamer into a complex through a sandwich-like assay
induced by target thrombin leads to self-assembly of fluorescent QDs with a
significant fluorescence quenching and band-shift due to exciton energy transfer
between QDs. Thanks to the high sensitivity typical of the exciton energy transfer-
based fluorescent detection, a limit of detection (LOD) of 15 pM is achieved. Li’s
group [58] introduced the concept of strand displacement reactions as a means of
switching, where a partially complementary strand blocks one aptamer subunit
from reassembling into the signaling conformation. Optical aptamer-based assays
based on strand displacement reactions employ a binding aptamer modified with a
fluorophore that is hybridized with an aptamer-complementary element (i.e.,
ACE) labelled with a quencher. In the absence of a target, the two tags are in
close proximity and the fluorescence signal is quenched. The binding event pro-
motes the folding of the aptamer and the subsequent displacement of the
quencher-tagged strand that ultimately results in a fluorescence signal increase.
The ACE can be designed of different lengths and complementary to different
aptamer’s portions, thus allowing straightforward and programmable design
features.

One of the limiting steps of the design of duplex aptamers is represented by the
velocity of the signal transduction that is mostly governed by the hybridization
kinetics of the ACE to the binding aptamer [31]. Recently, precise kinetic control
has been reached by Zhang et al. [68] by combining protein-controlled
DNA-nanoswitches with a strand displacement reaction to realize a kinetically
controlled platform that transduces the presence of ligands (i.e., proteins and small
molecules) into the release of an oligonucleotide. Here, the aptamer sequence is
designed to be inserted between a toehold and a displacement domain of an invading
DNA strand (Fig. 3a). In the absence of the target, the toehold and displacement
domains are separated by a long, unstructured aptamer and so the strand displace-
ment reaction on the reporter system is very slow. Upon target binding and conse-
quent aptamer folding, toehold and displacement domains come into closer
proximity and therefore are capable of triggering the strand displacement reaction
producing fluorescence signal increase. This strategy was successfully demonstrated
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Fig. 3 (a) Protein-induced strand displacement reaction. The displacement is triggered by the
conformational change induced by the presence of protein. Analysis of initial kinetic rates for the
change of fluorescence in the presence of different concentrations of thrombin is shown. Adapted
with permission from ref. [68] (Copyright © 2021, Springer Nature). (b) Electrochemical aptamer-
based (EAB) sensor for the detection of platelet-derived growth factor (PDGF). The PDGF-binding
aptamer is attached onto the gold surface and labelled with a redox tag (i.e., methylene blue, MB).
Upon target binding, the aptamer folds into a stable three-way junction leading the MB label close
to the electrode surface, allowing a more efficient electron transfer. (Right) Voltammograms (square
wave voltammetry, SWV) of EAB sensor’s response in 50% serum, before (blue line) and after
(pink line) incubation with 50 nM PDGF. Adapted with permission from ref. [82] (Copyright
© 2007, American Chemical Society)
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for the detection of thrombin and PDGF achieving a LOD of 0.96 nM and 0.73 nM,
respectively. Furthermore, using this strategy, Zhang et al. reported on the capability
to realize orthogonal transduction, logical operations, and DNA-based amplification
reactions.

Recently, some in vivo biosensing platforms based on structure-switching
aptamers have been also reported [69—71]. For example, imaging of thrombin in
living mice has been reported by Zhang et al. [72]. The authors showed that using
thrombin-binding aptamer in combination with two DNA strands modified with a
near-infrared fluorophore/quencher pair IRDye 800CW/IRDye QC-1), an efficient
contact quenching is obtained. With this simple strategy, the selective visualization
and quantification of the target protein is reached with a wide linear dynamic range
(0-1,000 nM), and a LOD of 112 nM.

Up to date, most of the assays illustrated are based on fluorometric readout thanks
to their high sensitivity and facility of DNA labelling. Nevertheless, electrochemical
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readouts represent a more suitable option for POC assays: rapid response time of
analysis, feasibility to miniaturize the platforms and to integrate them into low cost,
microfluidic devices. However, most electrochemical biosensors for protein detec-
tion do not operate in a sample-in-answer-out manner, especially when tested with
unprocessed clinical samples. They, instead, generally require multiple washing
steps and the addition of reagents to process the sample.

4.2 Structure-Switching Electrochemical Aptamer-Based
Biosensors for Protein Detection

Pioneering works carried out by Plaxco’s group [38, 73, 74] have demonstrated how
to overcome many of the issues mentioned above using Electrochemical Aptamer-
based biosensors (EAB sensors). EAB sensors have been reported as one of the most
promising tools for both in vitro and in vivo monitoring of small molecules and
proteins [25, 75-80]. This is principally due to the enhanced specificity of the
structure-switching mechanism of DNA aptamers and the ability of EAB sensors
to perform well when placed in whole blood and in living body. EAB sensors are
indeed rapid, reversible, reagentless, and can be easily adapted to new targets by
simply changing the aptamer sequence. They are prepared in a simple way using
redox-reporter- and thiol-modified DNA aptamers immobilized on a gold electrode
[81]. In this way, as an example, it is possible to monitor the folding into a triple-
stem conformation of the PDGF-responsive aptamer upon binding to PDGF
(LOD = 1 nM in blood serum, Fig. 3b) [82]. As a result of the conformational
change mechanism, the electrochemical tag comes closer to the electrode surface,
generating an increase in the electrochemical signal due to improved electron
transfer between the redox tag and the working electrode (Fig. 3b, right). By
adopting the same approach, the detection of thrombin was also achieved, reporting
a detection LOD of 6.4 nM [38]. In this specific case, the binding event causes a
conformational change that inhibits the electron transfer between the redox tag (i.e.,
methylene blue) and the electrode surface, generating a current decrease. Similarly,
Liu and co-workers, showed the detection of interferon-gamma in the presence of
overabundant serum protein [83], such as the detection of tumor necrosis factor-
alpha (TNF-a) in blood samples (this last one by using an RNA-based aptamer)
[84]. The detection of epithelial tumor marker mucin 1 (MUC1) was reported by Ma
et al. demonstrated how the MUC1-responsive aptamer in the absence of the target,
folds into a thermodynamically stable hairpin conformation, facilitating the direct
electron transfer between the redox tag and the gold electrode, whereas in the
presence of MUCI, the aptamer no longer holds its hairpin conformation, moving
the redox tag further away from the electrode surface [85]. In the same direction,
Zhao et al. developed a folding-based EAB for the detection of vascular endothelial
growth factor (VEGF) in human whole blood [86]. Here, the cognate aptamer
initially unfolded, upon the binding to VEGF, adopts a stem-loop structure that
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forces the redox label to be in close proximity to the electrode. An outstanding
detection limit of 5 pM was achieved in 50% of blood serum.

One of the main advantages of structure-switching EAB relies on their capacity of
performing seconds-resolved, real-time measurements of molecules which makes
the technology very attractive for clinical applications. In this respect, recently, Idili
et al. demonstrated the single-step, rapid, reagentless, and quantitative measurement
of the SARS-CoV-2 spike (S) protein in biological fluids (serum and artificial saliva)
[87]. Plaxco’s group has also demonstrated the possibility to use this technology to
achieve real-time monitoring of different small molecules and drugs in living rats
[44, 45, 78]. Inspired by this approach, more recently, Parolo et al. achieved the first
high-frequency, real-time detection with subminute time resolution of Neutrophil
Gelatinase-Associated Lipocalin without any sample processing in human urine
samples using a urinary catheter [25].

Although the unprecedented performance of EAB sensors in vivo, the platform
still requires further optimization before it can see a successful clinical application.
In particular, the often-poor match between the affinity of binding aptamers for the
specific target in the body where it is not possible to easily adjust the experimental
conditions to tune the binding properties of the probe (pH, ionic strength, etc.).
Additionally, in some cases, the clinically relevant concentration of the analyte itself,
as well as the relatively shallow binding curves connected to “Langmuir-type”
binding curves of single-site DNA recognition elements, represent main limitations
[88]. As an example, the windows of some target analytes (metabolites, drugs, etc.)
in vivo are so narrow that the abilities of EAB biosensor technology do not allow
their measurement in the clinically relevant ranges. For example, to transition a
noncooperative receptor from 10% occupied to 90% occupied requires an §1-fold
change in target concentration, being the midpoint of that 81-fold transition the K
value. This reduces the ability of aptamer-based sensors to measure small differences
in target concentration, limiting the precision of the assay and scope of such
technologies in practical way [89]. In the case of protein detection, an additional
limitation is represented by the fact that EAB sensors require fast kinetics of target
release to provide continuous, real-time in vivo monitoring which is often not
possible because protein binding is generally associated to stronger interactions
with the DNA probe.

Rationally designed molecular approaches to overcoming these problems can be
very tricky to optimize and difficult to predict, especially when the DNA aptamer is
longer than 3545 nt. The difficulties encountered to predict the aptamer folding
upon binding to the target, as well as the difficulty of understanding the dependence
of conformational changes by the analyte also represent minor issues toward the
development of a general platform for POC application in vivo.

To increase sensitivity, also nanostructured materials deposited at the electrode
interface (i.e., AuPNs, AgNPs, PtNPs, silica nanoparticles (Si NPs), QDs, magnetic
nanoparticles (MNPs), carbon nanotubes (CNTs), and graphene (GNs)) can be used.
For a more comprehensive explanation of the effects, benefits, and drawbacks linked
to the utilization of nanomaterials in conjunction with DNA biosensors, readers are
encouraged to consult specific articles and reviews on this subject [90-92].
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4.3 DNA-Based Switches for the Detection of Transcription
Factors

Transcription factors (TFs) represent a particular class of proteins involved in the
transcription of genes. The binding between the TFs and DNA is highly sequence-
specific and play a key role on cells differentiation and growth, such as on the
interpretation of the genome information. By working as regulators and selector
genes, their mutations and dysregulations are involved in many pathological
processes [93].

Vallée-Bélisle and colleagues [94] introduced the rational design of DNA
nanoswitches for the detection of transcription factors (TFs). In a seminal study,
they presented binding-activated fluorescent DNA probes, referred to as “transcrip-
tion factor beacons,” capable of signaling the presence of three transcription factors
(TBP, Myc-Max, and NF-xB) directly in crude nuclear extracts. The transcription
factor beacons contain a consensus, double stranded DNA binding sequence able to
recognize with extreme specificity the TFs target. These probes are designed in a
way that they can populate two different conformations in equilibrium with each
other: a stem-loop structure containing double stranded consensus sequence for the
specific binding of the protein, and a second structure where the consensus sequence
is sequestered in a stem-loop ‘“non-binding” state. By properly introducing a
fluorophore/quencher pair, it is possible to monitor the binding of TFs as a means
of fluorescence increase (Fig. 4a). The same strategy has been later adapted to an
electrochemical format by simply attaching on a gold electrode the TF beacons
labelled with a redox tag (i.e., methylene blue). The probe reconfiguration upon TF
binding pushes the electrochemical tag away from the electrode surface generating a
change of current [95]. By using microfluidic devices, this technology makes it
possible to quantify the proteins showing a detection limit of 4 nM for TATA-
binding protein in nuclear cell extracts. This feature together with the easiness of
detection, attracted many other researchers that extended on this concept [96]. As an
example, Bertucci et al. have successfully adapted the in vitro biosensors to
intracellular imaging of nuclear factor kB (NF-kB) using living cancer cells and
FRET-based readout [97, 98]. By using lipofectamine-based vectors, the
nanodevice was successfully delivered to cultured PC3 cells. The transportation
via endosomal escape and the successive diffusion into cytoplasm and nucleus were
confirmed through stochastic optical reconstruction microscopy (STORM). The
specificity of imaging was also confirmed by transferring the cells with siRNA to
knockdown the expression of NF-kB. Recently, Bertucci et al. also demonstrated the
application of TF beacons as a molecular translator for the actuation of strand
displacement reactions by engineering a toehold-binding domain in the switch that
can trigger the strand displacement reaction only upon switch reconfiguration
induced by TFs [99]. Beside the obvious biosensing applications, this approach
paves the way to rationally control biomolecular communication pathways between
nucleic acid-based systems and functional proteins. This approach can be of value
for a variety of applications, ranging from synthetic biology to artificial
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Fig. 4 (a) Transcription factor beacon signaling the presence of specific DNA binding proteins.
The binding of the TF induces a conformational change that can be detected by properly modifying
the beacon with a fluorophore/quencher pair at the extremities of one of the two stems associated to
the non-binding state. The equilibrium binding curve (a, center) and kinetic response (a, right) of TF
beacons targeting Myc-Max are shown. Adapted with permission from ref. [94] (Copyright © 2011,
American Chemical Society). (b) Folding upon repair DNA-nanoswitches for the monitoring of the
activity of a methyltransferase enzyme (hAMGMT). Following the enzymatic reparation, the switch
undergoes a conformational change leading to a change in fluorescent signal. Graph in the center of
the panel displays the fluorescence spectra in presence and absence of hAMGMT. While the graph on
the right shows the % Inhibition obtained with the 2-Me Triplex nanoswitch before and after
incubation with 5 mM hMGMT at an equimolar concentration of different enzymatic inhibitors.
Adapted with permission from ref. [118] (Copyright © 2020, Wiley-VCH GmbH)

transcription-transduction pathways and recreation of cell-like behaviors in biomi-
metic systems.

We have also designed TF beacons with enzyme-like activity (DNAzymes) by
introducing allosteric control over the switching mechanism [100]. The
TF-controlled nanozyme shows peroxidase-like catalysis and this provides a
means to quantify enzyme activity through a simple colorimetric readout by adding
TMB and hydrogen peroxide. The bioassay is cheaper than many other assays based
on the use of expensive reagents or labelled molecules. However, the catalytic
efficiency of this class of DNAzymes is low and the reaction times limit its
applications. Following the TF-induced switching mechanism, recently Zhou’s
group developed an allosteric DNA-Silver nanocluster (DNA-AgNCs) switch
[101]. The fluorescence of DNA-AgNCs is regulated by a guanine-rich enhancer
sequence (GRS) that enhances its fluorescence 500-fold when it is close to the
DNA-AgNCs. With this strategy, the label-free quantification of NF-kB p50 has
been reported showing a LOD of 2 nM.



88 A. Chamorro et al.

4.4 Activity-Based Sensors: DNA-Based Switches
for the Monitoring of Repair Enzymes

Cells are continuously exposed to endogenous and exogenous mutagens which
induce chemical alterations of the DNA structure (i.e., “DNA damage”) impacting
human health [102]. In response to this, Nature has elaborated a DNA repair
machinery reversing the mutagens-induced DNA damage [103] such as base exci-
sion repair (BER) [104], mismatch repair [105], nucleotide excision repair [106], and
direct damage reversal [107] that collectively represent protective processes
blocking the entry of cells into carcinogenesis. An increased risk of developing
cancer is generally associated with low DNA repair capacity [108—110], and
interindividual variations in DNA repair capacity are thought to determine different
susceptibilities to cancer. To date, DNA repair capacity can be assessed indirectly at
the level of transcription—for selected genes involved in the different repair
pathways—translations (proteomics), and also using single nucleotide polymor-
phism (SNPs) screening [110]. However, enzyme activity often does not correlate
with the rate of transcription/translation, and not even with the amount of protein
present, whereas SNPs in repair genes are not always informative when the gene is
not expressed [111]. As an alternative, a wide variety of cell-based assays have been
reported but they generally require labor-intensive analysis that makes difficult their
implementation in a clinical setting (single-cell gel electrophoresis assay, host cell
reactivation, etc.). In this regard, chemically modified nucleic acid probes appear
promising as they offer many advantages over the traditional methods mentioned
above, such as possibility of imaging DNA repair directly in cells and tissues [112],
and adaptability for high-throughput assays in biological media. In this respect, we
address the reader to the review by Kool’s group to learn more about the topic [112].

DNA-nanoswitches can also be used to directly monitor the activity of enzymes
involved in DNA repair. Most of these assays employ structure-switching DNA
probes that populate a different secondary structure as a result of enzymatic activity,
generally a G-quadruplex motif, that is further used to generate a measurable
colorimetric, chemiluminescent, or fluorescent output. A significant advancement
in the realm of DNA switch sensors for detecting DNA repair enzymatic activity was
achieved through the research led by Ren and colleagues. They devised a label-free
quadruplex-based functional molecular beacon for the real-time monitoring of
Uracil-DNA Glycosylase (UDG) activity, marking a pivotal contribution in this
area [113]. The molecular design here makes use of a blocking strand that prevents
the proper folding into a G-quadruplex conformation. Specifically, an oligonucleo-
tide presenting several uracil residues binds to a molecular beacon, precluding its
folding in a G-quadruplex structure. Upon the removal of uracil residues by UDG,
the G-rich portion can fold in a G-quadruplex motif that is finally bound by the
N-methyl mesoporphyrin IX (NMM) dye, generating a ~14-fold enhancement in
fluorescence, given the strong interaction between NMM and the folded
G-quadruplex. Following this work, several subsequent UDG probes [114, 115]
and a T4 PNK probe [116] based on the use of blocking strand have been developed.
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Ma and co-workers reported the first luminescent DNA switch-based assay for the
detection of nicking endonuclease activity [117]. They synthetized different lumi-
nescent Ir(II) complexes presenting a weak affinity toward a DNA duplex and high
affinity toward G-quadruplex, that in turn means low and high luminescence signals,
respectively. In their assay, the cleavage induced by Nb BbvClI enzyme causes the
release of a guanine-rich sequence that folds into a G-quadruplex, enhancing the
luminescence of the Ir(IIT) complexes. The assay was proved in cell extracts showing
its potential as a user-friendly and cost-effective switch-on platform. Successively,
other complexes were synthesized for the detection of protein tyrosine kinase-7
(PTK?7) in aqueous solution [117]. Here, the specific binding between the PTK7 and
the sgc8 aptamer triggers the release of the G-quadruplex-forming sequence and
consequent luminescent catalytic output.

A new class of DNA nanoswitches for monitoring the activity of
methyltransferase activity has been recently reported by our group [118]. We ratio-
nally designed folding-upon-repair DNA-nanoswitches that can switch from a
duplex conformation (low FRET efficiency) into an FRET-active triplex DNA
structure upon human methyltransferase (hMGMT) activity. hMGMT converts
06-methyl-guanine (O6-MeG) nucleobases in the DNA duplex into repaired gua-
nine nucleobases restoring triplex DNA (Fig. 4b). Molecular Dynamics simulations
confirm that a methyl group at the guanine O6 position in the duplex portion of the
nanoswitch hampers the triplex formation, so that the folding into triplex structure is
strictly dependent on the repair activity. The activity of different methyltransferase
enzymes has been evaluated also in the presence of several enzyme inhibitors and the
assay has been further adapted for drug screening. Another new strategy based on the
use of DNAzymes for the monitoring of demethylase activity has been just reported
by Jiang’s group. They designed fluorogenic DNAzymes, named RADzymes (i.e.,
repaired and activated DNAzyme), containing single methyl lesion in specific
positions that inhibit the catalytic activity of the engineered DNAzymes [119]. The
reparation of O6-MeG lesion leads to the restoration of the catalytic activity with
generation of fluorescence output with linear correlation with hMGMT concentra-
tion in the range between 9 and 540 nM, associated to a limit of detection of 2 nM.
The repair activity has been assessed in different cells and under drug treatment,
giving promising results. In the same work, the monitoring of ALKBH2 activity was
also achieved by engineering a fluorogenic RADzyme containing 3MeC lesions.
Successively, epigenetically modified DNAzymes (EMOzymes) were engineered
and combined with a CRISPR/Cas12a amplification for the quantification of active
GMT [120] showing LOD of 0.05 nM.



90 A. Chamorro et al.

5 Programmable DNA Nanostructures as Scaffolds
for Biomolecule Detection

In this section, we discuss the use of DNA as a structural material for building
scaffolds supporting signaling transduction mechanisms. DNA provides an extraor-
dinarily versatile material for self-assembly and DNA nanostructures have been
demonstrated to be useful for biosensing applications. Since DNA thermodynamics
is highly predictable, using sequences of limited length (less than 100 nucleotides), it
is possible to build simple and more complex nanostructures with precision almost at
the level of Armstrongs [121-123]. Moreover, it is possible to control the formation
and rearrangement of the DNA structure by tuning experimental conditions (tem-
perature, ionic strength, pH, etc.). Generally, DNA nanostructures take advantage of
the canonical Watson-Crick-Franklin base pairing but they can also make use of
other types of base pairing, such as non-canonical DNA-RNA base pairing, or
Hoogsteen interactions that control the formation of triple helixes [124]. In this
context, the capability to build spatially controlled DNA structures at the nanoscale
is discussed with regard to biosensing.

5.1 Simple Single and Double Stranded DNA Scaffolds
Jor Sensing Applications

Single or double stranded DNA sequences modified by non-nucleic acid recognition
elements represent the simplest DNA scaffold structure that can be employed for
biosensing. We highlight here single and double stranded DNA-based scaffolds used
in three different classes of bioassays, specifically (i) platforms based on steric
hindrance effects, (ii) platforms linked to scaffolds operating through structure-
switching mechanisms, and (iii) those that take advantage of proximity-based effects
to generate a signal output. In the first category, i.e., biosensors based on steric
hindrance effects (Fig. 5a), signal generation is directly related to the limited
hybridization of the DNA scaffold when it is bound to a large biomolecular target.
Specifically, the presence of the target alters the intrinsic mobility and hybridization
efficiency with a complementary nucleic acid probe, thus consequently inducing a
change in the kinetics and consequently into a measurable output. The second group
comprises structure-switching DNA scaffolds, where DNA scaffold plays the role of
a dynamic reconfigurable unit populating different conformations in the presence
and in the absence of the target protein. The interaction of the recognition element
covalently conjugated to the DNA scaffold with the target protein induces a struc-
tural reconfiguration of the DNA scaffold. In contrast to the sensors based on
structure-switching recognition elements, in this case, the target needs to induce a
rearrangement into the DNA scaffold. Proximity-based DNA assays (Fig. 5b, ¢)
represent the third group of biosensors using single or double stranded DNA
structures as target-responsive scaffold elements. In these assays, the DNA scaffolds
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Fig. 5 Sensing approaches supported by DNA-based scaffolds. (a) DNA can be used as a scaffold
molecule holding both recognition and reporter elements. When the target recognizes the
non-nucleic acid recognition element, the efficiency of the scaffold to properly collide with the
electrode interface significantly decreases producing current signal change. (b) DNA scaffold
systems for sensing based on proximity effect. (¢) The target binding can also induce the structural
reconfiguration of a hairpin DNA scaffold resulting in a change of FRET signal. (d) Top: target-
responsive folding of complex DNA nanostructures of hundreds of nm. Middle: schematic view of
the design of an origami “giant” beacon applied for biosensing applications. Bottom: Microscopy
images correspond to Atomic Force Microscope (AFM) imaging, scale bars correspond to 20 nm.
Adapted with permission from ref. [139] (Copyright© 2018 American Chemical Society)

are also coupled to a reporter system that generates an output signal only when the
two DNA elements are co-localized onto the same target acting as a template
molecule. Based on the principle of local concentration [125], also referred to as
co-localization effect, the simultaneous interaction of the two DNA scaffolds with
the same target brings them closer together, thus increasing extraordinarily the
effective molar concentration. To be successful, the DNA scaffold strands must be
designed in a way that their relative binding affinity is poor when they are free in
solution, whereas only upon target binding they can hybridize inducing scaffold
interaction and signal generation. Interestingly, thanks to DNA’s intrinsic properties,
the co-localization-based detection can be connected to a signal amplifying reaction,
such as DNA amplification via enzyme-based amplification producing ultrasensitive
platforms.
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5.2 DNA as Building Block of Complex Nanostructures

Beyond the use of short duplex DNA structures, DNA can be used to build structures
in the nano- and microscale when designed and arranged in the proper way.
Pioneered by Nandrian C. “Ned” Seeman when introducing the nucleic acid junc-
tions [126], structural DNA nanotechnology rapidly expanded the possibility of
properly designing complex DNA-based nanostructures [127] settling the basis for
a variety of applications [121]. Most of the mechanisms used to create DNA scaf-
folds and nanostructures rely on the control and programmability introduced through
the use of “sticky ends” to control tile-based self-assembly or the design of more
complex origami DNA (such as illustrated in Fig. 5d).

A sticky end is a short single stranded overhang protruding from a double
stranded DNA molecules. Examples of tile-based self-assembly are DNA-based
nanotubes, [128] where a few strands of DNA assemble into a small structure or
“tile,” representing the basic building unit of the nanostructure, with a
two-dimensional shape similar to a rectangle. Each tile presents short protruding
oligos out of the four “corners” of the tile (i.e., sticky ends). The sequence of these
sticky ends can be designed in such a way that it hybridizes with other tiles and
assembles into bigger DNA-based nanostructure. These initially two-dimensional
structures can curve and fold over themselves forming a cylinder/rod-like structure
open at both ends. Thanks to DNA’s programmability it is possible to build
nanotubes with different decorations and homogeneous or heterogeneous composi-
tion of its building blocks [129] up to the size of micrometers, so they can be
visualized under a fluorescence microscope. By modulating the sticky ends’ inter-
action, it has been also reported the possibility to induce assembling or
disassembling of such structures. Ricci and his group have developed many exam-
ples where DNA nanotubes are used as supramolecular scaffolds for sensing
purposes [130].

W.K. Rothemund instead reported a simple method named DNA origami where a
set of properly designed short DNA strands determine the correct folding of a long
single strand DNA into desired 2D shapes [131]. Using DNA origami is possible to
assemble DNA strands of diverse geometrical shapes. This work settled the basis for
later studies where a number of complex and stimuli-responsive 2- and 3-D
DNA-based nanostructures have been reported (Fig. 5d) [123, 132]. These
DNA-based nanostructures can incorporate a diversity of modifications and compo-
nents to introduce a wide range of functionalities with applications well beyond
biosensing. Therefore, DNA origami design and applications fall out of the scope of
this chapter, for further reading of other applications few relevant references have
been included: drug delivery applications [133], cargo and release [134, 135],
enzymatic activity control [136], and even pore formation on lipidic membranes
[137, 138].
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5.3 Electrochemical DNA Scaffold Sensors for Protein
and Antibody Detection

To detect antibody and protein biomarkers, a number of publications reported on the
use of redox-tagged DNA signaling scaffolds modified with a non-nucleic acid
recognition element, and covalently attached to an interrogating electrode. Specifi-
cally, this sensing approach utilizes a rigid but dynamic double stranded DNA
scaffold composed of one DNA strand terminally modified with a redox reporter
that hybridizes with a second complementary DNA covalently linked to a recogni-
tion element [140—144]. The binding of a target protein to the recognition element
significantly affects the collisional kinetics of redox-tagged DNA scaffold at the
electrode interface (Fig. 6a and b). Key parameters that need special attention here
are the size of the recognition element and the target molecule, with particular
importance on their relative ratio. In this respect, one of the main limitations is
that high molecular weight recognition elements result in a high steric hindrance
affecting the intrinsic dynamics of the DNA scaffold, even in the absence of the
target molecule. The signal change is instead maximized using a small recognition
element having a relatively lower molecular weight in comparison to that of the
target protein. Specifically, Kang and co-workers [143] demonstrated that as the
recognition element increases in size (more than 70 kDa), the steric bulk reduces the
electron transfer also in the absence of the target molecule. By doing so, the current
signal is already suppressed to a level that no further signal change upon target
binding can be detected. However, this issue was elegantly solved by reducing the
size of the recognition elements to the minimal unit interacting with the target. In this
particular example, the recognition element was reduced from the whole antigen

by PN
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Fig. 6 Example of DNA-based electrochemical sensors for protein detection. (a) Structure
switching-based electrochemical assays. Conformational change due to the structural
reconfiguration of the DNA probe upon antibody binding brings the redox reporter away from
the electrode, resulting in reduced electron transfer between the electrode and the redox reporter.
Adapted with permission from Ref. [166] (Copyright © 2012, American Chemical Society). (b)
Steric hindrance-based electrochemical assay. Steric bulk hindrance of the target antibody hinders
collisional activity of the DNA probe and hampers electron transfer. Adapted with permission from
Ref. [140] (Copyright © 2009, American Chemical Society). (¢) Proximity-based electrochemical
assay. Co-localization of the two antigen-labelled DNA strands on the same target antibody brings
the redox reporter closer to the electrode surface and enhances electron transfer. Adapted with
permission from Ref. [159] (Copyright © 2020, Wiley)



94 A. Chamorro et al.

recognized by the antibodies to the small epitope (region of the antigen) recognized
by the antibody [143, 144].

Exploiting the properties of scaffolded DNA sensors that dynamically switch in
response to an external electric field [145, 146], Kelley’s group reported on
reagentless DNA-based scaffold sensors addressing some of the above-mentioned
limitations [147]. The method relies on measuring the sensor’s electric field-
mediated transport using electron transfer kinetics of a reporter molecule attached
to DNA. By measuring changes in falling time of the negatively charged DNA probe
to the electrode surface upon target binding via chronoamperometry, the presence of
a protein bound to the sensor complex can be tracked continuously in real time. This
approach provides a generalizable means of monitoring a range of physiologically
relevant proteins directly in a variety of body fluids, as well as in living animals.
Furthermore, this assay allows direct detection of whole SARS-CoV-2 virions and
spike protein in untreated saliva samples of COVID-19 affected patients within
minutes [148].

Mimicking the structure of natural Immunoglobulin G antibodies, Idili et al. [149]
designed a Y-shaped DNA scaffold containing two redox reporters and two recog-
nition elements at the ends of the DNA arms to detect IgG antibodies in serum and
saliva. The bivalent binding of the target antibody to the antigen anchored on the
Y-shaped DNA scaffold generates a high steric hindrance effect, reducing the
mobility of the DNA scaffold and in turn preventing the redox reporter on the
DNA scaffold from reaching the electrode surface. This is reflected in the reduction
of the electrochemical signal generated by square wave voltammetry of methylene
blue. Thanks to this rationally designed configuration, the authors detected IgG
antibody and streptavidin, a multivalent protein, in serum and artificial saliva with
detection limits in the low nanomolar range of concentration. Mahshid and
co-workers [150] took advantage of steric hindrance effect for the simultaneous
one-step detection of large macromolecules (e.g., proteins and antibodies) in whole
blood. In this assay, hybridization kinetic of a redox-active signaling strand to a
surface-bound capturing strand was inhibited due to the steric hindrance caused by
binding of a large macromolecule to the recognition element on the signaling strand.
As a result, electrochemical signal was suppressed in proportion to the size and
concentration of the target macromolecule. In a follow-up work, a collaboration
between Kelley and Vallée-Bélisle groups [151] reported the use of nanostructured
microelectrode (NME) as the interface for the steric hindrance-based assay. High
curvature structures of NMEs allow immobilization of a longer capturing probe at
higher surface density. This improves the detection limit of the platform compared to
the previous one (LOD of 10 pM vs LOD of 100 nM for streptavidin as model
analyte). They also demonstrated improvements in response time and detection
sensitivity as a result of the size-dependent hybridization rates and morphology-
induced blocking effects on the electrode surface. These platforms were also used to
detect small molecules through a competitive antibody-based assay directly in
complex matrices [152, 153].
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5.4 Proximity-Based DNA Scaffold Sensors for Protein
and Antibody Detection

To create a highly selective and more generalizable way to quantify proteins and
antibodies, target-induced reconfiguration of signaling DNA scaffolds controlled by
proximity effects can be harnessed in order to generate a measurable signal output. In
this regard, the typical Y-shaped structure of bivalent IgG antibodies makes them a
perfect candidate for the development of proximity-based DNA sensors, as demon-
strated by our group [154, 155]. As a matter of fact, the hinge region that links the Fc
and Fab portions of an antibody is a flexible tether that allows a quite independent
movement of the two Fab arms, thus making the distance between the two binding
sites (present at the end of the Fab arms) quite variable. Despite this, the common
Y-shaped structural view of an IgG or IgE antibody shows the two binding sites
separated by approximately 10—12 nm. This distance can be taken as a reference for
the rational design of DNA-based units that can interact only when they are
co-localized on the same target antibody at the nanoscale volume.

In this regard, our group reported on the rational design of programmable
structure-switching DNA-based scaffolds that combine the advantageous features
of DNA-based nanoswitches with those of co-localization-based methods using the
principles depicted in Fig. 5b, and exemplified in Fig. 6¢ for the particular case of
antibodies as targets. Although the generation of the signal is associated to a FRET-
labelled structure-switching DNA hairpin, all the DNA elements here are used as
scaffold molecules where the specific recognition element responsible for antibody
binding is chemically conjugated to the DNA. Specifically, the co-localization on the
same target antibody of the stem-loop scaffold and its complementary input DNA
strand leads the two scaffold units into close proximity, forcing the opening of the
stem-loop DNA scaffold with consequent increase of the FRET signal in a
concentration-dependent way [154, 155]. This design allows one-step and orthogo-
nal detection of clinically relevant IgG and IgE antibodies in human blood serum and
plasma samples in a no-wash format within less than 10 min. The platform has been
successfully applied to monitor the immune response of HIV-positive patients
treated with a peptide-based (AT20 peptide) phase-I therapeutic vaccine and also
proved its capability to differentiate unvaccinated positives from vaccinated patients
[155]. One of the major advantages of this design is the capability to recognize any
bivalent molecular target for which a recognition element can be conjugated to a
nucleic acid strand. This modular and versatile approach has been also used in
follow-up work to detect a monoclonal antibody (i.e., trastuzumab) only by chang-
ing the Ab-recognizing epitope [154]. Trastuzumab, a growth-inhibitory humanized
monoclonal anti-HER?2, is currently used for passive immunotherapy in the treat-
ment of breast cancer. Since the therapeutical cut-off value has been set at a
relatively high concentration (137 nM), a sensor to monitor the immune response
of breast cancer patients under trastuzumab therapy was developed within our group.
The reported sensor showed a capability to discriminate positive/negative patients
similar to the one obtained by ELISA. By adapting the strategy to a modular design,
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we also reported on the detection of small molecules (i.e., antigen) using the same
assay through a competitive format [156].

Taking advantage of the proximity effect, Ricci’s group also used proteins and
bivalent antibodies to control DNA-templated chemical reactions [157, 158]. In their
first reported strategy, bivalent binding of a specific IgG antibody to a pair of
antigen-conjugated DNA templating strands colocalizes the reactants (the DNA
strands) to trigger the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
reaction between the reactive elements posed at the 3’- and 5-DNA ends
[157]. The confinement of the reactant at the nanoscale due to the DNA hybridiza-
tion controlled by target antibodies basically increases the effective molarity of
reactants, thus allowing the reaction to occur at that concentration (low nanomolar
range). The method was characterized by versatility and orthogonality, moreover, by
synthesizing the thrombin-binding aptamer, a molecule with potential therapeutic,
the authors demonstrated potential utility of their strategy to control the synthesis of
functional molecules with specific antibodies. In a follow-up work, the authors also
demonstrated the generalizability of their strategy by using protein to control a set of
DNA-templated reactions [158]. Following the same concept, our group has recently
designed an electrochemical device for the rapid, single-step, and multiplex detec-
tion of clinically relevant antibodies in human serum sample [159]. As shown in
Fig. 6c, the simultaneous recognition of an antibody target by two
antigen-conjugated DNA scaffolds provides a means to induce proximity-dependent
DNA hybridization at the electrode interface. By doing so, the redox-labelled DNA
scaffold free in solution comes into close proximity to the electrode surface produc-
ing an enhanced current signal that is proportional to the antibody concentration.
This molecular design clearly demonstrates the impact of the proximity effect on
hybridization efficiency, as lower binding affinity (higher Kd) is reported for the two
scaffold DNAs in the absence of the antibody, whereas improved binding affinity is
detected in the presence of target antibody in a concentration-dependent fashion.

Similarly, electrochemical proximity assays relying on simultaneous binding of
two antibody-modified nucleic acid probes to the same protein can be developed to
bring a redox reported into close proximity to the electrode surface. Using this
approach, thrombin and insulin were monitored down to the picomolar and
femtomolar ranges of concentration, respectively [160, 161]. Furthermore, different
proximity assays have been deployed into electro chemiluminescent [162],
photoelectrochemical [163], and electrochemical [164] assays to measure alpha-
fetoprotein, insulin, prostate-specific antigen proteins, respectively. Although prox-
imity effect offers high selectivity and enhanced sensitivity and allows to monitor a
broad range of proteins, the requirement of two distinct binding sites on the same
target, the signal might decline at certain regimes of high target-to-probe ratio as
analyte excess can drive proximity complexes apart since each target will statisti-
cally bind preferentially one of the two strands and not both of them. Besides, the
challenging conjugation of certain ligands to the DNA scaffold still represents a
potential limitation in some cases [165].
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6 Conclusions

The rational design of functional nanostructures and structure-switching probes can
be harnessed to develop biosensing platforms for protein detection. Taking advan-
tage of the predictability of DNA interactions and of recent progress in the chemistry
of nucleic acids, especially with respect to biomolecule and small molecule conju-
gation, we are now able to finely control the spatial organization of responsive
molecular components into a DNA-based scaffold, as well to predict the dynamic
behavior of switchable DNA-based elements upon target binding.

Here, we showed a number of structure-switching DNA probes and programma-
ble DNA scaffold systems with different levels of complexity (2D DNA
nanostructures, DNA origami, beacons, etc.) employed to organize molecules (i.e.,
enzymes, antigens, and peptides) with nanometer precision for biosensing. We
believe that in the near future, it will be possible to translate such analytical assays
into real and commercially available sensing platforms.
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Abstract Around 30% of the scientific papers published on imprinted polymers
describe the recognition of proteins, nucleic acids, viruses, and cells. The straight-
forward synthesis from only one up to six functional monomers and the simple
integration into a sensor are significant advantages as compared with enzymes or
antibodies. Furthermore, they can be synthesized against toxic substances and
structures of low immunogenicity and allow multi-analyte measurements via
multi-template synthesis. The affinity is sufficiently high for protein biomarkers,
DNA, viruses, and cells. However, the cross-reactivity of highly abundant proteins is
still a challenge.
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1 Introduction

The concept of polymers comprising memory for a specific template was proposed
as early as 1931 by the Russian scientist Polyakov [1]. However, a real breakthrough
has been only achieved almost 50 years after this first report by Wulff and Mosbach
[1-3]. In the early phase, imprinted polymers have been developed exclusively for
low-molecular substances. Starting from 1984 till present almost 10% of papers
describe receptors for biomacromolecules, especially proteins and nucleic acids.
These biomimetic recognition elements constitute the “real Molecularly Imprinted
Polymers” (MIPs). Derived from this MIP concept imprinted polymers for viruses
and cells have been developed. While the term MIP is in general used in the literature
for all types of imprinted polymers, we use in this chapter the terms “Virus-
Imprinted Polymer (VIP)” and “Cell-Imprinted Polymer (CIP)” as these targets do
not comprise molecules.

We found in the web of sciences a total of around 13,000 papers describing
imprinted polymers (Fig. 1). This number is in agreement with the number of papers
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Fig. 1 The number of publications on Imprinted Polymers from 1990 till 2022 (Source: Web of
science)

of 7,562 reported by Scopus in September 2020 for a period of 10 years. Last year
(2022) around 1,000 papers on imprinted polymers were published. At present the
number of papers on cells corresponds to 60% of the research articles of protein-
based MIPs (60 papers in 2022). With the outbreak of SARS, the number of papers
on virus sensors reached about 17 articles in 2022. The total number of publications
on MIPs for nucleic acids is only 122 including 17 papers in 2022. Obviously, it is
hard to compete with the high performance of the already established DNA analysis.

2 Polymer Synthesis: From Bulk Polymers to Nano-MIPs
and Fully-Electrochemical Sensors

Thermal or photo-initiation is utilized in conventional bulk imprinting. In these
processes, the template, functional monomers, and crosslinkers are polymerized
together. Before the removal of the template, the bulk polymer is crushed and
fractionated resulting in imprinted particles. At the end of these procedures, the
prepared polymer has template-specific binding sites. During the preparation, the
template can be entrapped into the polymer matrix hampering the template removal
and therefore slowing down the binding and analysis of the target analyte [4]. Such
challenges can be circumvented by reducing the thickness of the imprinted layer to
that of the target analyte (surface imprinting) [5—11]. Herein, the synthesis has been
optimized by screening the interaction of monomer libraries with the immobilized
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template [12]. Furthermore, docking studies were helpful regarding the selection of
functional monomers, crosslinkers, and an optimization of template-monomer
ratio [13].

The first MIP for proteins utilized hydrogels with low crosslinking degree and
large pores [14—17]. However, these gels are not preferred because they are very
fragile. Significant progress has been made by applying innovative methods from
polymer chemistry for the synthesis of imprinted polymers for biomacromolecules,
cells, and viruses:

* Emulsion or precipitation polymerization techniques were used to prepare micro-
or nano-MIPs [18-22].

» Core-shell nanoparticles were utilized as carrier in the synthesis. In such systems,
magnetic forces have been used for separation. Furthermore, the readout by
intrinsic fluorescence was implemented [23-25].

* Solid-phase synthesis methods were successfully utilized to prepare MIPs on
functionalized beads (e.g., from glass) covered with the oriented template
(Fig. 2).

» Stamp-like surface patterning (micro-contact printing) was frequently used for
CIP synthesis. This method involved the pressing of a template-loaded stamp into
the surface of a soft polymer layer [7, 10, 27-29].

* Nanosphere lithograph allows the oriented imprinting of the immobilized
template [30].

» In addition, several electrochemical methods were utilized for the formation of
surface-imprinted polymers for all types of target analytes. Electropolymerization
of electroactive monomers or the self-polymerization of autoxidizable substances
like dopamine under ambient oxygen atmosphere is a straightforward method to
synthesize ultrathin MIP layers on planar or nanostructured transducers [4, 9, 11,
31-36].

Within the application of electrochemical methods, the polymer layer is formed
from one or two monomers without using a crosslinker. Electropolymerization
provides control of the polymer thickness by adjusting the charge during

Glass beads Mopqmers MIP

Template

Fig. 2 Solid-phase approach: the polymerization occurs around the template immobilized on glass
beads https://www.mdpi.com/2079-4983/13/1/12. Reproduced from Parisi et al. [26]. It is licensed
under a Creative Commons Attribution 4.0 International License (CC BY 4.0) https:/
creativecommons.org/licenses/by/4.0/
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electrosynthesis. On the other hand, during self-polymerization, film synthesis
requires tedious control of the spontaneous polymerization process.
Electropolymerization is only applicable on conductive surfaces, while self-
polymerization is suited for all surfaces. Moreover, taking advantage of the nano-
technological integration of metallic and carbon-based nanomaterials such as
nanoparticles or graphene into the polymer layer increases the binding capacity
and improves the electrochemical signal.

In contrast to the preparation of antibodies, the MIP synthesis provides recogni-
tion elements, which harbor the template. In this case, its removal is required before
the first and after each measurement. The constraint of a mandatory regeneration
between subsequent measurements is comparable with that present in
immunosensors. While a regeneration of aptamers is doable by simple thermal
treatment, there is no generally applicable procedure reported in the literature to
regenerate imprinted polymers [37]. Different chemical and physical treatments have
been utilized for the removal of proteins, DNA, viruses, and cell targets including
changes in pH or ionic strength, elevated temperature, detergents, electrode poten-
tial, or ultrasound (Table 1).

Generally, since several different treatments are combined, a compromise has to
be achieved between the efficiency of template removal and maintaining the integ-
rity of the polymer.

For example, proteolytic digestion is appropriate for the removal of proteins
under mild conditions; however, the protein fragments may also strongly bind to
the MIP [38]. Imprinted polymers based on thermoresponsive polymers have been
reported to allow the temperature-controlled soft release of the template [20, 39].

3 Signal Readout and Measuring

The signal generation of MIP sensors has many common aspects with
immunosensing, but inherent effects in the polymer matrix can interfere with the
readout of the recognition in the binding sites. Electrochemical and optical tech-
niques are generally used in the readout of MIP sensors [4, 58]. Furthermore,
piezoelectric [54, 55], thermal [22], and micromechanical [59] transducers have
also been used especially in VIP and CIP sensors.

The target protein can be directly monitored during all steps of synthesis, as well
as the respective rebinding by evaluating the faradaic current of prosthetic groups
[60, 61]; the formation of redox-active products by enzymes [40, 61, 62]; and the
fluorescence of aromatic amino acids or a fluorophore of the protein moiety (GFP)
[63]. Furthermore, vibrational spectroscopic techniques like Raman and surface-
enhanced Raman, as well as infrared (IR) spectroscopy [64—66], or recently also
surface-enhanced infrared absorption (SEIRA) spectroscopy [38] allow not only to
follow and evaluate all steps of the MIP synthesis and the analyte rebinding with a
particular specificity for the target protein via its amide (I and II) absorptions, but
also to structurally characterize the polymer and the mechanism of its formation via
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Fig. 3 A schematic diagram of the microelectrospotting/electrochemical readout setup.
Reproduced from Supala et al. [68]. It is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0) https://
creativecommons.org/licenses/by-nc-nd/4.0/

intrinsic bands [67]. The high (spectral) sensitivity of the latter technique will in
future also allow us to monitor the conversion of related educts and the formation of
products in VIP and CIP systems. Likewise, approaches using techniques such as
surface plasmon resonance (SPR)-based sensing, quartz crystal microbalance
(QCM), and capacitor or thermistor systems sum up the target binding, nonspecific
adsorption to the polymer surface, and different effects of changes in the chemical
environment [11].

On the other hand, the frequently applied evaluation of the “gating effect” on the
diffusional permeability of a redox marker by the binding of proteins, DNA, viruses,
and cells, respectively, reflects “overall effects” [11]. For non-conducting polymers
the current signal of the redox marker reflects the occupancy of the pores by the
target; i.e., the current decreases with increasing concentration approaching satura-
tion. For conducting polymers both increasing and decreasing currents after target
binding have been reported. Electrochemical methods provide a powerful toolbox
suitable for simple one-step synthesis of the polymer layer on the transducer surface
followed by “electroelution.” They are also quite sensitive and selective to the
reading of rebinding [11]. This technology has been recently extended to protein
microarrays by Gyurcsanyi’s group (Fig. 3) [68].

Determination of thermodynamic parameters, e.g., binding, requires the measure-
ment under equilibrium conditions. This prerequisite has been frequently ignored. In
this procedure, the sensor is incubated in a solution containing an adequate concen-
tration of the target molecule. Yoshimi et al. introduced this approach for monitoring
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theophylline on the basis of the gate effect for a redox marker [69]. On the other
hand, for MIPs with a very low rate of dissociation, the measurement can also be
performed in a target-free solution. For “dynamic” systems with a medium dissoci-
ation rate, the decay of the signal after the removal of the target from the surrounding
solution allows the determination of the dissociation constant by SPR and QCM
[49, 70].

4 ‘“Whole Analyte”’: Imprinted Polymers vs. Imprinting
of Substructures (Epitope, Engineered Tags, and Labels)
of Biomacromolecules and Bioparticles

In analogy to MIPs for small molecules, the first MIPs for the recognition of
proteins, cells, viruses, and bionanoobjects applied the whole analyte as the template
[71]. However, imprinting of large biological molecules and bioparticles faces
challenges due to their complex nature, high cost for pure templates, distribution
of heterogeneous binding sites, and difficulties in mass production with high
reproducibility [72].

Nevertheless, the analytical performance established in research labs on
imprinted polymers for whole proteins or other entire templates in the nanosize
range reaches that of immunoassays [73]. Therefore, MIPs have been called
plastibodies to address the analogy with antibodies [26]. However, the imprinted
polymers interact with the surface of the target molecule which interacts with the
walls of the binding pockets. This is also true for surface imprinting of macromol-
ecules where the polymer layer partially entraps the target [S—11]. On the other hand,
antibodies bind only to a small area of large antigens—the immunogenic determi-
nant. Mimicking this principle Rachkov and Minoura [74, 75] applied the three
N-terminal amino acids of the nonapeptide oxytocin as the template for a MIP which
binds the whole peptide. Later on, this approach has been successfully extended to
proteins and cells and termed as epitope imprinting to highlight the similarity
between epitope MIPs and antibodies [74, 75]. In fact, epitope MIPs are closer to
the antigen—antibody reactions because only a very small exposed part of the
macromolecule binds to the epitope-shaped cavities.

Such epitope MIPs can recognize the template fragment as well as the respective
whole protein [74—81]. Both C- and N-terminal peptides consisting typically of 4 up
to 20 amino acids were used as template [75, 77, 80]. Modeling showed that still
tripeptides are effective templates to form MIPs with an affinity toward the parent
protein in the pM range [82]. Surprisingly, binding of the parent protein to the
epitope MIP has also been reported for MIPs which were prepared with non-terminal
sequences as templates [83, 84]. Furthermore, functional surface regions of cells and
viruses including peptides and especially glycans, e.g., N-acetyl-D-galactosamine,
acetylneuraminic acid, and sialic acids [85—87], have been used as templates for MIP
synthesis, which are capable of recognizing these bionanoobjects. In nucleic acid
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analysis, identification of (short) segments of large molecules is a well-established
principle that has also been transferred to MIPs for nucleic acids.

Later on, the epitope approach has been extended to recombinant proteins using
peptide tags, e.g., his6-peptide [88], FLAG tag (DYKDDDDK) [89], and StrepTagll
(WSHPQFEK), as the template. Furthermore, MIPs based on the imprinting of
avidin [90] and “chemical labels,” e.g., thodamine B [91], have been developed
for the recognition of the labeled proteins, cells, and nucleic acids.

In addition to small epitopes and tags, subunits of proteins and surface proteins of
viruses can be used as the template in the MIP synthesis. A MIP-based biosensor has
been developed by imprinting the antigen-binding region Fab fragment for real-time
detection of human immunoglobulin G (IgG) [92]. The concept of fragment imprint-
ing was further demonstrated for enzymes by Jeztschmann et al. [93], where the
separated oxidase and reductase domains or the whole Cytochrome P450 BM3 have
been immobilized on the electrode surface as templates before deposition of the
polymer film.

S MIPs for Recognition of Proteins

At present around 10% of the papers published on imprinted polymers describe the
recognition of proteins; for example in 2021, there were 114 dealing with proteins
(Source: Web of Science).

5.1 Protein-Imprinted Polymers

The development of MIPs for proteins started with the whole protein imprinting
using the glycoprotein ribonuclease A as the template which was entrapped in
polysiloxane-coated porous silica by Mosbach’s group in 1985 [71].

5.1.1 PB-Amyloid

The peptide amyloid p-42 (Ap-42) is the key biomarker for Alzheimer’s disease
which is responsible for the formation of senile plaques in the brain. The electro-
chemical paper-based sensor developed in Sales group [94] comprises a MIP layer
that is built up on a carbon ink electrode by electropolymerizing a mixture of the
target APB-42 and the functional monomer o-phenylenediamine (0-PD). The template
was subsequently removed by enzymatic and acidic treatments. The rebinding was
evaluated by square wave voltammetry (SWV) and electrochemical impedance
spectroscopy (EIS) using ferricyanide as a redox marker. The response was linear
down to 0.1 ng/ml, and repeatability less than 10% was reported.
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5.1.2 Choline Esterases

A MIP sensor for the recognition of acetylcholinesterase (AChE) utilized the
tetrameric enzyme as template and a 3,4-propylenedioxythiophene derivative for
the electrosynthesis of the MIP nanofilm [46]. Prior to MIP synthesis AChE was
bound via its peripheral anionic site to a propidium-terminated self-assembled
monolayer. Rebinding of AChE to the MIP was demonstrated by measuring the
oxidative current of the enzymatically generated thiocholine, which linearly
depended on the AChE concentration in a range from 0.04 x 107 to 0.4 x 10~
© M. An imprinting factor of 9.9 and a K value of 4.2 x 10~7 M were obtained for
the MIP. This MIP effectively suppressed the cross-reactivity toward competing
proteins and appears promising for assessing AChE activity levels in cerebrospinal
fluid.

The first MIP for the recognition of the diagnostically relevant enzyme
butyrylcholinesterase (BuChE) was prepared by electropolymerizing a BuChE and
0-PD containing solution on a glassy carbon electrode [95]. All steps of MIP
synthesis and rebinding were characterized by cyclic voltammetry (CV) of the
redox maker ferricyanide and the enzymatic activity of BuChE, which was reflected
by the anodic oxidation of thiocholine, the reaction product of butyrylthiocholine.
The signal depended linearly on the concentrations of BuChE between 50 pM and
2 nM with a detection limit of 14.7 pM. Furthermore, the MIP sensor allowed the
indication of pseudo-irreversible inhibitors in the lower mM range.

5.2 Epitope MIPs for Proteins
5.2.1 Immunoglobulins

Immunoglobulins are produced by the B cells of vertebrates in response to invasion
by foreign objects, e.g., bacteria and viruses. They are called antibodies, form
4 subclasses, and exhibit a variability of 10'? different species. The most common
immunoglobulin G (IgG) is a tetrameric Y-shaped glycoprotein with a molecular
weight of 150 kDa. It consists of two identical units, each built from two identical
heavy and light chains. The arms of the IgG molecule are called antigen-binding
fragments (Fab) and form the antigen-binding sites (paratopes). It “neutralizes”
foreign molecules and particles by forming immune complexes.

The identification of antibodies that act specifically against different variants of
infective germs allows for profiling the humoral immunity of infected and vacci-
nated subjects, including COVID-109. It is the basis of tracing the immune response
during infection and the effect of vaccination [96].

Denizli’s group [92] applied the antigen-binding fragment as template for syn-
thesizing a MIP for IgG onto a SPR sensor chip. This Fab-imprinted polymer layer
recognizes its template Fab and the whole IgG. The precision of detecting IgG in
human plasma using this sensor was 99.1%.
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The handle of the Y-shaped IgG molecule—the so-called “fragment crystalliz-
able” (Fc) region—is the binding site of the bacterial protein A. This reaction is used
during the chromatographic isolation of IgGs. Therefore, a MIP which binds the Fc
domain could substitute protein A in downstream processes. Following this strategy,
Sellergren’s group developed MIPs with high affinity for the Fc domain [78]. Using
solid-phase synthesis, the MIP was deposited around the covalently immobilized
template comprising the Fc domain of IgG, the C-terminal 10-mer peptide of IgG,
and the whole IgG molecule, respectively. All three MIPs recognized both human
and goat IgGs in the nanomolar concentration range.

Using 11-mer peptides as the templates [97], a dual MIP for the depletion of
human serum albumin (HSA) and IgG from serum has been developed. The apparent
K4 values toward HSA and IgG were 1 and 0.6 pM, respectively.

5.2.2 Cancer Biomarker AFP

Alpha-fetoprotein (AFP) is an important biomarker for the early detection of hepa-
tocellular carcinoma (HCC) [98, 99]. This glycoprotein is produced by the fetal
hepatocytes immediately after birth. In healthy adults, the level is below 10 ng/ml
(0.15 nM), and a cut-off level of 20 ng/ml (0.3 nM) of AFP in serum is used as an
early indication of hepatic carcinoma [98—101]. It has diverse forms of glycosyla-
tion, and the one with Lens culinaris agglutinin (LCA)-reactive fraction (AFP-L3) is
produced only by cancerous cells [98, 99].

A triple MIP-based plasmonic sandwich assay (triMIP-PISA) was recently devel-
oped by Li et al. for cancer diagnosis based on the evaluation of the relative
glycosylation expression of the glycoprotein biomarkers (Fig. 4) [102]. This sensor
uses two MIPs that recognize either the C-terminal or the N-terminal peptide
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Fig. 4 Schematic illustration of the detection principle of the triMIP-PISA. Reproduced from Pang
etal. [102]. It is licensed under a Creative Commons Attribution 3.0 Unported License (CC BY 3.0)
https://creativecommons.org/licenses/by/3.0/
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sequence of AFP as well as a fucose-imprinted MIP for detection of the fucosylated
AFP-L3 fraction. Simultaneous surface-enhanced Raman spectroscopic detection of
the total AFP and the AFP-L3 in serum was accomplished, which allows us to
distinguish HCC patients from healthy individuals.

5.2.3 Metalloproteinase-1 (MMP-1)

MMP-1 is a biomarker for the diagnosis and progression of idiopathic pulmonary
fibrosis. Recently, Kuttner’s group [103] developed epitope MIPs utilizing
extended-gate field-effect transistors (EG-FET) as the transducer. Surface-exposed
epitopes were analyzed by applying BLAST software and the two most suitable
sequences were selected according to the location in the MMP-1, length, and
aggregation tendency. A mixture of either a 10- or a 12-amino acid peptide and
thiazolidine derivatives as functional monomer and bis-EDOT as crosslinker was
potentiodynamically polymerized in a solution of organic solvents on the surface of
the gate. After template removal, the rebinding of the template peptide resulted in an
increase of the differential pulse voltammetry (DPV) current of the redox marker
ferricyanide. The authors conclude that the conductivity of the polymer film is
increased by filling the binding cavities. Also, the drain current at a constant gate
voltage of the EG-FET increased after addition of the template peptide but most
important also on interaction with the whole MMP-1. The binding constants deter-
mined by the modified Langmuir isotherm were in the order of 10° M~ for both the
peptide and the MMP-1 protein. The authors claim that the MIP sensor selectively
recognizes MMP-1 in buffered serum samples.

5.3 Application of Protein MIPs

A large number of publications report that the required affinity for protein bio-
markers has been already achieved for substituting antibodies in clinical diagnostics
or environmental analysis [4, 104]. However, many measurements have been carried
out in spike pre-treated or semi-synthetic plasma [105—107]. Specificity is frequently
claimed on the basis of low cross-reactivity toward irrelevant “interferences” like
HRP or BSA in serum or urine [83, 108, 109]. The presence of highly abundant
proteins in biological samples, e.g., serum albumin and immunoglobulin in the g/l
region, is still a challenge for the detection of protein markers for cancer (prostate-
specific antigen), diabetes (insulin), or heart failure (troponin T, myoglobin) in the
mg/l to ng/l range [104]. Since MIP sensors represent only one “separation plate,”
extremely low cross-reactivities are required to prevent saturation of the MIP with
serum albumin. Furthermore, electrochemical sensors are especially susceptible to
interferences by surface-active constituents of “real sample” which partially block
the electrode surface [38].
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MIPs for selective protein binding have been successfully exploited mostly in
solid-phase extraction and chromatography [107, 110-114], replacement of anti-
bodies in ELISA-derived assays and sensors [4, 9, 115, 116], and the removal of
interfering substances [117]. Only a limited number of MIP sensors for biomarkers
are already commercially available [118]. Imprinted polymers offer innovative tools
not only for clinical and environmental analysis but also for bioimaging, therapy,
and protein engineering.

6 Molecularly Imprinted Polymers for Deoxyribonucleic
Acid (DNA) Recognition

DNA represents in nature the main vector of genetic information [119]. The length
per base of dsDNA is approximately 0.34 nm [120]. Detection of DNA has wide
applications in medical diagnostics, food, and environmental monitoring [121—
124]. MIPs attract increasing interest due to their low costs, easy preparation,
robustness, and comparable affinity to antibodies [118].

Although there are a large number of reports on protein and cell MIPs [118, 125—
127], the reported progress for DNA imprinting was impaired due to the structural
complexity of the target [128, 129]. Table 2 summarizes several representative MIPs
for DNA in chronological order.

6.1 MIPs Based on Nucleosides and Labels as Template

The field of MIPs for nucleic acids was initiated by Piletsky’s group [141-143] and
Shea [144] with sensors for nucleosides [145-147] and their derivatives [133, 134]
and was further developed via oligonucleotides to single-stranded [137, 139] and
double-stranded nucleic acids [130, 131, 135, 136, 140].

In order to improve the performance of DNA MIPs, nanoparticles have been
integrated into the MIP layer. Novel guanosine-imprinted nanocrystals have been
synthesized for DNA recognition based on the ligand exchange approach
[133, 134]. According to this approach, the thiol-ligand-modified cadmium sulfide
(CdS) quantum dots (QD) nanocrystal was firstly prepared as the substrate and the
guanosine-imprinted polymer was formed on the nanocrystal as the surface shell
using methacryloylamidohistidine (MAH)-Pt(I)-guanosine as the ligand exchange
monomer [133]. The binding of guanosine, guanine, ssSDNA (PolyG), and dsDNA
was detected based on the fluorescent signal of the QDs. Guanosine (Kg = 0.21 pM)
and free guanine (Kg = 1.12 pM) exhibited an almost 10-fold higher affinity than
ssDNA (PolyG) and dsDNA. Moreover, the MIP displayed a higher affinity toward
ssDNA (PolyG) than dsDNA. The authors assumed that most imprinted sites
recognized two neighboring guanosine nucleotides on the same DNA strand.
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Later, Diltemiz et al. applied surface plasmon resonance (SPR) to evaluate the
MIP performance [134]. The methacryloyl-(I)-cysteine (MAC) methylester was
immobilized on SPR gold chip and the guanosine-imprinted polymer was synthe-
sized on MAC-modified gold surface using the same metal-chelate monomer
described before.

Instead of imprinting DNA itself, MIPs for DNA were also prepared by imprint-
ing small molecules which could further react with DNA, so that the challenges
related to this macromolecular template could be circumvented and also the affinity
could be improved [91, 139, 140].

In 2018, a novel DNA sensor for the breast cancer susceptibility gene BRCA-1
was proposed by imprinting rhodamine B (RhB) on a glassy carbon electrode
modified by gold nanoparticles and reduced graphene oxide (AuNPs/GO)
[91]. The signal of the target ssDNA was obtained by measuring the DPV signal
of RhB (Fig. 5). Based on the recognition of RhB-modified ssDNA, the sensor was
able to detect under optimized conditions the target ssSDNA in a linear response range
from 10 fM to 100 nM with a LOD of 2.53 fM. The recovery in 1:10 diluted human
serum was between 97% and 106.4%, suggesting a potential clinical application in
real samples.

6.2 DNA-Imprinted Polymers

The first work related to dsDNA-Imprinted Polymer was presented in 2004
[130]. Herein, a verotoxin dsDNA(34 bp)-imprinted polymer was prepared on
silanized glass with 2-vinyl-4,6-diamino-1,3,5-triazine (VDAT) as the monomer,
which can interact with the adenine-thymine pair (A-T) in the sample DNA. This
work opened the possibility to directly imprint the native target dsDNA into the
polymer. Later, the authors created a simple and inexpensive detection technique for
dsDNA by preparing the MIP as a gel utilizing the same monomer VDAT [131]. The
recognition ability of the MIP was evaluated based on the observed capability to
hinder the migration of the target dsDNA in the imprinted gel. In this method, no
label was required. The MIP gel was able to capture the target dsDNA from mixed
dsDNA fragments with different sizes and base pair mismatches. This gel method
has been applied for different target dsSDNA ranging from 34 bp to 564 bp
[131, 132]. However, because of the interaction between the monomer VDAT and
the A-T base pair of dSDNA, this MIP gel failed to discriminate between an A-T base
pair and T-A base pair.

An electrochemical MIP-based sensor using target dsSDNA as the template was
reported in 2013 [135]. In this work, the thin polypyrrole layer was formed on a
pencil graphite electrode in the presence of the target fish sperm dsDNA using CV or
the potential pulse sequences (PPS) method. The DPV signal of guanine oxidation
gave information on the binding of target DNA. Pronounced differences in the
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Fig. 5 Schematic representation of a MIP-based sensor fabrication for ssDNA detection
[91]. Adapted with permission from Elsevier [91]. Copyright Elsevier, 2018

analytical performance between MIP and NIP were reported. The length of the fish
sperm dsDNA can range from 120 to 3,000 nucleotides with the molecular weight
from 40 to 1,000 kDa. There was no information about cross-reactivity of this MIP.

A simply and sensitive electrochemiluminescence sensor for HIV gene detection
has been presented by Babamiri et al. [137]. The 21mer HIV gene was imprinted on
an indium tin oxide (ITO) electrode by electropolymerizing o-PD in the presence of
the ssDNA. The rebinding was detected by the addition of EuS nanocrystals (EuS
NCs) modified with complementary ssDNA. After hybridization, the
electrochemiluminescence emission signal of EuS indicated the binding of the target
ssDNA to the MIP. This MIP was able to distinguish sequences essentially
containing two mismatches from the target DNA and exhibited a detection limit of
0.3 M. Moreover, this sensor could even detect the target sSSDNA from human
serum with a recovery of 97-106.4%.
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7 Imprinted Polymers for Virus Recognition

Virus infections are a great threat for the entire mankind due to the immense increase
of potentially deadly diseases such as acquired immunodeficiency syndrome
(AIDS), Ebola, hepatitis, severe acute respiratory syndrome (SARS), corona, avian
influenza A H7N9 virus, and dengue virus [148]. Accordingly, high morbidity and
mortality rates are attained. Thus, for pandemic control and prevention, a rapid and
selective diagnosis of viruses is urgently needed. In this regard, diagnosis of virus
infections could be achieved by cell culture (virus propagation), virus-specific IgM
antibodies, enzyme-linked immunosorbent assay (ELISA), and polymerase chain
reaction (PCR) [149, 150]. However, those methods require expensive enzymes and
antibodies for the selective recognition of the analytes. Hence, the development of
efficient, cost-effective, and reusable artificial virus receptors was proposed [10, 72,
151, 152].

Development of Imprinted Polymers for virus recognition was pioneered by
Dickert [152] and Lieberzeit [10] using micro-contact imprinting on QCM sensors,
and then it was extended by Uzun and Denizli [153] to SPR readout.

The use for real-time monitoring of virus and viral infection has been addressed in
several research reports [154, 155]. At the beginning of the development, whole-
virus particles were used as template in polymer synthesis (VIPs). Derived from the
epitope approach of protein MIPs, molecular substructures on the virus surface have
been utilized in the synthesis of imprinted polymers for the binding of the whole
virus.

7.1 Virus-Imprinted Polymers (VIPs)

Quartz crystal microbalance was combined with micro-contact imprinting to pro-
duce the first MIPs for viruses. The MIP for tobacco mosaic virus was fabricated by
surface imprinting using a tobacco mosaic virus stamp that was pressed into a
copolymer of N-vinylpyrrolidone and methacrylic acid to be spin-coated onto a
modified quartz disk. Using the developed chip, it was possible to study dissociation
kinetics and viral binding with high reusability and fast responses [152].

VIPs have been evaluated as a synthetic virus neutralizing platform using porcine
reproductive and respiratory syndrome virus (PRRSV-1) [156]. During the optimi-
zation procedure of this sensor, specificity of virus neutralization alongside the
impact of incubation time on the sensor performance was studied. The MIP selec-
tivity was assessed herein by comparing their neutralizing effects on PRRSV-1 to the
effects on the unrelated bovine viral diarrhea virus-1. As a result, no significant
cross-reactivity was detected. Thus, the VIPs demonstrated effective virus neutral-
ization in a short time (<30 min), while the neutralization effect has been shown to
be concentration dependent.
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Foot-and-mouth disease (FMDV) diagnosis was carried out using viral Imprinted
Polymer (VIP)-based electrochemical sensors [157]. Two different serotypes
(FMDV-0 and FMDV-SAT?2) were identified and determined in real animal samples
using two different VIP sensors. In terms of serotype O diagnosis, the selective
recognition sites have been designed through the electropolymerization of o-
aminophenol with the inactivated whole-virus particles on gold screen-printed
electrodes (Au-SPEs). Infrared spectroscopy, scanning electron microscopy, atomic
force microscopy, and CV have been used for VIP fabrication and characterization.
A cross-reactivity study was carried out on several interfering viruses such as lumpy
skin disease virus, FMD serotypes A, and SAT2. Detection and quantification limits
were estimated to be 2 and 6 ng/ml [158].

Another VIP sensor was developed for the detection of FMDV-SAT?2 serotype by
the direct electrochemical deposition of FMDYV inactivated particles within the poly
(0-PD) film on gold-copper nanostructured electrodes. This VIP sensor was used for
the determination of SAT2 serotype in real clinical field specimens without sample
treatment [157].

Recently, a double-mediated impedimetric viral sensor was designed for the rapid
detection of the whole SARS-CoV-2 particles. In this study, a mixture of lipophilic
electron shuttle (DCIP) and hydrophilic ferricyanide (FCN) was implemented for
enhancing the electrochemical signals. Additionally, a nanocomposite (carbon
nanotubes/tungsten oxides) was exploited for enlarging the imprinted surface area,
as illustrated in Fig. 6. The sensor supported the on-site investigations with a very
rapid detection of whole-virus particles in clinical samples [159]. Besides, several
respiratory non-targeting viruses were tested including influenza A viruses (HIN1,
H5NI1, and H3N2), influenza B, human coronaviruses (hCoVs)-OC43, NL63, 229E,
and Middle East respiratory syndrome coronavirus (MERS-CoV). In conclusion to
this part, virus-designated sensors represent effective diagnostic methods for rapid
response, high sensitivity and selectivity, and quantitative determination capability
for viruses in real samples without labeling, and without the need for biological
molecules such as DNA and RNA.

Using the virus particle as the template, imprinted resonance light-scattering
(RLS) sensors have been fabricated and applied for the detection of the Japanese
encephalitis virus [160]. With the same RLS technique, the authors further devel-
oped a MIP sensor for hepatitis A virus (HAV) detection [161]. Within less than
20 min the sensor was implemented for real sample analysis, for which a linear
dynamic range of 0.02-2.0 nM has been achieved with a detection limit of 0.1 pM.
The sensor’s recovery was evaluated in a range from 88% to 107%, to support the
determination of the virus in human serum samples.

A rapid detection and identification of the Zika virus (ZIKV) has been accom-
plished by utilizing the virus as the template and graphene oxide composites as a
platform for the production of a MIP-based electrochemical sensor [162].
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7.2 Sub-Structure Imprinted Polymers for the Recognition
of Viruses

A pentadecapeptide (15-mer peptide) has been selected by Tai et al. as a linear
epitope of the dengue virus to be exploited as potential template for imprinting on
QCM sensors [163]. The imprinted film could recognize both the template and the
whole-virus protein. Hence, dengue virus in patients’ serum was detected with high
accuracy.

Further, using polymeric nanoparticles of methacrylate and acrylate, MIPs have
been fabricated by Piletska et al. and implemented for virus screening and identifi-
cation using different epitopes of adeno-associated viruses (AAV) [164]. On the
other hand, a MIP-based sensor was fabricated for the viral hexon protein, the most
accessible and abundant surface protein of the human adenovirus type 5 (hAdVS5)
icosahedral capsid. The corresponding MIP which recognized the entire virus
utilized the protein molecule as the template. To validate the sensor’s selectivity,
two different viruses including hAdVS and minute virus of mice (MVM) were
exposed to the sensor without exhibiting an obvious binding [165].

An electrochemical impedimetric MIP-based sensor has been constructed for
dengue virus detection in serum samples during the early stage of the infection. In
this context, self-polymerization of dopamine (forming polydopamine (PDA)) was
exploited in the presence of target non-structural proteinl (NS1) to create the specific
template, in which 0.3 ng/ml was defined as the calculated limit of dengue virus
detection [166].

7.3 Functional Proteins of SARS-CoV-2 and Epitopes

For the detection of SARS-CoV-2 in addition to the entire virus or virus-like
particles the nucleocapsid protein (N-protein), the spike protein (S-protein), or the
receptor binding domain (RBD) was imprinted in the polymer [167—172]. Further-
more, exposed peptide regions of the spike protein were utilized as the template
[39, 173-175].

The first MIP sensor for COVID-19 was formed by electropolymerization of
m-phenylenediamine around a self-assembled monolayer (SAM) of the N-protein
and utilized a redox marker for the electrochemical readout. This sensor revealed a
linear response up to 110 fM [167].

Furthermore, a screen-printed carbon electrode loaded with gold/graphene
(Au/Gr) nanohybrids used arginine as the functional monomer for an N-protein
MIP, exhibiting a wide linear range as well as low detection limit and specific
recognition [170].

For the recognition of the S-protein, a polypyrrole layer was electrochemically
deposited on platinum black-covered platinum electrodes. Rebinding was analyzed
using chronopotentiometry to evaluate the decrease of conductivity by the
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displacement of ions by the protein target in the MIP cavities. The S-protein was
preferentially bound as compared with HSA, while the imprinting factor was (only)
2.1 [168].

The SARS virus docks via the 26 kDa RBD to the angiotensin-converting
enzyme (ACE2) of the host cell [176]. Parisi et al. developed MIPs for the RBD
which successfully block the binding of the spike protein to the ACE2 receptor
[169, 177]. Besides, Cennamo et al. developed SPR-based MIP sensor using acryl-
amide as monomer for the specific recognition of the S1 subunit of the spike protein.
The sensor was capable of detecting SARS-CoV-2 virions in nasopharyngeal
swabs [178].

Cubuk et al. [179] performed molecular docking and molecular dynamics simu-
lation for the interaction of different functional monomers with epitopes of the RBD.
2-acrylamido-2-methylpropanesulfonic acid and itaconic acid were proposed as
optimal functional monomers and TETYQAGST as a template molecule.

The peptide chain starting from L4ss up to Y5 is the binding area of the RBD to
the host cell [176]. Gyurcsanyi’s group applied the nonapeptide G485-Q493
(GENCYFPLQ) as the template. The peptide was microspotted on gold SPR chips
followed by electrodeposition of polyscopoletin and template removal by anodic
potential pulses. RBD was bound to the epitope MIP in the lower nanomolar
concentration range with Ky values ranging from 2 to 18 nM, while HSA had a
negligible effect in 0.5% Tween20 solution [173].

Mizaikoff’s group applied the peptide 486-502 of the RBD as template in the
synthesis of MIP-covered magnetic nanoparticles (NPs). The NPs were covered with
the MIP shell by “self-polymerization” of the peptide containing dopamine solution.
The authors concluded that the MIP can differentiate between different viruses;
however, no experiments with the RBD or the virus were presented [174].

Recently, MIP Diagnostics presented a thermal resistance sensor based on nano-
MIPs for the recognition of the spike protein. The nano-MIPs were prepared by
solid-phase synthesis using a decapeptide of an unknown sequence from the spike
protein as the template. They were coupled to the electrode surface via electrografted
4-aminobenzoic acid. The company claims that both alpha and delta variants of the
spike protein can be determined in clinical samples within 15 min [39].

The hepta-peptide G485 to P491 (GFNCYFP) of the receptor binding domain
was used as the template in the electrosynthesis of the respective MIPs (Fig. 7)
[180]. It was chemisorbed via its Cys488 in the central position on gold wire
electrodes before the deposition of polyscopoletin and template removal by anodic
potential pulses. Epitope mapping of six related peptides revealed that the binding
affinity was based on the strong interaction between cysteine and Au surface and the
number of coinciding amino acids with the template. Both RBD and the spike
protein were bound in the lower nM region to the epitope MIP, while HSA exhibited
a very low affinity. The high affinity toward the RBD combined with low
nonspecific adsorption of HSA allowed the measurement in the 1:20 diluted (spiked)
solution of COVID antigen tests.
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Fig. 7 Schematic of MIP preparation and binding of RBD. The G-peptide (GFNCYFP) was
assumed to be adsorbed horizontally on the bare gold via cysteine. Reproduced from Zhang et al.
[180]. It is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported License
(CC BY-NC 3.0) https://creativecommons.org/licenses/by-nc/3.0/

8 Imprinted Polymers for the Recognition of Cells
8.1 Cell-Imprinted Polymers (CIPs)

Cell-Imprinted Polymers (CIPs) have been derived from the concept of Molecularly
Imprinted Polymers and exclusively use organisms such as yeast, bacteria, mamma-
lian cells, and algae [181] as templates [182].

There is an increasing body of publications stating the use of whole-cell
Imprinted Polymers in chemical sensors and bioimaging [183]. CIPs have the
advantage of theoretically unlimited shelf life, improved thermal and chemical
stability, and straightforward, low-cost manufacturing compared to natural anti-
bodies. Actually, the very first study of microorganism imprinting relied on bacteria
as the template: Vulfson and coworkers reported on the synthesis of imprinted
polymer microspheres utilizing Staphylococcus aureus and Listeria monocytogenes
as the templates [184]. However, to date the most widely used approach in micro-
organism imprinting relies on a different technique, namely, stamp imprinting, also
called micro-contact stamping. In contrast to emulsion-based strategies [185], this
approach provides thin films, which are especially interesting for sensing
applications.

The template cells usually bind via adhesion to a flat solid support or are
immobilized onto it. Using this setup as a stamp, one can structure a prepolymer
film followed by a polymerization step through UV irradiation or heat treatment.
This results in a stable layer with the required cavities after removing the template
species. As observed for molecular imprinting in general, both the morphology of
the imprinted cavity and the exact position of surface functionalities need to be stable
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and resist harsh conditions, such as thermal stress and solvent exposure. This
demands an optimization of the monomer composition for a specific application.
For instance, by increasing the degree of crosslinking a well-patterned polymer
surface was obtained that facilitates microorganism binding [186].

Direct micro-contact imprinting is the most straightforward technique to obtain
high selectivity in microbial imprinting. Figure 8 shows three basic categories of
direct imprinting: stamp imprinting, film imprinting, and sacrificial layer imprinting
[126]. Stamp imprinting is the most straightforward method: one prepares stamps by
coating a solution of target species onto a solid substrate, sometimes containing
functional groups for covalent immobilization. After evaporation of the solvent, the
resulting stamp is prepared for imprinting. However, the solvent type may consid-
erably influence the imprint process: for example, the use of buffers may lead to the
formation of salt crystals on the stamp surfaces. The main drawback of this approach
is that the removal of the stamps may be tedious. In the case of fragile cells, it may be
better to use film imprinting (also called “sedimentation imprinting”), where the
template species is directly deposited on the prepolymer and let to sediment without
applying mechanical pressure through a stamp. The sacrificial layer approach is
applicable when monomer(s) and template may chemically react with each other. In
the case of cell imprinting into polyurethanes, it is beneficial to deposit a thin
saccharide film on the stamp to prevent chemical reactions between the isocyanate
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monomer and primary amino groups on the cell surface. The respective saccharides
remain bound in the final CIP and provide it with the necessary non-covalent binding
network. Furthermore, this type of approach usually allows a straightforward
template removal. However, the need to prepare and wash off the sacrificial layer
makes the strategy more tedious.

Direct imprinting implies one major disadvantage, namely the poor stability of
natural templates under harsh environments, such as in acids, bases, or organic
solvents, which may decrease the selectivity of the finally imprinted layers. One
way to overcome this obstacle is to apply indirect micro-contact imprinting as shown
in Fig. 9, by creating “artificial cells” from a polymer. To achieve this, one first
generates an imprint of the target biospecies in a polymer. In the second step, the
cavities are filled with a second prepolymer after the template has been removed.
After polymerization, the new material ideally mimics under optimal conditions the
shape and functionality of the original cell and thus constitutes an “artificial tem-
plate” following separation step of the two polymers.

8.2 Imprinting of Cell Substructures

Imprinting with entire cells can be a very tedious process for several reasons: first,
they can be rather sensitive to polymerization conditions. Second, the micro-contact
printing process requires the immobilization of the cells on a surface as mentioned
before. However, together with the stamping process itself this often changes the
morphology of cells: they become “flattened” on the surface.

So-called “epitope imprinting” [188] is well known in protein imprinting, where
the imprinted cavities behave like natural antibodies in the sense that they bind to
their target through a small substructure. In the context of cell imprinting, the
respective approach focuses on certain molecular elements on the cell surface,
mainly proteins and saccharides. Such kind of cell recognition can be applied for
capturing specific cell, such as cancer cells in organs [189].
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8.2.1 Imprinting of Membrane Proteins

Membrane proteins are well-known targets in substructure cell imprinting. Choosing
this strategy, it is possible to imprint the entire proteins or a corresponding peptide
epitope based on affinity binding to cell surface structures. For instance, fibronectin
(FN) was imprinted by using silanes as functional monomers and a calcium alginate
hydrogel membrane as substrate for the production of fibronectin (FN)-imprinted
polysiloxane (FN-MIP) to elevate cell adhesion and favorable cell growth for mouse
fibroblasts (1.929) [190].

However, the limitations of protein-imprinted polymers are of constant concern.
A review from H.R. Culver and N. A. Peppas summarizes challenges and problem-
atic issues including the complexity and large size of protein structures as well as
their environmental instability [191].

Indeed, using epitopes rather than the entire target protein as a template offers
major advantages for imprinting, including a significant reduction of the cost for
MIP production as well as preventing the protein from unfolding during the imprint-
ing process, which ultimately enhances the binding affinity of the created cavities.

8.2.2 Imprinting of Saccharides

More recently, an increasing number of papers report on the usage of saccharides as
epitope templates in cell imprinting. Lipopolysaccharide (LPS) imprinting is a
perfect example of such an approach: LPS is present on the outer membranes of
all Gram-negative bacteria and fulfills an essential role in bacterial resistance with
structural modification to avoid the interaction with positively charged antimicrobial
peptide receptors. Natural LPS modifications comprise the addition or hydroxylation
of fatty acids, and the addition of phosphoethanolamine (PEtN) to the core and lipid
A regions, etc. [192].

The LPS consists of two distinct parts: a hydrophilic polysaccharide core and a
hydrophobic lipid known as lipid A. Hence, LPS recognition sites on the surface of
imprinted hydrogels derived from the utilization of lipid A as a target molecule are
suitable to remove LPS from pure water. As a result, the prepared imprinted
hydrogels appreciably distinguished the LPS of E. coli (toxic LPS) from two other
LPS competitors [193]. However, this approach demonstrates only the potential in
whole-cell recognition rather than realizing it at the final stage. The latter has been
achieved by a different target analyte, namely monosaccharides present on the
surfaces of cancer cells. Synthesizing MIP-based fluorescent nanoparticles (NPs)
allows us to directly label the target cell. Figure 10 shows both the synthesis
approach (Fig. 10a) and the binding assay on the cell surface (Fig. 10b) [194].



136 X. Zhang et al.

L g7 g ? »
B ic acid v v Templat - »
FITC-Si oronic aci emplate
Npsloz‘ Tunctionalization ) K immobilization & g
. _ 4 ¥ o b‘
" o
A @ monosaccharide ¥ boronic acid [ TEOS polymer

Bunuuduy
pajuslio

<
b |

| A\ - R, &
A “ Elution Template ‘ “
< o — ~—Temovar — @ ©
3 e Rebinding - -
wed had o450

<
>
T

"‘A%

Fig. 10 Monosaccharide-imprinted FITC-doped silica NPs (a) and the interaction between MIP
NPs and cancer cells (b). Reproduced from Wang et al. [194]. It is licensed under a Creative
Commons Attribution 4.0 International License (CC BY 4.0) http://creativecommons.org/licenses/
by/4.0/

8.3 Applications of Cell Imprinting

Many of the cell concentration and separation techniques are direct binding assays,
implying that the number of cells per milliliter (typically expressed as CFU) can be
determined by an immediate detection of the trapped cells, mainly bacteria. The
main advantage of this assay format is that it offers rapid detection. Overall, the data
generated so far clearly indicate that this relatively new approach for quantifying
(harmful) microorganisms is highly interesting for real-life analysis problems in
environmental samples.

However, applying MIP for cells does not end there: sensors based on MIPs/CIPs
have been employed as rapid diagnostic techniques for various diseases: A recent
study demonstrated that CIPs synthesized on the surfaces of magnetic particles
(magnetic MIPs) are useful to detect Staphylococcus aureus in milk and rice
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[195]. Zhang et al. developed a pseudo-ELISA to detect Staphylococcus aureus in
buffer. Unlike the classic sandwich ELISA method, they used synthetic receptors
instead of natural antibodies and reported lower limits of detection compared to
biologically based assays [196].

Another study used Escherichia coli cells imprinted on amino acid-based poly-
mer via micro-contact imprinting on both optical and mass-sensitive devices to
quantify this species [197].

Despite these few success stories, creating cavities, which comprise an optimal
affinity for selective capture and quantification of microbial cells, still remains a
major challenge. Inspired by molecular recognition in nature, CIPs have emerged as
a promising strategy for this purpose: they cause relatively low costs, are stable, and
are versatile [198].

The development of MIPs to target certain cells like human cancer cells [194] or
pathogenic microorganisms has been intensively studied and remarkably assisted the
transformation from clinical practice to individualized medicine. However, creating
Imprinted Polymers that can transform cell recognition from passive binding to
active intervention in cell biology is still an open challenge. Any breakthrough in
this area could result in new application paradigms to improve current treatment and
diagnostic strategies.

9 Qutlook

The clearest advantage of imprinted polymers is the simplicity of preparation and
integration in a sensor. They can be easily prepared by using a few monomers and
eventually a crosslinker in the form of nanoparticles or deposited on the sensor
surface. In the future integration of signal generation in “self-signaling,” sensors will
allow the decentralized measurement of health parameters, supervision of nutrition,
and environmental control. A prerequisite for these applications is a negligible
nonspecific interaction of the targets with the polymer surface.
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Abstract This chapter provides a comprehensive overview of microbial electro-
chemical biosensors, which are a unique class of biosensors that utilize the metabolic
activity of microorganisms to convert chemical signals into electrical signals. The
principles and mechanisms of these biosensors are discussed, including the different
types of microorganisms that can be used. The various applications of microbial
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electrochemical biosensors in fields such as environmental monitoring, medical
diagnostics, and food safety are also explored. The chapter concludes with a
discussion of future research directions and potential advancements in the field of
microbial electrochemical biosensors.
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1 Introduction

Microbial electrochemical biosensors (MEBs) are a unique class of biosensors that
utilize the metabolic activity of microorganisms to convert chemical reactions into
electrical signals. These biosensors have gained significant attention in recent years
due to their potential application in a wide range of fields, such as environmental
monitoring, medical diagnostics, and food safety. Unlike traditional biosensors,
which typically use enzymes or other biological molecules (e.g., antibodies) to
detect specific analytes, MEBs utilize whole cells. This affords them a sensitivity
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to any analyte that may alter microbial metabolism and, thus, allows them to be used
for detecting a wider range of analytes. The use of whole cells also allows MEBs to
be used in environments where traditional biosensors would not be able to function,
because the protective cell membrane keeps enzymes from denaturing. Additionally,
MEBs can be made more sensitive and specific by genetically engineering the
microorganisms to produce specific enzymes or other molecules that can interact
with the analytes of interest, making them a versatile tool in the detection and
monitoring of various compounds. In this chapter, we will explore the principles
and mechanisms of MEBs, the different types of microorganisms that can be used,
and the various applications of these biosensors. Specifically, this chapter gives an
overview of the mechanisms of electron transfer associated with a microbial elec-
trochemical system and covers recent developments in MEBs. It provides a discus-
sion on the design, applications, working conditions, innovations, and outlook of the
MEB-related literature that has been published in the last 5 years.

1.1 Basic MEB Operation

An MEB typically consists of three main components: a microorganism that acts as
the biocatalyst, an electrode that serves as the transducer, and an interface that
connects the two. The microorganism can be a bacterium, fungus, or algae, and is
immobilized on or near the electrode, which is usually made of a conducting material
such as gold, carbon, or platinum. When a microorganism reacts with an analyte, it
uses the analyte as a substrate to generate electrons as a by-product of metabolism.
These electrons are then transported to the electrode resulting in an electrical current,
which is proportional to the concentration of the analyte. The electrochemical signal
is then sent to a device (e.g., a potentiostat) for measurement and data analysis. The
output signal, which can be an electrochemical current or a voltage, is then related to
the amount of the analyte present in the sample.

1.2 Brief History of Microbial Electrochemistry and MEBs

Electrochemical phenomena in microorganisms were first detailed by Potter in 1911
[1]. Interest in microbial electrochemical technology (MET) increased sharply in the
latter half of the twentieth century after Davis and Yarbrough developed one of the
first microbial fuel cells (MFCs) in the early 1960s [2, 3]. While over 100 years have
passed since the initial discovery of electroactive microorganisms, the mechanisms
underpinning microbial electron transfer have only just started to be understood.
Furthermore, some aspects are the subject of considerable debate [4, 5]. Karube and
coworkers are often credited with developing the first whole-cell biosensor in 1977,
when they reported the use of immobilized microbes in polyacrylamide gel on an
oxygen sensing electrode to measure the five-day biochemical oxygen demand of
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wastewater [6]. However, it should be noted that Diviés reported the use of a
“microbial electrode” for an ethanol assay in a 1975 issue of Annales de
Microbiologie [T], using Acetobacter xylinum (since reclassified as Gluconobacter
xylinus [8]). Since these initial studies, there has been significant advancement in the
capabilities of whole-cell biosensors. Biosensors can use a variety of different
biological sensing elements (i.e., cells or enzymes) and physical transducers (i.e.,
calorimetry, electrochemistry, or spectroscopy), but this chapter will focus on
microbial electrochemical biosensors [9]. These are distinct from traditional detec-
tion methods, such as gas chromatography, because they do not require sample
processing prior to analysis. Additionally, they are intended for repeated or contin-
uous measurement collection, unlike single-use biosensors [10]. It is important to
keep in mind that various reports have also referred to such devices as whole-cell
biosensors [11, 12], microbial electrochemical sensors [13, 14], microbial electro-
chemical cell-based sensors [15], electrochemical biosensors [16], and microbial
fuel cell-based (MFC-type) sensors [17-20]. Throughout this chapter, these devices
will be referred to as microbial electrochemical biosensors (MEBs).

2 Microbial Electrochemical Biosensors

A microbial electrochemical biosensor utilizes a microorganism, most commonly
bacteria, to detect the presence of an analyte compound based on the operation
principle shown in Fig. 1 [14]. The analyte induces a biological response from the
organism, and a transducer then converts the biological response to a measurable
signal. Amperometry is the most common operational mode for MEBs; it measures a
current signal as a function of time at a constant voltage [9, 21]. Alternatively,
current signals can be measured using voltammetric methods, such as cyclic
voltammetry and square wave voltammetry, which vary the applied potential as a
function of time [22]. The reader is directed to excellent texts on these methods
should greater detail be required [21, 23]. The presence of a target analyte can affect
microbial metabolism which can change the consumption or production of ionic
species [24]. The variation in ion concentration can be monitored by conductometry,
which measures changes in the electrical conductivity of the solution over time;
however, this detection method is decidedly nonspecific since conductivity can be
altered by any ions present in solution. Finally, analytes can be detected by measur-
ing the potential difference between the working and reference electrodes, known as
potentiometry. This potential difference can be impacted by changes in concentra-
tion or composition of electroactive species, which may vary based on microbial
metabolism.
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2.1 MERB Operation

Unlike enzymatic biosensors, microbial electrochemical biosensors have fewer
stability issues because the enzymes are contained within a protective cellular
membrane, which allows for a wider range of pH and temperature conditions
[25]. The current generated by these microorganisms can be affected by toxicants
and other pathogens and, consequently, can also be used to quantify their concen-
tration in a sample. Different sensing applications exist depending on whether the
microbes are interfaced to the cathode or anode of the electrochemical device.
Anodic applications include measuring biochemical oxygen demand and detecting
pathogens. Biochemical oxygen demand (BOD) is the amount of oxygen needed by
microorganisms to oxidize a given amount of organic compounds and is, therefore,
often used to estimate the total quantity of organic contaminants in a water supply.
BOD can be measured with the use of an MEB by monitoring the anodic current
produced by oxidation of organic compounds by aerobic electroactive microorgan-
isms during cellular respiration. Unlike direct measurements of dissolved oxygen
content for BOD quantification, MEBs are not prone to false background signals
caused by reduced inorganic material such as nitrogen compounds, sulfides, and
metal salts. At the cathode, microbes can be used for determining the dissolved
oxygen concentration or corrosion detection [14]. Microbes can also be used to
detect toxicants at the anode or cathode. Furthermore, MEBs can operate either using
an external power supply (e.g., as an electrolytic cell) or using the reactions



154 N. G. G. Carducci et al.

catalyzed at the anode and cathode to generate its own power (e.g., as a self-powered
biosensor). The primary requirement for an MEB to generate its own power, thereby
operating as a microbial fuel cell (MFC), is that the difference in formal electro-
chemical potentials between the cathodic reaction and anodic reaction must be
positive (thus corresponding to a spontaneous net reaction),

Ecell = Ecalh - Ean (1)

where E_. is the electrochemical cell potential of the MEB, E._,, is the formal redox
potential of the cathodic reaction, and E,;, is the formal redox potential of the anodic
reaction [16]. A primary benefit to MEBs that can operate as an MFC is that they do
not require an external power source and can be scaled down to the microliter level,
improving the portability [15]. One potential limitation of MFC-type MEBs arises
because their power output (i.e., signal) depends on the amount of electrical current
that can be generated, which, in turn, depends on analyte concentration. Therefore, at
low analyte concentrations, there may be insufficient power generated to produce a
measurable signal. Garcia and coworkers addressed this potential problem and
demonstrated that it is possible to combine an MFC with an MEB to measure lactate
concentrations that are too low to generate sufficient power [26]. The MFC provides
power using glucose that is present at a relatively high concentration. In a fully self-
powered MEB, the MFC provides power for both the applied electrochemical
potential in the MEB and the electronics necessary to transmit the signal to an
external device. Therefore, the minimum power requirements for a fully self-
powered MEB depend on the chosen method of signal recording. For example,
miniature data transmission configurations require roughly 10 mW of power, which
is too high for miniature MEBs but is plausible for larger MEBs (where a miniature
MEB is defined as having a total volume <5 mL and projected electrode area
<10 cm?) [15, 27-29].

The primary crux of electrochemical detection methods is the trade-off between
sensitivity and specificity. While electrochemical responses are very sensitive to
changes in analyte concentration, they can be affected by electroactive chemical
species present in the sample that are not derived from the microbial sensing
element. This is useful in determining whether a toxicant or other analyte is present,
but it is extremely difficult to determine if the detection signal is caused by one or
more analytes [9]. When detecting analytes, values often reported in the literature are
the limit of detection, linear range, and ICso. The limit of detection (LOD) is the
lowest analyte concentration that can be reliably distinguished from analytical noise.
This is distinct from the limit of quantitation (LOQ), which is the lowest concentra-
tion value that meets pre-established requirements for bias and error. The linear
range is the effective detection range of the sensor where the analyte concentration
has a linear relationship with the measured biological signal. The half maximal
inhibitory concentration (ICsy) is the concentration of a compound required to
reduce metabolic function by half.
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2.2 Anodic MEBs

As described above, biochemical, or biological, oxygen demand (BOD) is the
amount of oxygen required by microorganisms to oxidize a given amount of
biodegradable organic compounds [30, 31]. BOD is often used in water quality
assessments to describe the biodegradable organic content of a water supply. Sim-
ilarly, chemical oxygen demand (COD) is a way to estimate the non-biodegradable
organic compounds present. Currently, COD and BOD can be measured using either
colorimetric (commonly through an oxidative reaction with Cr(VI)) or electrochem-
ical (using an oxygen-permeable electrode to directly measure the dissolved oxygen
concentration) assays. However, colorimetric detection kits require toxic reagents
and long response times (a few hours for COD and 5 days for BOD) [14, 32]. Aerobic
electroactive microorganisms produce current by oxidizing organic substrates and
can, therefore, be used to measure the biodegradable fraction of organic material in a
water sample. Electrochemical techniques (e.g., MEBs) are capable of much faster
response times and can quickly calibrate electrical current output to the concentra-
tion of organic compounds in an aqueous sample [14, 33]. As a demonstration of this
response time, Wang and coworkers recently designed an MEB that could detect
changes in BOD as small as 10 mg/L within 5 min [34]. A summary of recently
reported MEBs used for BOD monitoring is provided in Table 1.

Toxicant detection is one of the most heavily researched applications of MEBs,
and several types of pollutants have been studied including heavy metals, pesticides,
and antibiotics. MEBs used for toxicant detection emphasize portability and quick
detection times. These design considerations facilitate use in remote areas that do not
have access to expensive and specialized lab equipment normally required for
analytical applications, such as water purity tests and mass spectrometers [14]. A
schematic of an anodic MEB is shown in Fig. 2. Because electroactive bacteria can
produce current as a by-product of metabolism, current through a circuit can be
correlated to the concentration of a toxicant that inhibits metabolism. Alternatively,
non-electroactive bacteria can be genetically engineered to produce electroactive
compounds, giving greater specificity for target analytes. This is done using genetic
promoter sequences that are activated in the presence of specific analyte molecules.
One application of this strategy involves the activation of an operon promoter
sequence, P,., by arsenic species that results in the production of an electrochem-
ically detectable small molecule [39, 40]. Sanchez and coworkers demonstrated this
using an engineered E. coli strain containing P, for the detection of arsenite in one
of the first MEBs to receive regulatory approval for field use in Canada [40]. In this
MEB, As(IIl) binds to the arsR repressor protein, which releases it from its DNA
binding site at the P, promoter sequence and, thus, increases expression of the lacZ
gene. LacZ expression encodes for the 3-galactosidase enzyme, which then cleaves
4-aminophenyl p-D-galactopyranoside (PAPG) to give the electrochemically active
redox molecule, 4-aminophenol (PAP). In this way, the amount of PAP produced is
proportional to the amount of As(Ill) present. Similarly, Sciuto and coworkers
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Table 1 Recently reported MEBs for BOD quantification

Linear range
MEB type | Application Sample type and LOD Reference
Four Online sensor for rapid Correlate organic Linear ranges | [34]
single- BOD measurements matter concentration | from 10-50
chamber in aqueous samples and 50—
sensors in 500 mg
parallel BOD/L
Double- Rapid BOD measurements | Correlate organic Linear range: [35]
chamber using partial coulombic matter concentration | 37.5-375 mg
MEFC yield in aqueous samples BOD/L
Three-elec- | Detection of BOD and Correlate organic Linear range: [36]
trode cell nitrate w/ pure Shewanella | matter and nitrate 0-130.5 mg
loihica culture concentrations in BOD/L
aqueous samples Linear range:
0-3.6 mg/L
NO5
LOD: 0.75
NO5
Three-elec- | Detection of BOD w/- Correlate organic Linear range: [37]
trode cell immobilized Bacillus matter concentration | 4-60 mg
wi/redox subtilis in aqueous samples BOD/L
mediator LOD: 1.8 mg
BOD/L
Single- Detection of BOD in Correlate organic Linear range: [38]
chamber hypersaline solutions w/ matter concentration | 2,400—
MEFC w/air | alginate-encapsulated in aqueous, high- 10,000 mg
cathode Salinivibrio sp. EAGSL salinity samples BOD/L
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Fig. 2 Schematic of an anodic microbial electrochemical biosensor used to detect organic analytes.
Electrons from oxidation are transferred either through direct contact of the immobilized cells or
mediated transfer via a redox mediator
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constructed a miniaturized MEB with P, -engineered E. coli to produce a redox
mediator in response to As(IIl) [39]. The system exhibited good specificity for As
(IIT) and did not produce a false-positive signal in the presence of Hg(II) and Cd(II).
In the same work, they demonstrated the modularity of this approach by preparing an
MEB using an E. coli strain modified with a different promoter operon to enable the
detection of Hg(Il) with good specificity against As(Ill) and Cd(Il). The device
achieved LODs (10 ppb for As(IIl) and 1 ppb for Hg(I)) that were an order of
magnitude lower than the concentrations deemed dangerous by the World Health
Organization (WHO).

Alternatively, the use of specific bacterial strains can also improve detection of a
particular analyte. Wu et al. recently developed a novel MEB that used a mixed
culture containing nitrifying bacteria to detect trichloroacetic acid [41]. This
analyte is important because it is a toxic by-product of chlorine in the treatment of
wastewater, and early warning systems are needed since current analytical
methods are complex and expensive. Some MEBs can also be used as recovery
devices for metal contaminants. Busnelli and coworkers recently used a Pseudomo-
nas veronii 2E MEB to detect and remove Cu(ll) and Cd(I) in 50 mL
bioreactors [22].

MEBs have also been designed to detect the presence of pathogenic bacteria.
Yang et al. developed a two-way redox-cycling system (illustrated in Fig. 3) for
detecting the pathogenic anaerobe, Pseudomonas aeruginosa, indirectly with the use
of Shewanella oneidensis MR-1. P. aeruginosa secretes two electroactive bio-
markers, pyocyanin and 1-hydroxyphenazine, that can be electrochemically oxi-
dized (above —0.30 V vs SCE) or reduced (below —0.45 V vs SCE), respectively.
While both biomarkers can be detected by direct electrochemistry, S. oneidensis is
capable of reducing electrochemically oxidized pyocyanin and oxidizing electro-
chemically reduced 1-hydroxyphenazine, thereby amplifying their corresponding
current and dramatically increasing their sensitivity. Detection of the biomarker
pyocyanin, indicative of Pseudomonas aeruginosa infections, was achieved with
an LOD of 304 pM and about 302 times greater sensitivity over the unamplified
method. The LOD for 1-hydroxyphenazine was 1.5 nM with a sensitivity 579 times
greater than the unamplified method (4.0 pA nM ™" vs 6.9 nA nM ). Importantly,
these LOD values are much lower than the concentrations reported in P. aeruginosa-
infected patients (1-100 pM) [42]. Alternatively, an electrochemical sensor variation
of an MEB can utilize an initially abiotic electrode. Electroactive pathogenic bacteria
can then interface with the electrode and generate a signal [43, 44]. While they
fall outside of the scope of this chapter, other types of electrochemical sensors
are more commonly studied to detect pathogens through telltale metabolic com-
pounds or signaling molecules [14]. Abiotic electrodes rather than whole cells are
used as sensing elements in this scenario. For example, P. aeruginosa secretes
phenazines, a class of redox mediators, which can be detected using electrochemical
methods [45].
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Fig. 3 Schematic representation of a microbial electrochemical biosensor using two-way redox
cycling to catalytically amplify an electrochemical signal. Here, Shewanella oneidensis MR-1 can
biochemically recycle two redox-active biomarkers secreted by the pathogenic anaerobe, Pseudo-
monas aeruginosa (Adapted from Yang et al. [42])

2.3 Cathodic MEBs

Using a biocathode as the MEB’s sensing element can facilitate toxicant detection
similarly to a bioanode MEB configuration (Fig. 4). A biocathode can also be used to
measure dissolved oxygen concentration and detect surface corrosion, but these
types of sensors typically do not utilize a whole cell sensing element [14]. A notable
difference of using a biocathode sensing element is that electrotrophic bacteria
require oxygen instead of biodegradable organic feedstocks, though a reactant for
the anode counter-reaction is still necessary [14, 33]. The most common counter-
reaction at an abiotic anode is water oxidation but can include the oxidation of
organic compounds (such as methanol or formate) to carbon dioxide. Furthermore,
cathodic MEBs are capable of detecting aqueous or gaseous analytes. Jiang et al.
developed the first MFC-type MEB capable of air quality monitoring in 2018
[47]. The sensor used a gas diffusion biocathode to detect waterborne and airborne
contaminants and had an LOD of 20 ppm for formaldehyde. Nitrites have also been
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Fig. 4 Schematic of a cathodic microbial electrochemical biosensor to detect dissolved oxygen.
Electrode polarization is powered by an external source to provide electrons to electrotrophic
bacteria for either oxygen reduction or the reduction of carbon dioxide to organic molecules [9, 12]

quantified using nitrite-oxidizing bacteria on a biocathode with an LOD of
2.39 uM [48].

Interestingly, there is some evidence that biocathode-based MEBs generally
exhibit higher sensitivities than their anodic counterparts. One such case was made
in a report where oxygen-reducing microbial cathodes were incubated in tap water
by Prévoteau et al. [33]. Their device showed higher sensitivity for six heavy metals
and organic pollutants compared to anodic MEBs tested with the same analytes.
They suggested that the increased sensitivity could be due to either (1) cathodic
biofilms being thinner and more sparse than anodic biofilms, leaving the cells more
exposed to toxic shocks, or (2) inherent sensitivities of the bacteria comprising
anodic and cathodic biofilms to the target analytes. Additional cases for greater
sensitivity in biocathodes have been made by multiple publications, including work
by Zang et al., who studied a suspended microorganism, S. oneidensis MR-1,
capable of bidirectional extracellular electron transfer (EET) (e.g., analyte detection
using the electrode as an electron donor or an electron acceptor). They found that an
MEB constructed with S. oneidensis MR-1 had up to 2.7 times higher sensitivity
when operating as a reductive biocatalyst (a biocathode) vs an oxidative biocatalyst
(a bioanode) [49, 50]. After rigorous testing, they concluded that cathodic EET had a
greater contribution to electron transfer in the respiratory chain than anodic EET, and
thus, a cathodic sensing configuration showed a larger response to changes in
cellular metabolism. Additionally, it was noted that the working potentials varied
in each configuration, and the higher currents may be attributed to higher
overpotentials of the cathodic EET.

Dissolved oxygen (DO) concentration measurements are useful in monitoring
ecosystems of water bodies for eutrophication events [51]. Water bodies undergo
eutrophication when essential nutrients like phosphorous and nitrogen are
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introduced in abnormal quantities, often as a result of agricultural runoff [52]. The
excess nutrients cause algae blooms and microbial degradation of the compounds,
which deplete the water’s DO level. This has a cascading effect on other organisms,
such as fish, which require oxygen to survive. Sensors to measure dissolved oxygen
concentrations do not typically utilize a biocathode [51, 53]. Rather, the bioanode is
embedded in anaerobic sediment and the abiotic cathode is in the water column
above. The dissolved oxygen concentration can then be correlated using the cell
voltage because the number of electrons used for the oxygen reduction reaction at the
cathode depends on the rate of electron transfer from the exoelectrogens on the
bioanode. A primary drawback of these sensors is that they require a constant and
continuous supply of organic feedstock for the bioanode, which is not feasible in
field operation [51].

Biofilms are also known to affect metal corrosion, a phenomenon that can be used
to measure bacterial activity in water and soil samples [54, 55]. MEB corrosion
sensors have been applied in industrial cooling systems using natural water sources
that can introduce bacteria and damage components [14]. Like the previously
discussed pathogen electrochemical biosensors, microorganisms are not inherently
present on the electrode surface [56]. Rather, the sensor relies on the colonization of
the electrode by bacteria that form a biofilm. The establishment of a biofilm on the
metal leads to cathodic depolarization, where the metal donates electrons to the
electrotrophic bacteria and dissolved oxygen is the terminal oxidant. As a result,
MEBs can also be used to monitor microbial activity in other settings. One such
application is monitoring bioremediation of soil, where microorganisms are used to
break down soil contaminants such as herbicides and petroleum compounds. Micro-
bial activity can be measured via corrosion potential using MEBs instead of standard
microbiological analysis, which requires access to specialized analytical equipment
such as DNA sequencing and mass spectrometry [14, 55, 57].

2.4 Analytes

MEBs utilize two routes of analyte detection, inhibition, or direct sensing. Many
MEBs detect the presence of an analyte through inhibition of microbial metabolism.
Toxicant compounds negatively affect cells through multiple pathways.

2.4.1 Inhibition Sensing

Heavy metals can inhibit enzymes by displacing other molecules such as sulfate or
binding to sulthydryl groups [58]. Other toxicants like organic pollutants can disrupt
the cellular membrane in addition to inhibiting enzymes [59, 60]. Studies have tested
many heavy metal species and model compounds to emulate real-world contamina-
tion. Various organic compounds have been used to test the effectiveness of MEBs,
including pesticides [9], aromatic compounds, hydrocarbons [15], and volatile fatty
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Table 2 Recently reported inhibition sensing MEBs

Limit of
Analyte detection® Inoculum Reference
Cyclohexane carboxylic 50 mg COD L' | Mixed [64]
acid
Pb(II) ImgL™! Mixed [33]
Cr(VI) 0.5mgL™!
Hg(Il) 0.5mgL™!
Formaldehyde ImgL™!
Benzalkonium chloride 10mg L™
2,4-dichlorophenol ImgL™!
Cu(II) 1C50 10.12 Saccharomyces cerevisiae [65]
Cd(I) IC50 13.88
Ni(II) IC50 17.06
Pb(I) IC50 34.56
3,5-dichlorophenol 1C50 16.48
4-chlorophenol IC50 34.40
Phenol IC50 44.55
Acetate 30mg L~ Mixed [66]
Trichloroacetic acid 20pg L' Mixed [41]
Atrazine 0.05 ppm Mixed [67]
Diuron 0.5 pM Synechocystis PCC6803 [68]
Atrazine 10 yM
Paraquat 0.5 uM
4-nitrophenol 67.1 mg L™! Mixed [69]
Cd(In) 0.2 pM Pseudomonas veronii 2E [22]
Cu(Il) 2.4 yM
Atrazine 1 nM Chlamydomonas reinhardtii [70]
As(IIT) MIC 15 mM Achromobacter xylosoxidans [71]

BHW-15

IC inhibitory concentration; M/C minimum inhibitory concentration

% LOD values are listed as reported. However, caution should be used when comparing values as
ppm and mg L™ are often equated without accounting for the compound’s molecular weight (i.e.,
10 ppm = 10 mg L™"). According to the EPA, to convert values in mg L™ to ppm, multiply the
mg L™ value by 24,500 and divide by the molecular weight of the compound [63]

acids [61], and have been compiled in previously published reviews. MEBs have
also been used to quantify microbial activity in aquatic environments by linking
current density to ATP content and enzymatic activity [62]. Table 2 lists the analytes
used to test some recently developed MEBs that utilize inhibition sensing.

2.4.2 Direct Sensing

Alternatively, MEBs can detect analytes directly where the presence of the analyte
compound increases the current that is generated by the microorganism. The
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Table 3 Recently reported direct-sensing MEBs

Analyte Limit of detection® Inoculum Reference
As(IIT) 1.5 ppb Recombinant Escherichia coli [39]
Hg(1I) 0.1 ppb

As(I1D) 2.2 ppb Recombinant E. coli [40]
Glucose 1.4 mM Recombinant S. cerevisiae [73]
Cholesterol 2 mM

Catechol 0.1 pM Recombinant E. coli [74]
Pyocyanin 12.5 nM Recombinant E. coli [75]
Autoinducer-2 6.25 nM

Pyocyanin 47 pM Shewanella oneidensis MR-1 [72]
Pyocyanin 304 pM S. oneidensis MR-1 [42]
1-hydroxyphenazine 1.5 nM

Dicamba 0.9 pM Recombinant E. coli [76]
Roundup 0.2 pM

Riboflavin 0.85 nM S. oneidensis MR-1 [77]
Thiosulfate 0.1 mM Recombinant E. coli [78]

% LOD values are listed as reported. However, caution should be used when comparing values as
ppm and mg L™ are often equated without accounting for the compound’s molecular weight (i.e.,
10 ppm = 10 mg L7h. According to the EPA, to convert values in mg L't ppm, multiply the
mg L™! value by 24,500 and divide by the molecular weight of the compound [63]

previously mentioned BOD sensors from Table 1 operate via this principle where an
increase in organic substrate will lead to an increase in the current signal. Direct
sensing of analytes can also be achieved through genetic modification where pro-
moter sequences are used to link the presence of a target analyte with the production
of a redox-active molecule [39]. The redox-active molecule results in an increase in
the current signal. Electroactive bacteria have also been used to detect redox-active
analytes by amplifying their electrochemical signal as shown earlier in Fig. 3
[42, 72]. Recent MEBs that utilize direct sensing are listed in Table 3.

3 Bioelectrochemical Interfaces

3.1 Methods of Extracellular Electron Transfer

Electrons can be transferred either through a direct contact interface between the
biological cell and electrode, known as direct extracellular electron transfer
(DEET), or transferred using a redox mediator, known as mediated extracellular
electron transfer (MEET) [4, 79]. Studies of EET are primarily based around two
model bacteria, Geobacter sulfurreducens and Shewanella oneidensis, which are
both dissimilatory metal-reducing bacteria (DRMB) [4]. In dissimilatory metal
reduction, the metal remains outside the cellular envelope [80], and electrons are
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Fig. 5 Tllustration of direct extracellular electron transfer pathways in Geobacter sulfurreducens.
Electron transfer can occur via either c-type cytochromes in outer-membrane proteins or type IV pili
(nanowires). (Adapted from Kumar et al. [4])

transferred through direct contact, as is the case with c-type cytochromes in
S. oneidensis or through conductive structures called nanowires [4, 81].

C-type cytochromes are hemeproteins that use oxidation and reduction reactions
to transfer electrons [82]. They enable DEET by transferring electrons between the
intracellular electron transport chain and an extracellular acceptor like an electrode
[83]. S. oneidensis carries out DEET through metal-reduction (MTR) proteins and c-
type cytochromes [4]. The c-type cytochromes of S. oneidensis have been studied
both in purified form and in vivo [84]. Despite the well-documented existence of
cytochrome complexes, their structures are largely unknown, and attempts to crys-
talize the Mtr complex of S. oneidensis have not been successful [85]. However, the
crystal structure of the MtrAB protein complex in Shewanella baltica OS185 was
recently obtained and characterized by Edwards and coworkers [85]. Geobacter
species utilize different outer-membrane c-type cytochromes (OMCs) that can
interact with periplasmic c-type cytochromes that are shown in Fig. 5 [4]. Some
bacteria also have unique conductive structures that facilitate long-range electron
transfer.

One of the earliest works on mediator-less MFCs was done by Kim and
coworkers. They demonstrated that cell suspensions of a metal-reducing bacteria
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Shewanella putrefaciens when grown anaerobically become electrochemically
active with a reduction potential of —0.15 V vs SCE [86]. It was not electrochem-
ically active under aerobic conditions, which suggested that for S. putrefaciens,
DEET can be only achieved at anaerobic conditions. The authors proposed that the
electrochemical activity was due to the presence of electrochemically active cyto-
chromes on the surface of the bacterial cells. The genomic analysis of S. oneidensis
showed that it has 43 possible cytochrome c¢ genes, whereas Geobacter
sulfurreducens has more than 100 [87]. A few other noteworthy studies have also
demonstrated that sulfate-reducing bacteria such as Desulfovibrio desulfuricans
generate electricity in an MFC by using the sulfate/sulfide as their electron mediator
along with the potential cytochrome c proteins that they possess [88]. Mishra and
Verma recently published an article evaluating the performance of yeast-based
microbial fuel cells that use banana peel waste as a fuel source. It generated a
maximum power output of 86.9 mW m ™ primarily due to the presence of microbial
consortia innate to the banana slurry such as Pseudomonas, Chryseobacterium,
Flavobacterium, Stenotrophomonas, Chryseolinea, Rhodococcus, and Rhizobium
[89].

Conductive structures that enable long-range DEET in microbes have collectively
been referred to as “nanowires,” but the structural composition can differ between
species. Nanowires were initially discovered in G. sulfurreducens by Reguera and
coworkers to be type IV pili (Fig. 5) [90]. These pili have subsequently been
characterized by multiple methods such as cryo-electron microscopy and
conductive-tip atomic force microscopy [5, 91]. S. oneidensis also has similar
structures that have been referred to as nanowires [92, 93]. However, in vivo labeling
fluorescence and electron cryotomography revealed that S. oneidensis nanowires are
in fact extensions of the outer membrane that enable DEET through embedded MTR
proteins and OMC:s (Fig. 6) [94].

Electrons can also be transferred through indirect or mediated extracellular
electron transfer (MEET) [79]. In MEET, intermediate, electroactive compounds
undergo reduction-oxidation reactions to shuttle electrons between the bacteria and
the electrode. Humic substances or metals act as redox mediators in natural envi-
ronments [95]. Various redox mediators have been tested including phenazines
(neutral red and pyocyanin), benzoquinones, and other redox-active dyes (methyl
viologen and methylene blue) [96]. Recent reviews by Weliwatte et al. [96],
Gemiinde et al. [97], and Martinez and Alvarez [98] cover the topic extensively.
Some bacteria secrete their own redox mediators in the form of flavins as is the case
with S. oneidensis, shown in Fig. 6 [99]. Further study indicated that the secreted
flavins receive electrons from decaheme cytochromes, MtrC and OmcA, on the outer
membrane [100]. The reduced flavin can then mediate electron transfer to the solid-
state electrode, returning to its oxidized state. In addition to recyclable redox
mediator compounds, hydrogen, H,, acts as a one-way electron shuttle for many
bacterial species [101].
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Fig. 6 Illustration of direct and mediated extracellular electron transfer pathways in Shewanella
oneidensis. Electron transfer to an electrode occurs via either secreted small redox-active molecules
or directly through metal-reducing proteins in the outer cell membrane. (Adapted from Kumar et al.

[4D])
3.2 Electron Transfer in MEBs

From a thermodynamic perspective, the electron transfer between a microbe and an
electrode occurs because electrons move from high potential to low potential,
analogous to electrochemical reactions [23, 102]. The direction of extracellular
electron transfer (EET) defines two subtypes of microorganisms, exoelectrogens
and electrotrophs. Exoelectrogens donate electrons to an electrode by oxidizing
organic compounds, and electrotrophs accept electrons from an electrode to reduce
organic compounds, metals, or CO, [103, 104]. Exoelectrogens have also been
referred to as electrochemically active bacteria (EAB) [105], anode-respiring bacte-
ria [106], and electricigens [107]. Exoelectrogenic archaea and eukaryotes have also
been discovered [104]. Microbial fuel cells (MFCs) can utilize exoelectrogens
instead of a catalyst at the anode to produce current, shown in Fig. 7
[103]. Exoelectrogens generate current by oxidizing organic material and exchang-
ing excess electrons with an electrode instead of being incorporated into reduced
metabolic products [79]. The counter-electrode reaction at the cathode is the oxygen
reduction reaction that proceeds through a two- or four-electron pathway, depending
on the medium. Since current generation can be correlated with the concentration of
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Fig. 7 Illustration of a microbial fuel cell. Electrons can be transferred from the microorganism to
the electrode either directly or mediated through a conductive immobilization material

organic material, the microbes can be used to measure the level of organic material
present in an aqueous sample as discussed above [14].

Electrotrophic microorganisms take up electrons from an electrode [103]. Before
electrodes were used as electron donors to bacteria, it was known that bacterial
biofilms could oxidize metals and use the electrons to reduce oxygen [54]. Subse-
quent research by Park and Zeikus found that the phenazine neutral red could
facilitate MEET between a cathode and Actinobacillus succinogenes to reduce
fumarate [108]. Gregory et al. were the first to document electrotrophic behavior
in a pure culture without an exogenous redox mediator [109]. They found that
Geobacter metallireducens reduced nitrate to nitrite with the cathode as the sole
electron donor. These early studies laid the foundation for the development of
microbial electrosynthesis. Cathodes can be used to drive biocatalytic reactions
such as microbial electrosynthesis, water purification, and microbial electro-
fermentation (EF) [104, 110, 111]. The electrochemical reactions that form the
basis of these processes can be used for biosensing applications as well.

4 MEB Materials and Construction

4.1 Electrode Materials

A wide variety of electrode materials have been used in MEBs, such as metals,
ceramics, and polymers [112]. Carbon-based materials (carbon felt, carbon cloth,
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carbon paper, etc.) are commonly used as the working electrode, because they are
cheap to manufacture, they are easily modified, and biological cells can easily attach
and form biofilms [24, 113]. For those unfamiliar with electrochemistry terminol-
ogy, the working electrode (WE) can be either the anode or cathode, but it is always
the electrode at which the reaction of interest is occurring. For MEBs, the working
electrode will be the electrode that is interfaced with the microbial cells acting as the
sensing element. The reaction at the counter-electrode (CE) is rarely discussed at
length in MEB publications, but the primary CE reaction in aqueous systems is the
oxygen reduction reaction at the cathode or the oxidation of organic compounds at
the anode [14].

Biocompatibility of the electrode material with the biological sensing element is
necessary for a successful MEB. Some electrode materials prevent biofilm formation
of certain species, as is the case with Shewanella spp. on gold electrodes
[114]. Depending on the inoculating culture, some electrode materials may be less
effective and consequently affect sensing performance [34]. Of course, electrode
materials need to be coupled with effective immobilization strategies to ensure a
good interface between the microbes and the electrode.

4.2 Immobilization Methods

For an MEB to be effective, immobilization materials must allow for efficient
electron transfer between the microorganism and the electrode [14]. To this end,
various chemical and physical immobilization methods have been developed. Phys-
ical immobilization methods are defined by the nonspecific adsorption onto a
permeable electrode surface and rely on the diffusion of microbes into rigid pores.
The primary drawback to this approach is the limited ability of analytes to diffuse
into the rigid porous structure. Chemical methods can be further categorized as either
covalent or non-covalent. Covalent immobilization methods rely on the formation of
chemical bonds directly between chemical functionalities on the electrode surface
and species on the exterior of a microbe’s outer cell wall. While immobilization
through direct covalent linkages results in strong adhesion of cells to the electrode
surface, the harsh reagents and conditions used for these chemical reactions often
have an adverse effect on cell viability [24]. Therefore, covalent immobilization is
not commonly employed in modern MEB applications. Non-covalent chemical
immobilization methods are preferred in MEBs since they require milder reaction
conditions and do not significantly affect cellular function. These methods include
the use of polymer hydrogels to entrap microbes on or near an electrode surface and
make use of non-covalent interactions such as ionic, polar, or hydrogen bonds or by
hydrophobic interactions. A summary of immobilization materials is provided in
Table 4 and has been described in recent reviews [9, 24, 115, 116].

Beyond immobilization of microorganisms, electrode surfaces and biofilms can
be modified to help promote electron transfer between the microorganism and the
electrode [117]. As an example, multi-walled carbon nanotubes (MWCNTs) have
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Table 4 Cell immobilization materials used in MEBs

Matrix Class of compounds | Reference
Natural polymers
Agarose Linear polysaccharide derived from red algae [120]
Alginate Alginic acid salts: calcium and magnesium alginates [121, 122]
Chitosan Amino sugar, linear polysaccharide derivative [118, 123]
Collagen Protein that forms the basis of connective tissues of [124]
multicellular organisms
Carrageenan Polysaccharide similar to agar in composition and properties | [125]
Gelatin Partially hydrolyzed collagen capable of retaining water [126]
Cellulose Polysaccharide, the main component of the cell walls of all | [127]
higher plants; cheapest substrate available
Synthetic polymers
Poly(pyrrole) Ion-exchange resins or insoluble carriers with porous sur- [128]
Poly(ethyleneimine) faces; porous surface catches and holds cells [129]
Poly(vinyl alcohol) [130-133]
Poly(methacrylate) [134, 135]
Poly(thiophene) [136, 137]
Inorganic materials
Zeolites Silicates [122]
Silica Polymorphic modifications of silicon dioxide [138]
Glass The main component is silicon dioxide [122, 139]
Activated carbon Amorphous carbon without a clear structure almost free of [140]
impurities; porous with high adsorption capacity

been found to improve MEB sensitivity; however, their use introduces significant
electrochemical noise. As a result, the incorporation of MWCNTs at an MEB
electrode does not improve the sensor’s limit of detection [118]. One subset
of polymers used for microbial entrapment utilize an electrically conductive
backbone (e.g., polyaniline) to help improve the efficiency of electron transfer
between microbes and the electrode. While not discussed further here, MEBs
using electrically conductive polymers were reviewed recently for the interested
reader [11].

As an alternative to incorporating redox species in the immobilization matrix,
electron transfer efficiency can be improved through direct functionalization of
electrodes with redox mediators. Recently, graphene was functionalized with molyb-
denum polysulfides (MoSy) to detect a group of endogenous redox mediators,
phenazine derivatives, which are secreted by the pathogen Pseudomonas aeruginosa
[45]. The incorporation of redox mediators directly onto the electrode surface can
help to significantly improve the device shelf life. Uria and coworkers recently
developed an MEB with screen-printed graphite electrodes that has a shelf life of
up to a year [119]. The device had an activity loss of 50% over the course of the first
month of storage but no further losses over the remaining 11 months.
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Alternatively, microorganisms can naturally immobilize themselves on the elec-
trode through the formation of biofilms [4, 141]. The drawback of relying solely on a
biofilm is that it can take microbes several days to form a fully mature biofilm that
can be used for biosensing; however, the biofilm can help protect the biological
sensing element during repeated toxicant exposure, reducing the frequency of
recalibration. Biofilm development can be affected by shear stress [18, 20]. It is
therefore important to consider fluid mechanics, especially in cases of flow-through
MEBs that are used for continuous measurement of a flow stream such as wastewater
[142]. Once the electrode material and immobilization method have been chosen, the
microorganism culture must be incubated to interface with the electrode. Some have
incubation times of several hours, but MEBs requiring biofilm formation, such as
MFC-type biosensors, can have start-up times of several days or months [14, 34].

5 Organisms Used in MEBs
5.1 Monoculture MEBs

Microorganisms convert biochemical energy into ATP using a cascade of reactions
to transfer electrons. As described in detail in Sect. 3, EET plays a pivotal role in
fabricating microbial fuel cells and electrolysis cells, collectively known as micro-
bial electrochemical cells (MXCs). A microbial electrolysis cell requires a power
input, unlike a microbial fuel cell. An MEB can utilize microbial electrolysis to treat
wastewater and produce hydrogen fuel as shown in Fig. 8. A popular way to design
MXGCs is to exploit the anaerobic respiration capacities of anode-respiring bacteria
(ARB). The ARB typically undergoes EET for the respiration of insoluble Fe (III)
and Mn oxides. Geobacteraceae and Deltaproteobacteria families are well studied
for their applications in current-generating MXCs. Badalamenti et al. showed that
higher current densities can be achieved by pure ARB in MXCs using
Geoalkalibacter. Glk. ferrihydriticus and Glk. subterraneus were tested for gener-
ating currents using poised electrodes in alkaline (pH ~9.3) and saline conditions
(1.7% NaCl), respectively [143]. The acetate-fed Glk. subterraneus biofilms gener-
ated current at 0.04 V vs Ag/AgCl under saline conditions at a pH of 7.2 within
3 days of inoculation. The coulombic efficiency ranged from 55 to 119%. On the
other hand, GIk. ferrihydriticus generated current at pH 9.3, with current densities
ranging from 5 to 8.3 A m™>. The high current densities achieved using the
Geoalkalibacter species make them promising candidates for MXCs to treat alkaline
and saline wastewater produced in the textile and brewing industries.

MXCs are also used as platforms for studying photosynthetic cultures which have
direct applications in understanding photo-kinetics and energy conversion. The role
of green sulfur bacteria to generate current in MXCs was investigated by
Badalamenti et al. A comparison was drawn based on the light responsiveness in
monocultures and cocultures of Geobacter and Chlorobium. The Chlorobium cul-
tures were maintained under constant illumination at pH 7.2 in NaHCOj; buffer and
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ganism to the electrode either directly or mediated through a conductive immobilization material

il (@) mmic 5= ()

the Geobacter cultures in acetate and ferric pyrophosphate buffer under N,:CO,
atmosphere [144]. The monocultures were studied using an MXC setup and their
electrochemical behavior was compared against the coculture. No exogenous elec-
tron donors were present in the setup and the anode acted as the only electron
receptor. In cocultures, the Geobacter cells adhered to the electrode surface and
acted as the biosensing interface for the Chlorobium-driven carbon metabolism.

Organophosphates (OPs), which are commonly used in pesticides, pose danger-
ous environmental effects. Organophosphate hydrolases (OPH) can capture and
enzymatically degrade OPs by incorporating them into genetically modified micro-
organisms [145]. Thus, microbes that express OPH innately or extrinsically (such as
genetically engineered E. coli) have been used extensively for detecting and
degrading OPs. Karbelkar et al. developed a dual-species technology that targets
and degrades parathion-type OPs using E. coli and S. oneidensis [145]. The E. coli
cells were engineered to produce OPH that releases p-nitrophenol (p-NP) when it
degrades OP-containing pesticides. The electrochemically active S. oneidensis
expresses a critical protein CmycA in the presence of p-NP. After validating the
monocultures individually, the authors confirmed that in a coculture the E. coli
degrades the OP which releases p-NP and the S. oneidensis detects the degradation
product by generating current as a readout signal.
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5.2 Mixed Culture Consortium MEBs

In fields such as synthetic biology, where a single reaction or product is desired, a
single microbial population is often employed in which the genetic circuits of a
selected microbe are tuned to amplify a single metabolic pathway [146]. However,
with the increase in circuit complexity, the number of engineering challenges
increases, and engineered monocultures tend to suffer from poor stability and may
require higher maintenance [147]. Because of this, the majority of MEB research
relies on the use of a mixed-culture microbial consortium [148]. This enables the
division of labor between different strains and improves the circuit’s overall effi-
ciency. Mixed cultures are easily obtained from wastewater treatment facilities and
other processes that utilize microbial treatment methods; these cultures have the
benefit of having already established a symbiotic community to survive in harsh
conditions. The most popular applications of these mixed microbial consortium
systems include toxicity detection, wastewater treatment, and biomanufacturing
processes [149]. Gao developed a benzoquinone-mediated MEB to detect multiple
pollutants using a consortium of microorganisms [150]. Mixed cell cultures of
E. coli, Bacillus subtilis, and Saccharomyces cerevisiae were used as the compo-
nents for developing a biofilm that can detect heavy metal ions (Cu®*, Cd*"),
pesticides, and dichlorophenol in wastewater.

6 Limitations to MEBs

Despite significant advances in MEB capabilities, further research is required to
overcome remaining shortcomings. MEBs need to be calibrated to correlate electri-
cal current with analyte concentration. One of the main difficulties in using biolog-
ical cells as a sensing element is that any change in the population or community of
interfaced cells will affect the device’s accuracy. A previous study found that
running an MEB intermittently instead of continuously improved the device sensi-
tivity [17]. A study by Chu et al. found that incubating a biocathode of activated
sludge at anodic potentials before reversing the polarity improved the biocathode’s
response to formaldehyde [151]. However, the strategy was ineffective at recovering
the baseline signal after toxicant exposure.

Calibration is critical for accurate reporting of analyte concentrations, but it has
been previously noted that the properties of the chosen calibration solution (e.g.,
composition) greatly affect the accuracy of the MEB [64, 152]. Recalibration is
necessitated by several other limitations of MEBs. While previous studies have
shown that MEBs can recover well from toxicant shocks, repeated exposure would
require recalibration of the device since diminishing the microorganism population
would thereby affect the measured current response, leading to inaccurate measure-
ments [33, 46, 153]. In this regard, some progress has been made for BOD MEB:s.
Spurr and coworkers were able to maintain mixed-culture MFCs operated in batch
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and flow modes for 800 days with minimal drift between recalibrations; however,
this was made possible by tight control of operating and environmental conditions,
something that is rarely possible in field applications [154]. The authors noted that
increasing external resistance resulted in a significant decrease in the calibration’s
upper limit from 240 to 30 mg L~' O, BODs. Furthermore, dynamic cell
populations, both genotypically and phenotypically, will also necessitate
recalibration [155].

Contamination by preexisting microbial communities in the sample is also a
significant concern for MEB implementation [36]. This effect was evaluated by
Xiao and coworkers [156]. They established that the presence of bacteria
(electroactive or not) in wastewater samples affected the subsequent measurements
of BOD by the mixed bacterial inoculum in a micro-scale MFC-type biosensor.
Despite the samples having significantly different BOD levels, the measured current
from the bioanode was statistically unchanged due to the variance in microbial
populations. The goal for biosensors to be reusable is hampered by the fact that
repeated exposure to a different medium can change the microbial population
present on the electrode surface, thereby affecting the calibration and sensitivity of
the MEB. Another oft-noted limitation of MEBs is that they lack specificity to a
particular toxicant. However, this is more aptly described as a double-edged sword.
Real-world applications can require a nonspecific but highly sensitive recognition
element, as is the case with contamination of water sources, where a quick initial
assessment may be required to determine if any of a panel of potential toxicants are
present. Subsequent detailed analytical procedures, such as mass spectrometry or
high-performance liquid chromatography, can then be used to accurately determine
what pollutants are present. Another advantage of MEBs over current analytical
methods is that MEBs can determine the amount of an analyte that is biologically
available to the microorganisms, which is not necessarily equal to the total concen-
tration present in the sample [9].

7 State of the Art and Outlook

An overview of microbial electrochemical biosensors and the fundamental electron
transfer phenomena has been presented, and the applications and limitations of this
type of sensor have been summarized. Considerable innovations in MEBs have been
made over (esp.) the last 5 years to improve characteristics ranging from device
portability to sensitivity. MEBs offer greater stability compared to other biosensors,
because whole cells have greater tolerance to varied environmental conditions.
MEBs hold significant potential as early warning systems for pollution events in
wastewater treatment and portable analytical tools for quick assessment of water
quality among other applications.

The physical design and configuration of MEBs have been the subject of recent
publications seeking to improve MEB performance. To this end, it is also necessary
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to characterize electrical parameters of the electrochemical cell, such as internal
resistance and capacitance. These parameters are traditionally found using electro-
chemical characterization methods such as electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV). Electrochemical impedance (which is measured
by EIS) accounts for the complexities of an electrical circuit that cannot be described
with resistance alone. Unfortunately, the use of EIS and CV adversely affects the
microbial sensing element and requires long recovery times when measurements are
taken during operation. Adekunle et al. demonstrated use of a software sensor to
successfully model their MFC-type MEB with an equivalent circuit model to
accurately monitor the electrical parameters without affecting the sensor during
operation [142]. Physical design innovations have also been made by combining
multiple sensors to improve accuracy. Jia et al. developed a novel MEB design by
combining two biocathode MFCs with an upflow anaerobic sludge blanket. By
placing the biocathodes in the suspended and sludge layers of the upflow anaerobic
sludge blanket, they could effectively quantify COD and total volatile fatty acid
concentration, respectively [157]. Despite the intended reusability of MEBs, design
improvements are also necessary to avoid the use of unsustainable components.
Progress has been made in sustainability by using self-powered MFC-type bio-
sensors as well as environmentally conscious paper-based designs, which were
comprehensively reviewed by Chung and Dhar [158]. Cai et al. very recently
developed a proof-of-concept rechargeable MEB for water quality monitoring
[13]. The device was charged by reducing CO, to acetate and formate, which
would be consumed by the bioanode during the discharging process. In addition to
self-powered MEBs designs that use chemical substrates, MEBs can also be self-
powered by storing energy in redox polymers, as demonstrated by Grattieri and
coworkers [38]. Their COD monitoring device used a disposable cathode coated
with a conductive redox polymer composed of poly(vinylpyridine) and ruthenium,
which was charged by oxidizing the redox polymer. The redox polymer also
increased the sensitivity of the device by one order of magnitude. Another design
innovation is the use of multi-stage MFCs, which can extend the concentration range
in which an analyte can be accurately detected [32]. Multi-stage MFCs have been
recently applied to improve MEB detection ranges of BOD, from an upper limit of
340 mg L' BODs to 720 mg L' BODs [32], and chromium, from an upper limit of
30-90 mg L' [159]. A multi-stage MFC MEB developed by Godain et al. allowed
for better distinction between changes in 4-nitrophenol concentration vs changes in
the BOD of the feed [153]. In addition to physical design considerations, steps are
also being taken to address biological aspects of MEBs.

Biofilm stability is a primary concern for widespread use of MEBs, because the
calibration between measured current and toxicant concentration is dependent on the
microbial sensing element maintaining a stable population [160]. To this end,
antibiotic composite electrodes using azithromycin were tested by Wang and
coworkers to prevent contamination of the bioanode by undesired bacteria
[160]. They found that appropriate dosing of azithromycin improved the sensitivity
and reduced the start-up period. Unlike previous studies using soluble antibiotics,
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azithromycin is insoluble, which facilitates the fabrication of a composite graphite
powder electrode that can be used in a continuous-flow MEB without leeching
antibiotic into the flow stream. The azithromycin was successfully able to enrich
the bioanode by selecting against aerobic gram-positive cocci and gram-negative
Bacillus.

Another primary issue facing MEBs is selectivity. Few publications test their
devices with real samples such as wastewater [14, 37, 48]. They often use controlled
tests where a specific analyte is individually added to a sample. In cases where real-
world samples are used, the goal is primarily sensitivity, determining when any
potential toxicant signal appears as opposed to specific detection of a particular
chemical species. While MEBs can have high sensitivity, they fall short in deter-
mining the exact compound that results in the detection signal. Nevertheless, MEB
specificity can be improved through genetic engineering. One of the goals of genetic
modification is to have microbes produce an electroactive compound in response to
the presence of a particular analyte. E. coli has been modified to produce
electroactive 4-aminophenol (PAP), an electroactive redox mediator. PAP can then
be detected through cyclic voltammetry at the platinum working electrode [39]. This
miniaturized device, developed by Sciuto and coworkers, allows for on-site moni-
toring of water supplies. Sanchez et al. used the arsenic-responsive ars promoter
sequence to activate a gene for 4-aminophenol production in recombinant E. coli
[40]. This enabled selective detection of As(IIl) because the gene encoding the redox
mediator requires that the promoter be activated by the presence of As(Ill). As
covered in a previous section, Yang et al. were able to substantially increase the
electrochemical response of pyocyanin and 1-hydroxyphenazine by linking them to
a redox-cycling system with S. oneidensis MR-1 [42]. Initial research has been
conducted on using machine learning algorithms to allow for simultaneous quanti-
fication of multiple analytes. Du et al. were able to accurately quantify three
toxicants introduced in random concentrations, but the use of machine learning in
MEBs remains largely untested and lacks the true selectivity of genetic engineering
methods [161].

In addition to sensing capabilities, improvements are also necessary in terms of
MEB sensitivity, especially for toxicant monitoring since some sensors are not yet
fully capable of detecting some toxicants at or below their maximum allowable
concentration based on water standards. Recent developments have shown that
cathodic biofilms can exhibit an order of magnitude higher sensitivity to toxicants
compared to anodic biofilms [33, 49]. Selectivity is also desired for implementable
MEBs for pathogen detection [14]. In terms of future research, the ability to maintain
and recover interfaced biofilms should be further explored to improve the reusability
of MEBs, especially after toxicant shocks. Electrochemical engineering of immobi-
lization materials and redox mediators could provide pathways to further improve
MEB sensitivity and performance.
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Abstract The unique properties of plasmonic nanoparticles and nanostructures
have enabled a broad range of applications in a diverse set of fields, ranging from
biological sensing, cancer therapy, to catalysis. They have been some of the most
studied nanomaterials due in part to their chemical stability and biocompatibility as
well as supporting theoretical efforts. The synthesis and fabrication of plasmonic
nanoparticles and nanostructures have now reached high precision and sophistica-
tion. We review here their fundamental optical properties, discuss their tailoring for
biological environments, and then detail examples on how they have been used to
innovate in the biological and biomedical fields.
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Appllcatlons of plasmonics in biosensing
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Keywords Gold nanoparticles, Photothermal, Plasmon-enhanced fluorescence,
Plasmonics, Surface-enhanced Raman spectroscopy, Surface plasmon resonance

1 Introduction

Plasmonic nanoparticles and nanostructures have enabled a wealth of applications,
ranging from sensing to catalytic uses. Their successful use in such a broad appli-
cation space can be attributed to many factors. This includes the robustness of their
synthesis and fabrication techniques, unique chemical stability, and advancements in
chemistries and materials science to make them compatible in many environments,
especially biological ones. In addition, the success of simulations and theory to
describe their optical behavior has facilitated the design and tailoring of plasmonic
structures with desired properties [1]. These are the pillars that have supported this
discipline as it innovates new applications in sensing for biomedical and biological
applications (Fig. 1).

There are many reports and works covering single aspects of their applications in
depth, such as their photonic properties, abilities to enhance Raman scattering, and
numerous others. Because plasmonic materials have had a unique impact on medical
applications, we focus here on innovations in the biological fields. We first discuss
the fundamental properties of plasmonic nanoparticles, how they are synthesized and
fabricated, and routes for their modification for sensing and then describe the state of
the art of their applications for biosensing in various fields.
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Fig. 1 The field of biosensing with plasmonics has been supported by the pillars of robust theory
and simulation, synthesis and fabrication, and bioconjugation and biocompatibility strategies

2 Plasmonic Properties of Gold Nanoparticles

Investigation of the surface plasmon resonance (SPR) of gold nanoparticles has been
going on for centuries, where the unique properties of gold formulations of glass
give rise to the unique colors of the Lycurgus Cup (fourth century AD), and later to
impart a brilliant red to stained glass windows in medieval Europe. The SPR is the
coherent motion of electrons in the metal that arises from interaction with an
electromagnetic field. Irradiation of the nanoparticle with light induces a polarization
of the electrons, which can move more rapidly with respect to the gold lattice core.
At the surface of the nanoparticle, the charge oscillation results in a net charge
difference, and thus a restoring force results in a charge oscillation. If the frequency
of light is resonant with this electron motion, it results in a strong optical absorption,
which is the SPR. The frequency at which the SPR occurs depends on the size and
shape of the nanoparticle, in addition to other parameters such as the index of
refraction of the nanoparticle surroundings. For gold nanoparticles, the SPR occurs
in the visible, giving rise to their strong red color. Noble metals (Au, Cu, Ag, etc.)
have conduction band electrons that can be treated to an approximation as freely
moving with respect to the ions of the lattice, and thus have a higher polarizability
compared to other metals. This results in a narrow resonance and a strong
absorption peak.

In particular, the success of using Mie theory (1908) to describe the properties of
colloidal gold nanoparticles has been central for the practical use of plasmonics. Mie
solved Maxwell’s equation for the interaction of an electromagnetic field with a
small spherical metal and described the interaction of light with the metal by
scattering, absorption, and extinction (Fig. 2a) [3]. Mie theory works well for
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Fig. 2 (a) Oscillations in a spherical particle induced by an electromagnetic wave. (b) Simulations
of nanorod absorption spectra, exhibiting an LSPR maxima shift with the aspect ratio R of the
particle. From [2] Reprinted with permission from S. Link, M. B. Mohamed, and M. A. El-Sayed
Journal of Physical Chemistry B 1999. Copyright 1999 American Chemical Society

describing nanoparticles 10 nm and larger, where it can completely describe the
optical cross sections of a spherical nanoparticle of Au.

In addition, Mie’s theory has been used successfully to describe the size depen-
dence of the optical spectra, i.e., the blue shift of the SPR with decreasing nanopar-
ticle size. While Mie’s theory described only spherical nanoparticles, the extension
of the theory to describe other shapes was achieved by Gans [4]. Gans broke the
symmetry of spherical properties to introduce an aspect ratio. This extended the
description of their shape dependence to include a longitudinal and transverse SPR,
or the LSPR and TSPR (Fig. 2b). This has fueled numerous theoretical studies of
plasmonics, where we now have a deep understanding of their optical properties.
Furthermore, this deep understanding of their optical properties has laid the ground-
work for their applications, where theory and simulations have been used to guide
their design and use in applications.
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3 Synthesis/Fabrication of Gold Nanostructures

The fabrication of noble metal and metal oxide nanostructures with a high degree of
control has been key to the growth of the field of plasmonics. Nanostructures can be
synthesized and fabricated in a broad variety of ways, ranging from wet chemical
synthesis to patterning on substrates. Fabrication techniques are now highly sophis-
ticated with an exquisite degree of control. One can precisely control the spacing and
arrangements of structures, including complex geometries. Both solution synthesis
(bottom-up) and fabrication (top-down) approaches have met with success through
continual innovation.

3.1 Solution Synthesis of Gold Nanoparticles

Gold nanoparticles are the most studied plasmonic nanomaterial, which can be
partially attributed to the fact that their synthesis is centuries old. They are respon-
sible for the vibrant colors (Fig. 3a) in stained glass windows, where glass formu-
lations with gold were known to yield red. The sols from Michael Faraday were
made in 1856 as washes from gold films, and the colloids are still stable today.

Because gold nanoparticles are synthesized in solution, it has greatly facilitated
the processing of and chemical conjugation to nanostructures, opening up the ability
to use nanoparticles attached to different chemical moieties, incorporate them into
polymers, cast as films, and many other formats. In particular, the aqueous synthesis
of gold nanoparticles enabled their interfacing to biological molecules, as biological
environments are aqueous.

Pre- Nucleation Crystallization  Growth
nucleation

Fig. 3 (a) Solution of colloidal gold nanoparticles, exhibiting a strong red color due to their SPR.
(b) LaMer theory of the nucleation and growth
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The synthesis of nanoparticles has been described by LaMer theory (Fig. 3b),
which describes the growth of sols in solution by conceptually separating
the nucleation and growth steps. There are three stages to the particle growth. The
ions, or monomer, first must reach a critical concentration for nucleation. In the
second stage, nucleation occurs, which decreases the concentration of the monomer
in the solution as they are incorporated into the nuclei. In the third stage, the
concentration of the monomer in the solution decreases, which adsorbs to the crystal
to increase its size, where the growth regime occurs. Cyy;, is the minimum supersat-
uration for nucleation and C\,,x is the limiting supersaturation. Cy is the saturation
concentration, or the solubility of the monomer.

For gold nanoparticles, synthesis is achieved by the reduction of a gold salt,
typically HAuCl, 3H,O [5]. Often NaBH, has been used as a reductant for organic
phase synthesis. In the aqueous phase, the classic Turkevich synthesis utilizes
trisodium citrate to reduce the Au salt. This results in water-soluble nanoparticles
~10 nm in diameter [6]. This is much more attractive for biological applications,
especially compared to the alternative of synthesizing the nanoparticles initially in
nonaqueous solutions, and then transferring them to the aqueous phase. This phase
transfer must occur by ligand exchange, which is not always straightforward, nor
100% efficient.

3.1.1 Varying Nanoparticle Size and Shape

One aspect of synthesis that is desirable is the ability to control nanoparticle size and
shape, which has been explored extensively for gold nanoparticles. Numerous
shapes and broad size ranges are possible by varying reaction conditions, with
tight control over the size distribution, which can routinely be down to a few percent.
Complex structures are now routinely achievable, such as rods, cubes, stars, flowers,
and hollow cages, which allows one to tailor the optical properties by tailoring its
structure.

The size dependence of spherical gold nanoparticles was first explored by
modifying the Turkevich method [7], where the citrate to gold molar ratio was
varied. The nanoparticle size decreases with increasing molar ratio of [citrate]/
[Au'll].

Nanorods

For spherical particles, the shift in SPR with size relatively small. However, chang-
ing the shape of the nanoparticles allows for testing Gans theory as a function of
particle aspect ratio and shape. The simplest shape that breaks the spherical sym-
metry is the nanorod, where particle aspect ratio (AR) is greater than 1. Nanorods are
ideal for studying the optical properties of SPRs because they possess both a
longitudinal SPR (LSPR) and transverse (TSPR). The LSPR is strongly dependent
on particle AR and can shift dramatically throughout the visible and NIR, over 100s
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of nanometers. This systematic variation of the optical properties has facilitated the
study of shape-dependent optical properties (Fig. 4c) [9, 10].

Furthermore, the LSPR peak is narrow relative to its shift, so it is possible to
synthesize particles that can be excited in a nearly mutually exclusive fashion at two
different wavelengths.

To yield particles that are rod shaped, it requires more growth along one axis
compared the other. The most commonly used approach for nanorod synthesis is a
two-step method in the presence of the amphiphilic ligand cetyltrimethylammonium
bromide (CTAB) [11, 12]. First, gold seeds are grown in CTAB by the reduction of
HAuCl, by NaBH,. Then, the seeds are introduced into a growth solution with
AgNOj3;, HAuCly, and ascorbic acid which results in directional growth along one
axis, resulting in rod-shaped particles. The synthesis can be modified to include other
surfactants to increase the AR. Addition of benzyldimethylhexadecylammonium
chloride (BDAC) to CTAB can grow additional lobes on the ends of the nanorods,
resulting in “nanobones” that have a peak LSPR further out to the infrared
(1,100 nm) [13].

Nanoshells

Gold nanoshells are another nanoparticle shape that has been of interest for their
shape-dependent plasmonic properties. Shells can be in a core/shell format, which
consists of a plasmonic material in a thin shell on top of a dielectric such as SiO, or a
hollow structure. Nanoshells have a tunable plasmon resonance that shifts with shell
thickness over a wide spectral range, similar to nanorods (Fig. 4b). The SPR peak
blue shifts with increasing shell thickness, where a 5 nm Au shell has an absorption
peak in the NIR (>1,000 nm), and a 20 nm shell is at ~700 nm. Core/shells have the
advantage of finer control over the core size, where different nanoparticles or
colloids can simply be changed out before shell growth [14].

Nanoshells are made by a two-step process where small (1.4 nm) gold
nanoparticles are attached to a larger silica particle or polystyrene particle, which
acts as a template. Following this, the nanoparticles are annealed to make a shell. The
shell thickness can be controlled by controlling the growth parameters. Nanoshells
can also be achieved by synthesizing hollow nanostructures [15]. These can be made
by using sacrificial galvanic replacement, where Ag nanoparticles are synthesized,
and then introduction of Au’* etches the nanoparticles. Due to the difference in
reduction potentials between Ag* and Au®* (0.7966 V for Ag* vs. 1.498 V for Au’™),
Au’* becomes reduced while Ag is oxidized, resulting in a gold shell enclosing an
inner cavity. The SPR systematically shifts with increasing Ag:Au molar ratio.

Nanostars

Gold nanostars are another nanoparticle shape that has been attractive due to the fact
that their synthesis is a one-step process at room temperature (Fig. 4) [16]. Nanostar
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SPRs can also be tuned across the visible spectrum and into the NIR like nanorods
and are much easier to synthesize in comparison [17, 18-21]. Gold nanostar
synthesis is performed by reducing a gold salt (HAuCl, 3H,O) with a Goods buffer
such as HEPES, which nucleates and grows the nanostars. Tuning the SPR peak
wavelength is achieved by varying the HEPES:Au ratio, where higher HEPES ratios
grow larger nanostars and redshift the SPR. This also results in particles of different
colors, which can be exploited for visual readouts. One benefit is that the resulting
gold nanostars are stable in biological fluids because they are synthesized directly in
HEPES buffer, which facilitates bioconjugation and incorporation into biological
media.

Other Shapes and Compositions

A multitude of other shapes have been achieved, which are too numerous to describe
in detail. Some hollow shapes leverage etching techniques such as cubes, triangular
plates, and hexagonal plates [22]. Changing the composition of the plasmonic
nanomaterial can tune the optical properties. Au and Ag have been alloyed with
other materials including other plasmonic metals, transition metals, semiconductors,
and dielectrics [23]. Au Alloys with Ag, Pd Pt, etc., to yield AuCu [24] and AuPt
nanoparticles [25, 26] have also shown the ability to modify the optical properties
with composition.

3.2 Fabrication Techniques

In contrast to wet synthesis approaches, plasmonic nanostructures can be fabricated
by deposition techniques such as electron beam (e-beam) lithography, focused ion
beam (FIB) lithography, and others [27]. A summary of the resolution and through-
put that lithographic techniques can achieve is shown in Fig. 5a. These approaches
are top-down, in contrast to the bottom-up approach of solution syntheses, which
build nanostructures from atoms. Fabrication techniques are generally much more
reproducible than solution-phase techniques, with higher fidelity. Furthermore, they
can be used to optimize placement on the substrate, which is difficult to do with
solution made nanostructures. This is essential for systems that require periodic
structures or holes that are on the nanometer lengthscale. These techniques are much
more costly, as they require sophisticated instrumentation with controlled atmo-
spheres such as high vacuum and high voltage sources. In addition, the characteri-
zation techniques are also instrument intensive.
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3.2.1 Electron-Beam (e-Beam) Lithography

Electron-beam lithography uses scanning of focused electron beams to write patterns
on substrates. E-beam lithography is ideal for making nanostructures because of its
high resolution, which can be down to a few nanometers for the spot size, and a
writing resolution of ~10 nm. It is routinely used to make two-dimensional arrays of
nanostructures on a flat substrate, where feature sizes down to the nm range (Fig. 5b).
The e-beam is used to write a pattern on a polymer photoresist (typically polymeth-
ylmethacrylate, PMMA), which can then be used as a mask for patterning the
plasmonic.

First, a thin layer of PMMA is spin coated onto a substrate, which is typically
silicon. The e-beam is used to write a pattern on it, which de-cross-links the polymer.
The polymer is developed by UV exposure. Following this, Au is evaporated onto
the photoresist, and then the PMMA is removed by liftoff, achieved by its dissolu-
tion with a solvent. This leaves the Au in the written pattern on the substrate
(Fig. 5c). Often there is an initial layer under the photoresist to help with adhesion
of the pattern Au structures on the substrate. Alternatively, the pattern photoresist
can be etched with a plasma, which is a dry etching form that is highly directional.
The plasma etches the Au, and then removal of the photoresist results in a negative of
the written pattern (Fig. 5d).

3.2.2 Colloidal Lithography

Another route to pattern substrates is colloidal lithography, or nanosphere lithogra-
phy (NSL, Fig. 5e). Monolayers of colloidal crystals are used as a mask for the
deposition of metal, which is usually deposited by thermal evaporation, atomic layer
deposition, or pulsed laser deposition [29, 30]. NSL is a highly efficient way to
pattern large areas with high precision, so it is considered a high-throughput
approach. Moreover, the method is simple, easy to execute, and inexpensive,
especially in comparison with techniques such as e-beam lithography which have
intensive instrumentation needs.

NSL uses the self-assembly of monodisperse colloids, often of silica or polysty-
rene, which pack into hexagonal close packed monolayers on planar substrates, or at
the air—water interface. The size of the colloids can range from <100 nm to >1.5 pm.
Deposition can be achieved by spin coating, drop coating, or coating at an angle.
The monolayers formed are well ordered over long ranges (>1,000 um?). After the
monolayers are formed, Au is evaporated over the monolayer and patterns the
surfaces in the voids between the spheres. Finally, the colloidal mask is removed
by sonication, leaving behind the Au pattern on the surface. Haynes et al. demon-
strated the self-assembly of polystyrene latex nanospheres with a diameter of
542 nm, and then evaporating gold, resulting in a regularly patterned substrate that
could be used for surface-enhanced Raman spectroscopy (SERS) detection [29].
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Fig. 5 (a) Lithography techniques and the resolution and throughput they can achieve SPL:
scanning probe lithography, EBL/IBL: electron/ion beam lithography, NIL: nanoimprint lithogra-
phy. From [27]. Reproduced from Fruncillo et al., ACS Sensors, 2021, 6, 2002—2024. Permissions
from Creative Commons license. (b) Approach for electron beam lithography that uses the beam to
write directly, or to remove the photoresist. (¢) SEM of structures of gold made by liftoff and (d)
plasma etching. [28] Reprinted with permission from Dai, Griesser, and Mau, Journal of Physical
Chemistry B, 1997, Copyright 1997 American Chemical Society. (e) NSL lithography using
colloids to create ordered masks through which the gold can be evaporated. Reprinted with
permission from Haynes and Van Duyne, Nanosphere Lithography: A Versatile Nanofabrication
Tool for Studies of Size-Dependent Nanoparticle Optics, Journal of Physical Chemistry B, Copy-
right 2001 American Chemical Society.” From [29]

There are many approaches to change the fabrication techniques to tailor the
properties of the surface in colloidal lithography. One can change the size of the
colloids to change the periodicity of the deposited Au, evaporated at different angles
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to result in different deposited patterns. Alternatively, the colloids can be
functionalized with different ligand chemistries to change their interactions and
thus geometries, and then multiple layers can be used for more complex structures.
Furthermore, the colloidal monolayer can be used as a mask not just for deposition
but also for etching by an O, plasma or reactive ion etching (RIE).

3.2.3 Soft Lithography

Soft lithography uses elastomeric stamps made of a soft polymer; most commonly
used one is polydimethylsiloxane (PDMS) to print structures. Patterned PDMS
stamps are formed by casting, usually by creating a mold by photolithography
onto a substrate. The PDMS is poured over the mold and then can be used to
stamp the pattern. The “ink” for stamps can be molecules but also gold nanoparticles,
resulting in the formation of plasmonic arrays. The instrumentation requirement
outside of the mold formation is simple, and the technique is relatively simple to
carry out.

3.3 Surface Functionalization Techniques

Often the plasmonic nanomaterial needs to be interfaced to a molecular species to
enable sensing, such as a protein or antibody that can bind to a specific target or
permit in vivo targeting and/or cell uptake. Surface passivation plays a critical role in
preventing nanoparticles from aggregating. Thus, the plasmonic material needs to be
chemically conjugated or interfaced to some molecular species, as well as have
customized surface properties for stability in the biological media (Fig. 6).

For gold and silver, there are many functionalization techniques available, and
chemistries for these two materials are now well established. Many of these
functionalization chemistries are robust, are repeatable, and can be done at scale,
especially for gold surfaces. Gold can be functionalized by small molecules, poly-
mers, biomolecules, and shells of other inorganic materials to result in core/shell
particles [31].

For gold nanoparticles made by the Turkevich synthesis, they possess citrate on
the surface, which can be easily exchanged with higher affinity ligands such as
thiols. The chemical functionalization of gold nanoparticles has often relied on thiol
chemistry to bind to the gold, adapted from the self-assembled monolayer (SAMs)
field. These monolayers were alkanethiols that are closely packed, resulting in high
van der Waals stabilization and the strong enthalpic benefit of Au-S binding to
overcome the penalty in entropy. Many molecules are available, where the terminal
species can be different functional end groups (where R = COO™ for negatively
charged particles, and R = NH>" for positive), and this interchanging of molecular
groups has enabled a wide variety of functions.
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Fig. 6 Strategies to modify the particle surfaces, by addition of surface capping ligands such as
PEG-SH or BPS, silica coating by the Stober process, coating with amphiphilic molecules such as
CTAB, which form a bilayer on the surface, or surface blocking with proteins such as BSA to
prevent non-specific adsorption

Some nanoparticle syntheses are conducted in solution with surface passivation
molecules that are more challenging to replace. Gold nanorods are synthesized in
cetyltrimethyl ammonium bromide (CTAB), an amphiphilic molecule that forms a
bilayer around the nanorod. CTAB must be present at concentrations greater than the
critical micelle concentration stabilization, which is ~1 mM. Thus, it is difficult to
remove all residual CTAB from nanorods. Exchange routes to remove CTAB can be
achieved by multiple phase transfers between aqueous and organic phases [32].

Coating Au nanoparticles with silica has been desirable for improving biocom-
patibility (Au@SiO,) to facilitate linking to biomolecules, which is achieved by the
modified Stober process using tetraorthosilicate (TEOS), which is a sol-gel process.

Protein adsorption is another surface treatment, where proteins are used to coat
the surface and potentially reduce non-specific adsorption. The most common
protein for this purpose is bovine serum albumin (BSA), as it is inexpensive and a
highly stable soluble protein. Often, the nanoparticles are simply mixed in solution
with BSA, and free BSA is removed by spin centrifugation washes.
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3.4 Bioconjugation Techniques and Bioassembly

For biological sensing applications, the nanostructures need to be attached to
biological molecules to impart biological function or recognition. The
bioconjugation can enable targeting a specific cell or tumor site via ligand—receptor
interactions, or the biological species is the payload to be delivered. Plasmonic
nanomaterials have been attached to proteins, nucleic acids, and small molecules.
Covalent attachment strategies have been well studied in the literature and have been
successful for a broad number of biological species [33]. Bioconjugation has been
predominantly studied for gold nanoparticles because of the many available facile
surface modification chemistries, in addition to the superior biocompatibility and
stability of gold.

Typically, the purpose of the biological species is to act as an affinity reagent that
binds to a target with high specificity [34]. Biofunctionalization has enabled in vivo
targeting where the nanoparticles are introduced by injection, and then transported
through the bloodstream to target specific sites such as tumors. Antibodies are the
most commonly used targeting species, as they possess high specificity for a target
and bind with high affinity, which are typically in the nanomolar range.

The use of other protein-ligand binding (streptavidin-biotin) is among the stron-
gest, with an affinity in the 10~'* M range. DNA and RNA can also be used for
recognition, as decoration with an oligonucleotide of a certain sequence enables
binding to a specific complementary strand. Alternatively, they can function as
aptamers that bind specifically to different species, ranging from ions and small
molecules to proteins. The exquisite specificity of nucleic acids in combination with
their broad availability due to commercial synthesis has resulted in their use as a
construction material, where structures can be designed by DNA sequence.

The nanostructure can also be functionalized with peptides that bind to a target,
though often they possess lower affinity compared to antibodies.

34.1 Gold-Thiol Chemistry

The predominant route for conjugation is gold-thiol chemistry, which was originally
adapted from the self-assembled monolayer studies (Fig. 7a). Thiols readily form
Au-S bonds and can be conveniently appended to DNA at the termini during DNA
synthesis. The naturally occurring amino acid cysteine possesses a thiol group [35]
and can also be appended to the protein in expression via mutations. Naturally
occurring cysteines can be used, but this has the potential to interfere with protein
structure and result in denaturation, especially since cysteines often form structural
dithiol linkages in proteins.

Gold-thiol conjugation can be achieved by incubation of the thiolated biomole-
cule with the nanoparticle or gold surface in solution, as the interaction is sponta-
neous. This is often followed by separation of the free biomolecule by spin
centrifugation or washes.
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34.2 Click Chemistry

A highly popular route for nanostructure functionalization is click chemistry
(Fig. 7c) [36], which has linkages that are easy to make [37-39]. Click chemistry
reactions are rapid, regiospecific, and modular. Generally reactions are achieved
under simple and feasible reaction conditions. Consequently, due to its robustness
and versatility, click chemistry has made chemical modification much more acces-
sible to those in different fields, including materials science. Many commercially
available nanoparticles and bioreagents are sold with reactive groups that can be
used in click reactions. Click chemistry comes in hundreds of different options, so a
summary of the field will not be described here. One of the most used is the copper-
catalyzed azide reaction where a 1,3-dipolar cycloaddition of an alkyne and azide
yields a triazole. Other chemical reactions for conjugation [33] include zero-length
crosslinking using NH, to react with COO groups. Nanostructures are coated with a
thiolated molecule that has a COO™ group on the other end, often by an alkanethiol.
The COO- can be reacted with an amine using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride, or EDC.

N-hydroxysuccinimide (NHS) esters are another popular reactive group, as they
react with primary amines to form an amide bond (Fig. 7c). The amine can be easily
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Fig.7 Bioconjugation strategies to link nanoparticles to proteins and DNA. (a) Thiols on DNA can
form a covalent bond, and then be used to capture the complementary strand, (b) biotin-streptavidin
can be used to append biotin-functionalized proteins or DNA, (c¢) click chemistry such as NHS
esters can link to primary amines on proteins or DNA
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appended to DNA during synthesis, or one can leverage naturally occurring primary
amines in proteins, where the amino acid lysine has an amine group.

If the nanostructure is coated with silica, then functionalization of the silica shell
can be achieved by a condensation reaction between the silica surface and a given
trialkoxysilane (RO);SiR’ [40, 41], and then can be conjugated to amine-terminated
DNA oligonucleotides.

3.4.3 Protein-Ligand Binding

Streptavidin/biotin (Fig. 7b) has been used as a binding system as it has a high
binding affinity. Streptavidin has four binding sites that can bind to biotin, with
affinities on the order of femtomolar. Biotin modifications are commercially avail-
able for oligonucleotides and proteins, facilitating this approach.

Other strategies to develop expressible tags include Spy Catcher/SpyTag, which
uses a peptide that binds with high affinity to protein. The tag can be genetically
engineered as an appendage to the protein sequence, so the attachment can be
achieved by expression.

3.4.4 Adsorption Techniques

Finally, the biological species can be conjugated to the plasmonic material by
physisorption, where the biological species interacts with the gold or other material
by non-covalent interactions [42]. This is typically achieved by incubation of the
nanoparticle in solution with the biomolecule, which adsorbs to the nanoparticle
surface, and then by spin centrifugation to isolate the unbound biomolecules away
from the nanoparticle. The downsides of this approach are that yields can be low,
where the amount of affinity agent does not adsorb to the nanoparticle. In addition,
the biomolecule is free to adapt a range of orientations on the nanoparticle surface,
where some orientations may sterically hinder its ability to bind to its target, so even
if it is on the nanoparticle surface, it cannot function. However, changing the pH or
surface charge of the nanoparticle can favor certain protein orientations over others
[43, 44].

3.4.5 Bioassembly

For some applications, more complex structures are desirable, for which the recog-
nition properties of biological molecules can be leveraged. DNA can be used as an
exquisite recognition system, where a DNA sequence can discriminate target
sequences that differ by a single nucleotide. Consequently, DNA has been utilized
as a programmable construction material to aggregate and link together
nanostructures in solution. This has been greatly facilitated by the fact that DNA
oligonucleotides can be custom synthesized inexpensively, up to kilobases long. In
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addition, RNA and DNA can also be used as binding affinity agents where they bind
as aptamers, which are short oligonucleotides that bind to proteins and small
molecules.

4 Plasmonic Sensing Applications

We now discuss the different ways in which plasmonic materials have been used for
biosensing. Because of the multitude of novel properties of plasmonics, they have
been versatile in enhancing biosensing for medical, biological, and many other
purposes.

4.1 Colorimetric Sensing
4.1.1 Presence of Color

The most straightforward application of plasmonic particles is to use them colori-
metrically. Gold nanoparticles absorb light strongly due to their SPR. A 10 nm Au
nanoparticle has a molar extinction coefficient of ~10° M~ cm ™', which is several
orders of magnitude higher compared to small molecule chromophores and dyes.
Thus, simply the presence of a nanoparticle can enable colorimetric sensing. This
property of gold nanoparticles has been utilized for many sensing applications.

One of the most widely used applications in recent years has been for the visual
readout in lateral flow immunoassays, which is the format of paper diagnostics used
for pregnancy testing, diagnosis of COVID-19 infections in patients, detection of
pathogenic species present in food, and numerous other applications (Fig. 8a) [45—
47]. The assays recognize a biomarker by the use of antibodies specific for the target
of interest [34]. The antibodies are immobilized at the test area and also conjugated
to the nanoparticle. If the biomarker is present, it binds to both the nanoparticle-Ab
conjugates and the antibodies immobilized at the test line, and this double-binding
event is referred to as sandwich formation. The two antibodies that form the
sandwich are referred to as a pair. The sandwich formation event accumulates
nanoparticles at the test line, and due to the strong optical absorption of the
nanoparticles, this gives rise to a red color that can be detected by eye. Thus, the
spatial location in combination with the optical absorption can be used to determine a
binding event. Tests can read out simply by visual confirmation, or be obtained
quantitatively by mobile phone images or scanning on a simple desktop scanner.
Commercial lateral flow readers can be used for more sensitive readout.

While immunoassays are often used as diagnostics to provide only a yes/no
answer, the intensity of the test line varies with the antigen concentration, [48] so
the test line intensity can be used quantitatively. This can be achieved by image
analysis from mobile phone images or instrumentation that reads RGB intensity of
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the strip, which can often be low cost. To adapt an immunoassay for different targets,
the antibodies used in the test are changed to be specific for the target of interest [34].

4.1.2 Multicolor Sensing

The optical properties of plasmonic nanoparticles can be leveraged to yield
multicolor assays [49, 50], which takes advantage of the fact that the SPR of silver
and gold nanoparticles shifts over a broad wavelength range through the visible
spectrum with particle size [51]. Thus, it is easy to have visually distinct colors. This
was used to create multiplexed immunoassays that could distinguish between Ebola
glycoprotein, dengue virus nonstructural protein 1 (NS1), and yellow fever NSI
(Fig. 8b) [52], and in another case for food safety applications, with the detection of
aflatoxin B1 and type-B fumonisins [50]. Ultimately, the color of the test line can be
used to determine which biomarker was present. This relies on good separation of
the colors in RGB space. However, if discrimination by eye is not feasible, RGB
image analysis can be used.

Furthermore, multicolored immunoassays can give new capabilities to diagnos-
tics. For example, by introducing additional even just one additional color to an
assay, the test can be used to detect a range of species and thus be used as an array for
pattern recognition, where a different antigen results in a “fingerprint” that is the
product of color and spatial location. This can in turn enable the repurposing of
cross-reactive antibodies for the detection of new antigens. This was deployed by
Rodriguez-Quijada et al. [49] where antibodies for dengue and zika were used to
detect NS1 of yellow fever virus, without the need for yellow fever antibodies. First,
the dengue and antibodies are screened for which pairs can bind to each of the
antigens, in this case dengue, zika, and yellow fever (Fig. 8d), and the intensity of the
test line is quantified. Then, a strategic arrangement of immobilized antibodies and
antibodies conjugated to nanoparticles of different colors is determined. In this case,
dengue antibodies were conjugated to the red nanoparticles and zika antibodies to
blue nanostars. Also, the assay required two separate locations, where dengue
antibodies were spotted at one location and zika at the other. When this test was
run with dengue NS1, two red spots appeared. If zika NS1 was run, the spots were
purple. If yellow fever NS1 was run, it resulted in one red spot. This shows that this
assay, using only zika and dengue antibodies, could detect yellow fever while still
being able to distinguish it from zika and dengue.

While the test results were distinguishable by eye, image analysis can be used to
quantitatively discriminate the test patterns. In addition, machine learning of the test
images was used train the computer to recognize which spatial arrangements of
colors are due to which biomarkers, thus allowing identification of diseases. This
approach has been demonstrated for other virus types such as filoviruses [53].
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4.1.3 Aggregation-Based Colorimetric Changes

Another colorimetric approach utilizes the fact that the color of nanoparticles
changes due to their aggregation state. When nanoparticles are in proximity of one
another (i.e., within a few nanoparticle lengths), then the SPR of one particle is
affected by the presence of another, shifting its resonance frequency to longer
wavelengths. The shift in the collective SPR results in a visually striking color
change from red (disaggregated particles) to blue (aggregated particles). This dra-
matic color change can be used to detect the presence of different analytes that
induce a change in the aggregation state, such as the presence of target DNA strands
(Fig. 8c), and this phenomenon has been well described theoretically [54].

This phenomenon has been used for sensing of DNA, where the nanoparticles are
functionalized with probe strands that can bind to both ends of a target strand. Thus,
if the DNA target is present, it assembles a cluster of nanoparticles, bringing them in
proximity to one another, and shifting the collective SPR. This results in a color
change from red to blue. Numerous variations on this aggregation-based sensing
have been investigated since its discovery. Often, it relies on salt-induced aggrega-
tion of the nanoparticles, where the DNA on the nanoparticle is an aptamer that can
bind to a specific target. If the target is not present, the aptamers stabilize the
nanoparticles, which then do not aggregate at high salt concentrations. This results
in a red color. If the target is present, then the aptamers bind to the target and no
longer stabilize the nanoparticles, resulting in particle aggregation, and a shift to a
blue color. This was utilized for the detection of ochratoxin A, a toxin found in
food [55].

The DNA strands on the nanoparticles can also be in the form of an aptamer that
binds to small molecules or ions, which has been utilized to sense Pb*. If the Pb>* is
not present, the nanoparticles aggregate, yielding a blue solution, but if the Pb>* is
present, the aptamers on the nanoparticle bind to it, dispersing the particles and
resulting in a red solution [56, 57].

4.2 Plasmonic Biosensors

One application of the plasmonic properties of nanoparticles is the use of an SPR to
sense the presence of analytes. This relies on the fact that the SPR of a plasmonic
material is sensitive to the refractive index, n, of the medium in its surroundings,
which can be leveraged for sensing. Incident light on a gold surface creates a
plasmon oscillation, generating an electric field in the vicinity of the surface. This
reduces the intensity of the reflected light at a particular angle 6. To detect a species,
the surface is functionalized with a binding affinity agent and the analyte solution is
flowed over it. If the surface species binds to the target, then the local n is changed,
and this shifts the angle at which the dip in intensity occurs. The angle of reflection is
measured on the backside using a prism. The intensity at the detector measured as a
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function of time is the sensorgram, and has a typical response where it increases with
time and then saturates. This signal is compared to a background sensorgram, where
the signal is measured for a solution with no analyte is flowed over the surface [58].

SPR is a label-free, robust, and sensitive technique for characterizing protein—
ligand interactions, where it can be used to measure binding in real time, yielding
values for ko, kofr, and Kp. Because it relies on a sensor surface, the protein must be
immobilized by some chemical strategy. This confines the sensing area to the
surface, so the amount of protein that the technique probes can be limited. To
address this limitation, it has been determined that functionalization of the sensor
surface with a hydrogel matrix such as dextran can increase binding capacity by
increasing the adsorbed analyte per unit area. Because the dextran is a porous gel,
transport of the analyte is not hindered. Overall, this can greatly improve the
sensitivity [59].

Innovations in SPR sensing have included interfacing to microfluidic devices, and
which can integrate sample preparation steps so that raw sample can be added
directly. Recent forms include dengue diagnostics that can read DNA biomarkers
directly in blood [60] or detection of live viruses of vesicular stomatitis virus and
pseudotyped Ebola [61].

4.3 Surface-Enhanced Raman Spectroscopy, SERS

The Raman spectrum of a molecule is its vibrational fingerprint and thus unique to its
molecular structure. Thus, it has the potential to be used to identify a chemical
species in a sample. However, the Raman scattering effect is weak with a very low
cross section, where only 1 in 10’ photons undergoes inelastic scattering. However,
it was discovered that the scattering intensity is greatly enhanced when the molecule
is in the presence of a strong electric field (Fig. 9a). One can generate extremely high
electric fields using metals with nanoscale features [62]. For spherical gold
nanoparticles, the field enhancement can enable the detection of trace amounts of
analyte, down to attomolar (aM) concentrations.

Since the discovery of the field enhancement effect in the 1970s, SERS has
emerged as an important analytical tool for detection, especially in biosensing
[63]. In particular, the ability to use noble metal nanoparticles to enhance spectra
has been leveraged in a variety of ways. Even though SERS is still not completely
understood, [64] extensive modeling of the enhancement phenomenon has aided in
its widespread use [65].

SERS poses many advantages as an analytical tool. It is a label-free technique,
where the Raman spectrum is a fingerprint of a unique analyte, and can be performed
on solids, liquids, gases, and complex mixtures.

The ability of noble metal nanoparticles and nanomaterials to increase the Raman
intensity is quantified as an enhancement factor (EF), defined as
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EF = ISERS . NRaman X PRama.n . IRaman (1)
IRaman  Nsgrs  Psers  ISErs

where [ is the peak intensity, N is the number of the contributing reporter molecules,
P is the laser power, and ¢ the integration time. The subscripts Raman indicate
measurements on the reporter molecule alone, and SERS indicates the measurement
when the reporter molecule is enhanced by a plasmonic structure. Typical EFs for
spherical nanoparticles are on the order of 10°, and the highest values have been on
the order of 10° and higher.

Because enhancement can be optimized by varying the nanostructure parameters,
there have been many studies in the SERS field to increase EFs or use SERS for
different detection modalities.

4.3.1 Hotspot Engineering

In order to increase the localized electric fields, novel plasmonic structures have been
engineered to optimize Raman hotspots that can increase enhancement several fold.
The SERS intensity is proportional to E*, where E is the local electric field, so
engineering hotspots have the potential to greatly enhance SERS sensitivity. Creat-
ing complex structures with controlled shapes and arrangements can improve
enhancement far beyond that of a roughened metal surface. Hotspots can take on
many forms, where they can be the gaps between noble metal particles, cavities
designed to have particular shapes, core-shell particles, or periodic arrays of metal
structures. While both fabricated and solution-phase approaches forms have yielded
different ways to achieve this, top-down fabrication techniques are much better in
controlling the dimensions of nanostructures and also the distances between
them [66].

Fabricated arrays allow for precise arrangements of nanostructures [67, 68] such
as arrays of nanopillars over large areas. This has enabled the detection of hepatitis A
virus at low levels (Fig. 9b) [69]. In addition, structures that have designed gaps such
as nanocrescent particles (Fig. 9c) can also increase the electric field [70].

Solution-phase approaches are much less precise in comparison, as control over
interparticle spacing. In this case, solution approaches have instead sought to make
particles with engineered cavities, or to use controlled nanoparticle aggregation to
create hotspots between particles. Changing the colloidal particle shape can also
create hotspots, where star-shaped nanostars or nanorods have pointed structures that
can create strong local electric fields [19, 71, 72].

4.3.2 SERS Nanotags

For biological sensing the target species are proteins, DNA, or small molecules.
These have complex Raman spectra, especially proteins. Moreover, different
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proteins and DNA have shared chemical groups (i.e., amides, primary amines,
carboxylic acids), making it difficult to distinguish the target from other species
present.

A format that gets around this problem is the SERS nanotag, where an affinity
agent specific to the target, typically an antibody, is conjugated to a plasmonic
nanoparticle, and the nanoparticle is functionalized with a Raman reporter
(Fig. 10a). Thus, the antibody provides specificity, while the reporter molecule
provides a SERS signal. The reporter is chosen so that it has well-defined and
intense peaks, and thus is distinguishable from other species that may be present.
Thus, the presence of the biological species is read out by the signal of the Raman
reporter [73]. Nanotags were first developed for SERS imaging of species cells [74]
and can be used in a multiplexed format, where each nanoparticle is decorated with
its own Raman reporter. Thus, the different targets can be distinguished by the
different SERS spectral signals. Because of the requirement for conjugation to the
nanoparticle, often thiol-based molecules are used, such as 4-MBA or
4-nitrobenzenethiol, which are small and thus have distinct spectra.

The nanotag format has also been utilized for multiplexed immunoassays that can
distinguish between zika and dengue NS1 in a paper strip [75—77]. Traditional paper
strip assays have limited sensitivity due to their visual readout. However, SERS
readouts can decrease the limit of detection by two orders of magnitude or more
(Fig. 10c).

Much of the promise of SERS nanotags is its potential for multiplexed readout,
where different SERS nanotags can detect the presence of different targets. Increas-
ing the multiplexing requires multiple Raman reporters. While it is easy to select two
reporters that are well separated spectrally, it becomes more challenging for higher
numbers of reporters. Strategies for reporter selection include quantifying reporter
overlap in a correlation matrix (Fig. 10d). In addition, linear discriminant analysis
was used to evaluate spectral separation for five reporter molecules [78]. It is also
possible to use combinations of reporters in different ratios, in a barcode method,
similar to what is used for fluorescent dyes in beads in high-throughput screening
assays. This strategy has been used to reach over 50 unique Raman codes [79] and
demonstrated on peptide libraries (Fig. 10b) [80, 81].

Another way to increase SERS nanotag sensitivity is to use AuAg alloys as a
material for the nanoparticle [82—84]. The alloy combines the strong SERS enhance-
ment from Ag with biocompatibility of Au, resulting in enhancement factors higher
than Au nanostars by a factor of 10.

4.3.3 Plasmonic Imaging

Plasmonic materials also create the opportunity for plasmonic imaging [85]. Another
approach is plasmonic resonance energy transfer (PRET), where energy transfer
occurs from a target molecule to the plasmonic structure. Park et al. demonstrate this
on mesoporous-silica nanospheres with an optical nanocrescent antenna (MONA)
for both imaging and control for light-driven delivery [85]. Nanocrescents have an
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asymmetry to their shape which focuses the thermal gradient in the particle when
excited by a laser. They used MONA for release in doxorubicin in cancer cells
(MCF-7) and then imaging the impacts of the release.

SERS can also be used for imaging can also be via the enhanced Raman signal.
Jiminez de Aberasturi et al. used SERS nanotags consisting of Au nanorods and
nanostars as the plasmonic materials, which were decorated with two distinct
reporters, 2-naphthalenethiol (2NAT) and biphenyl-4-thiol (4BPT). They demon-
strate 3D imaging in layers of fibroblast cells [86], a structurally complex biological
sample.

4.4 Plasmon-Enhanced Fluorescent Sensing

Plasmonics can also be used to enhance fluorescence, known as surface plasmon-
enhanced fluorescence spectroscopy (PEF or SPFS) or metal-enhanced fluorescence
(MEF). This occurs by electric field effects like SERS for the Raman events. Like
SERS, it is dependent on the shape of the plasmonic material and the distance
between the fluorophore and the plasmonic material. Also similar to SERS, many
different nanoparticle shapes have been investigated for optimization of PEF (gold
nanorods, shells, pyramids, core-shell particles, etc.) [87]. PEF can increase fluores-
cence dramatically and lower limit of detection. However, nanoparticles possess a
strong absorption, so quenching effects can occur, where the dye fluorescence is
absorbed by the nanoparticle. Thus, depending on the separation and orientation,
either phenomenon can dominate.

PEF was used to create a COVID-19 antibody test for detection of IgG and IgM
[88] where the structure was a grating-coupled fluorescent plasmonic (GC-FP) to
enhance fluorescence of a secondary antibody appended with a dye molecule (e.g.,
Alexa 647). The GC-FP could attain an LOD of <2 ng and can be read out in 30 min.

PEF has also been used for detection of bacterial pathogens, including E. coli
O157:H7 which is a major threat to food safety. O157:H7 is challenging to detect
because the number of cells that can induce illness is extremely low, <10-100. Thus,
this places stringent benchmarks on any detection technique. Typically for bacterial
detection, samples are brought back to a lab to culture the cells and thus grow them
to a high concentration. However, Huang et al. [89] were able to use PEF induced by
a planar film to increase fluorescence and thus detect the species directly, with an
LOD of <10 cfu/mL and short detection times (40 min). This greatly reduces the
time for detection, as culturing can take days.

4.5 Photothermal Excitation of Nanoparticles

Because plasmonic nanoparticles have extremely high absorption cross section, they
can convert the energy of absorbed light into heat, resulting in heat localized to the
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nanoparticle. This property of nanoparticles has been exploited for externally con-
trolled localized heating, where laser irradiation at the SPR can be used to generate
heat to burn tumors or induce a thermally triggered change such as the release of a
drug. For gold nanorods and nanostars, their NIR absorption coincides with the
window where tissue absorbs minimally, which is ~800 to 1,100 nm, making them
attractive for through-tissue applications, facilitating nanomedicine applications
in vivo (Fig. 11c).

4.5.1 Ultrafast Excitation

Ultrafast excitation at the SPR with pulses on the order of femtoseconds (fs) has been
used to induce a rapid temperature rise in nanoparticles, which induces melting or
thermally triggered release. The fs pulse excites the electrons in the particle,
perturbing the electron distribution (Fig. 11a). Initially the relaxation occurs via
electron thermalization, by e-e scattering, and establishes a new Fermi electron
distribution that corresponds to a new higher temperature. This occurs extremely
fast, on the timescales of 500 fs for gold. This is followed by exchange of energy
between the electrons and the lattice by electron—phonon coupling and occurs over
the timescale of ps. These electron—phonon coupling rates are shape/size dependent.
Following this, there is energy exchange between the particle and the surrounding
medium by phonon—phonon coupling. This exchange is also size dependent and
occurs over several hundred picoseconds. The laser irradiation generates heat, and
because it is on the ultrafast timescale, it is faster than the dissipation rate to the
surrounding and thus melts the nanoparticles (Fig. 11b). For nanoparticles that are
different shapes than sphere, this results in a nanoparticle shape change. The shape
change was observed by TEM imaging and results in a change in the optical
absorption where the LSPR and the TSPR are not impacted [13, 90]. This confirms
the transformation of the particle from a rod into a sphere.

The ligand on the nanoparticle surface matters as it can affect the thermal
dissipation rates [93, 94]. For ligands that are not covalently attached, they can
still impact thermal dissipation and release rates, as they impact by influencing the
rate of exchange that can sometimes be by exchange [95]. Furthermore, the shape
change can also depend on the particle ligand [96].

4.5.2 Continuous Wave Excitation

Continuous wave (cw) excitation at the SPR can also be used to excite nanoparticles,
and is more convenient as the lasers are more portable compared to ultrafast
excitation. The laser excitation still excites the plasmon and generates heat, but
does not melt the nanoparticles. Continuous wave light is much easier from an
instrumentation perspective, as ultrafast pulsed lasers are expensive, not portable,
and not as compatible with fiber optics. In contrast, cw laser light can easily be sent
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down a fiber optic, so the working format can be more amenable to excitation in hard
to reach locations such as inside the body.

4.5.3 Applications of Photothermal Excitation
Phototriggered Release

The ability to heat nanoparticles by an external laser excitation has been exploited in
numerous formats, and has been particularly attractive for drug delivery [97]. The
main goal of drug delivery is that one wants to control the dosage and timing of a
drug. Because laser excitation can control heating, one has the ability to externally
control when drug release occurs from a nanoparticle carrier instead of having to rely
on passive release. The nanoparticle can be taken up into a cell or be transported
in vivo, and the absorption peak of the nanoparticle can be tuned to coincide with the
tissue window. It requires conjugation of the nanoparticle to the payload or targeting
species, so one has to control particle surface chemistry. If the nanoparticle is
irradiated by an ultrafast pulse, the mechanism of release occurs via breakage of
the Au-S bond. For cw excitation, release is by thermolysis, where DNA is released
from its complement by heat.

This approach has been used to trigger the release of chemotherapeutic agents in
cancer cells and in vivo, such as the release of doxorubicin from liposomes [98] or
the photosensitizer chlorine e6 (Ce6) for use in photodynamic cancer therapy
(PDT) [99].

Multiplexed Triggered Release

The controlled release of multiple species enables the technique to be more power-
ful, as biological reactions often do not have single inputs but multiple ones.
Multiplexed control opens the door to controlling more exciting biological pro-
cesses. By strategically tuning the size and shape of the nanoparticles used, they can
be tailored to absorb at different wavelengths, enabling excitation at multiple
wavelengths to selectively control release (Fig. 11d). For example, gold nanorods
of different aspect ratios possess LSPR peaks at 800 nm and 1,100 nm, so laser
excitation at either wavelength can selectively heat each nanorod, triggering the
release of different DNA strands [13]. This was extended to control blood clotting,
by loading on the nanorods aptamers that bind and inhibit thrombin, a protein in the
blood clotting cascade (Fig. 11e) [92]. The second nanorod possessed the comple-
ment to the aptamer, which would inhibit the aptamer when released. Thus, the
nanorods could be used to switch on and off blood clotting by external excitation.
Selective release has been used for gene circuits in cells [100], where the payload
released was siRNA.
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Photothermal Signal

The photothermal effect has also been used to enhance the signal in immunoassays,
to improve their sensitivity over visual readout [101, 102]. Laser excitation heats the
nanoparticles in the test area and the temperature change can be measured with a
thermal camera. Wang et al. demonstrated this approach could yield an eightfold
enhancement in lateral flow assays for influenza, malaria, and Clostridium
difficile [103].

5 Conclusions and Future Directions

In summary, there have been a wealth of applications for biosensing with
nanoplasmonics and nanophotonics, which has been strengthened by the robust
successes of the pillars supporting this discipline, which are theory, synthesis and
fabrication, and biocompatibility.

The understanding of their fundamental properties has been bolstered by a long
history of theory and simulations. This has been synergistically supported by the
numerous and versatile ways to fabricate, pattern, functionalize, and conjugate
plasmonic materials. Plasmonics have the rare advantage of possessing both effec-
tive chemical synthesis and top-down fabrication techniques. These have enabled
routine tailoring of the optical properties by changing their size, shape, and spatial
arrangement, with control over wide spatial and wavelength ranges.

One additional aspect that needs to be considered are the environmental effects of
plasmonic materials. The globe does not have an unlimited supply of gold, where
gold production is already declining and deemed to be unsustainable by 2050 by
the World Gold Council [104]. There are efforts in gold recycling, where material
can be recovered from electronics waste. In addition, some of the phenomena studied
traditionally for plasmonics are now being discovered for other materials. For
example, it was discovered that Raman enhancement can also be achieved in
dielectric materials such as TiO, and that SERS does not require a plasmon. This
opens the opportunity to use non-noble metals for some of these biosensing appli-
cations [105, 106].

Looking forward, innovation in biosensing seeks to move toward more complex
and real biological environments, such as sensing and control in cells and in vivo.
Clinical needs are often urgent and help drive innovation. With new biological
sensing challenges such as viral outbreaks and novel cancer therapies, the need for
novel sensing approaches has only grown.
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Abstract Continuous, on-demand, and, most importantly, contextual data regard-
ing individual biomarker concentrations exemplify the holy grail for personalized
health and performance monitoring. This is well-illustrated for continuous glucose
monitoring, which has drastically improved outcomes and quality of life for diabetic
patients over the past 2 decades. Recent advances in wearable biosensing technol-
ogies (biorecognition elements, transduction mechanisms, materials, and integration
schemes) have begun to make monitoring of other clinically relevant analytes a
reality via minimally invasive skin-interfaced devices. However, several challenges

Z. Watkins (D), A. McHenry, and J. Heikenfeld
Department of Biomedical Engineering, University of Cincinnati, Cincinnati, OH, USA
e-mail: watkinzl @mail.uc.edu


http://crossmark.crossref.org/dialog/?doi=10.1007/10_2023_238&domain=pdf
https://doi.org/10.1007/10_2023_238#DOI
mailto:watkinzl@mail.uc.edu

224 Z. Watkins et al.

concerning sensitivity, specificity, calibration, sensor longevity, and overall device
lifetime must be addressed before these systems can be made commercially viable.
In this chapter, a logical framework for developing a wearable skin-interfaced device
for a desired application is proposed with careful consideration of the feasibility of
monitoring certain analytes in sweat and interstitial fluid and the current develop-
ment of the tools available to do so. Specifically, we focus on recent advancements in
the engineering of biorecognition elements, the development of more robust signal
transduction mechanisms, and novel integration schemes that allow for continuous
quantitative analysis. Furthermore, we highlight the most compelling and promising
prospects in the field of wearable biosensing and the challenges that remain in
translating these technologies into useful products for disease management and for
optimizing human performance.
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1 Introduction

On-demand access to data regarding levels of circulating analytes indicative of
human health and performance has long been promised as the next breakthrough
for personalized medicine [1]. While advancements in analytical techniques in the
clinical laboratory and extensive developments in point-of-care assays for the
measurement of specific analytes have undoubtedly improved patient care, an
emerging wave of continuous wearable platforms promises the ability to harness
this information as patients go about their daily lives. These devices not only offer
access to more time-resolved data via high-frequency monitoring, but more impor-
tantly can provide contextual information corresponding to specific life events that
may help establish individual trends and patterns. The power of such data is well-
illustrated for glucose, where continuous glucose monitors (CGMs) have been
demonstrated to improve both glycemic control and overall disease burden for
diabetic patients compared to self-monitoring with fingerstick blood glucose test
strips [2].

With the global market value for continuous glucose monitoring projected to
exceed $10 billion within the next 5 years [3], commercial and clinical success
unfortunately remains out of reach for wearable devices that can measure other
analytes. Despite extensive development over the past 50 years, electrochemical
enzymatic sensors like those used in continuous glucose monitors are limited in their
generalization due to a finite number of suitable oxidoreductase enzymes found in
nature for the detection of a diverse set of relevant analytes. Thus, there is a large
unmet need for modalities and devices that could measure other target molecules for
a broad range of applications. Some pertinent examples include measuring analytes
that could (1) help alleviate disease burden for those with chronic conditions,
(2) improve outcomes for patients requiring postoperative monitoring, (3) revolu-
tionize hormone monitoring for patients suffering from infertility and other endo-
crine disorders, and (4) improve performance for athletes, military personnel, and
those with labor-intensive jobs. Recent advances in biorecognition elements, trans-
duction mechanisms, materials, and integration schemes have begun to make con-
tinuous wearable biosensing for other analytes a conceivable reality; however,
several challenges remain that are current topics of investigation for those in the
field.

In this chapter, we focus specifically on biomolecular sensing modalities that can
provide continuous measurements of relevant analytes via minimally invasive inter-
faces with the skin. This primarily includes chemical sensors that are deployable via
wearable devices that attach directly to the skin, but we will also briefly look toward
the next frontier of devices that can be implanted into the dermis and interfaced with
across the skin for long-term biosensing. We will not spend time discussing wearable
sensors that interface with mucosal surfaces, such as those for saliva or tears, as these
devices are extensively reviewed elsewhere [1, 4-9], and currently the most com-
pelling wearable demonstrations focus on devices that interface with the skin. While
saliva and tears may offer non-invasive biofluid sources for some applications,
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Fig. 1 Application-oriented framework for developing a wearable biosensing platform for the
continuous biochemical monitoring of relevant analytes

issues with continuity of biofluid access, excessive contamination, and impractical-
ity of continual device deployment have largely precluded most applications to date
[1, 6].

This discussion follows a generalizable framework that can be readily adopted in
the process of developing a wearable biosensing device for a given application
(Fig. 1), as expanded on in the subsequent sections of this chapter. In general,
analytes worth pursuing should be specific and actionable with temporal fluctuations
that justify continuous monitoring or longer-term changes that could benefit from
more frequent longitudinal monitoring. For example, glucose levels can vary dras-
tically over short timeframes (i.e., minutes-hours) based on the body’s metabolic
state and in response to the consumption of food [10]. On-demand access to glucose
levels provides the insight to make lifestyle changes in the forms of dietary and
medication habits and is thus highly actionable. On the other hand, while longitu-
dinally measuring C-reactive protein (CRP) may provide general insights into the
inflammatory state of the body, it does not provide specific information that can lead
to targeted resolution without additional diagnostic information. However, in con-
junction with continuous measures of other markers, such as IL-1p, CRP may be a
useful indicator that can help evaluate effectiveness of therapy against the specific
cause of inflammation or infection over a given course of treatment [11].

Once a target analyte or multiple relevant analytes have been identified, one must
first assess the availability of those analytes in biofluids suitable for wearable
biosensing and whether or not the concentration of analyte in that particular biofluid
has the potential to provide meaningful data. Secondly, a specific biorecognition
element that is capable of interacting with the analyte of interest must be chosen such
that the biomolecular event between the two can generate an appreciable signal for
detection in the physiological or therapeutic range of the analyte being measured.
This event must then be transduced appropriately via a modality that is suitable for
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wearable biosensing and must do so in a manner that maintains sufficient sensitivity
and selectivity of the interaction to a degree that a discernable signal can be produced
with adequate resolution for the application. All of these elements must be compat-
ible with robust integration schemes into ergonomic wearable devices, complete
with appropriate materials, electronics, and proper biofluid access such that contin-
uous measurements can be made as one goes about their daily life. This chapter
therefore highlights the recent advancements in these various aspects and empha-
sizes the fundamental challenges the field still faces in achieving these ends.

A final consideration is that these devices should ideally be cost-effective and
capable of lasting for long enough to justify monitoring in a continuous and
longitudinal fashion. For example, if a device costing $100 only lasted for 6 h at a
time, the estimated price for 2 weeks’ worth of data, mirroring that of commercial
CGMs, would exceed $5,000. Furthermore, the burden of repeated device applica-
tion would hardly provide any additional benefits beyond those provided by point-
of-care assays. As miniaturized electronics and device power capabilities continue to
advance at a rapid pace, it appears as if the largest bottleneck for emerging wearable
biosensors moving forward will be the longevity of their sensing and transducing
elements. As such, we will conclude our discussion by highlighting the most
promising modalities and prospects for advancing the commercial and clinical
success of biosensors beyond that of current continuous glucose monitors.

2 Beyond Glucose: Relevant Analytes and How to Access
Them for Continuous Wearable Monitoring

The first step in crafting a wearable device for on-demand monitoring requires
identification of analytes worth pursuing for human health, disease, and performance
assessment through an application-oriented lens. One-to-two-week wearable contin-
uous glucose monitoring is a historical achievement in the management of diabetes,
as it has enabled precision dosing of insulin and allowed for insight into potential
lifestyle modifications that can improve glycemic control [12]. As a result, long-term
outcomes for these patients have significantly improved [2, 13]. While glucose
monitoring serves as the current benchmark for continuous wearable biosensing,
few demonstrations for continuous sensing of other analytes have even come close to
such success. There are numerous other analytes that could benefit from more
frequent, longitudinal monitoring in a wearable device, including hormones, thera-
peutic drugs, and cardiac biomarkers to name a few.

Target analytes worth pursuing are ideally specific to a certain disease state and
are resultingly actionable or reflect a physiological disturbance that is largely
correctable. For disturbances that are not specific to a certain pathophysiology, the
measured analyte should be one that must be maintained at certain levels for proper
bodily functioning. For example, there are numerous conditions that can lead to
hypo- or hypernatremia (i.e., low or high blood Na* levels, respectively); however,
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these levels must be tightly regulated in order to maintain transmembrane potentials
required for necessary cellular operations. Therefore, while not specific to any one
disease state, information regarding Na* and other electrolyte levels is highly
actionable, as treatment can be initiated to correct the imbalance, while the primary
cause of the disturbance is further investigated. Cardiac troponin I on the other hand
is a highly specific biomarker that is indicative of cardiac cell death, and therefore
monitoring of this biomarker can identify the onset of a myocardial infarction and
thus inform treatment decisions for preventing further myocardial damage.

Furthering this notion of application-oriented development, one must determine
how the analyte of interest can be feasibly accessed and measured in a wearable
device. While blood serves as the gold standard biofluid for routine clinical analysis,
it is invasive and currently impractical to have an indwelling intravenous sensor for
continuous monitoring in ambulatory individuals given the risk of infection. As a
result, peripheral biofluids such as sweat and interstitial fluid have gained consider-
able attention for continuous wearable biosensing applications due to their avail-
ability via minimally invasive interfaces with the skin. Methods of biofluid access at
the skin interface are expanded upon in the subsequent sections but can be broadly
categorized into 3 main approaches including (1) transdermal extraction, (2) surface
collection of natural perspiration, and (3) minimally invasive disruption of the
epidermal barrier to transdermally access underlying ISF. In light of these options,
the presence and significance of specific analytes in either sweat or interstitial fluid
must first be carefully assessed to determine the feasibility of peripheral monitoring
for a given application.

Table 1 provides concentrations and characteristics of some common clinically
relevant analytes spanning from ions, metabolites, and small lipophilic molecules to
larger peptide and protein biomarkers. Several of these analytes have concentrations
in ISF and sweat that are drastically different from those seen in routine blood
analysis, while many have not been assessed in these fluids due to the difficulties of
sample collection and analysis using gold standard assays. Based on the dynamic
partitioning of analytes from blood into sweat and ISF, as elaborated on in Sects. 2.1
and 2.2, certain biomarkers may be highly dilute or completely absent in these fluids
and thus raises an important consideration for application-oriented device develop-
ment. Furthermore, one must consider the significance of analyte levels measured in
these peripheral biofluids, as they may not necessarily be reflective of systemic
phenomena. If analyte levels in these fluids are not correlative to blood levels, it may
suggest local analyte production/accumulation and therefore one must evaluate if
such information has utility for a given analyte [6, 14, 15].

Another consideration for real-time, on-demand biosensors is the temporal reso-
lution needed for a given application and the relationship between changes in analyte
concentrations in the blood and those in the biofluid being analyzed. For example, it
is known that glucose levels exhibit an average delay of 5-10 min in order for
changes in blood to be reflected in ISF concentrations [18, 36, 37]. Devices mea-
suring analytes in sweat and ISF must account for such “physiological lag times” if
real-time monitoring with high temporal resolution is desired. With regard to
frequency of monitoring, few analytes have temporal fluctuations that vary as
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rapidly and drastically as glucose and consequently require prompt resolving
actions, such as insulin or oral glucose administration. Therefore, it is likely that
most analytes worth pursuing for continuous sensing will benefit from more long-
term longitudinal monitoring to analyze trends over several hours, days, or weeks. In
these cases, concerns with lag time may not be a pertinent issue. Furthermore,
predictive algorithms have been developed to account for these lag times for glucose
[38] and are likely adaptable to the real-time measurement of other analytes.

The following sections review the specific approaches, opportunities, and chal-
lenges for minimally invasive continuous biosensing in sweat and interstitial fluid.
The physiology of analyte partitioning for each is briefly overviewed to provide
insights into which analytes may be available for direct chemical detection and to
highlight important biological considerations for continuous monitoring. The com-
mon methods of biofluid access for peripheral monitoring are also reviewed with
their corresponding advantages and limitations for wearable devices.

2.1 Sweat Biosensing

Sweat presents an appealing biofluid option for non-invasive continuous
biomonitoring given that it is readily accessible on the surface of the skin for in
situ analysis without the need for compromising skin barrier function. Eccrine sweat
glands are distributed throughout the skin with a density of 50-500 glands/cm?
depending on location [39] with typical sweat production rates that vary from 0.01 to
2 pL min~' cm~? depending on the body’s hydration and thermoregulatory status
[40]. Sweat secretion occurs in a pulsatile manner and is controlled via acetylcholine
agonism of muscarinic receptors on secretory cells and periglandular myoepithelial
cells under sympathetic nervous system control [41]. Sweat glands are highly
vascularized in the dermis and are bathed in dermal interstitial fluid, both of which
are key factors that determine sweat composition as the glands carry out their
exocrine function within their local environment [42].

Eccrine sweat is primarily composed of water and electrolytes under the tight
regulation of aquaporins and specific ion transporters. Notably, sweat also contains a
plethora of other analytes originating from blood, ISF, and the eccrine gland itself
which can include local waste products, metabolites, proteins, and other compounds
that may be of interest for biomonitoring [43]. However, given that secretory cells
are connected by tight intercellular junctions that limit paracellular partitioning into
sweat glands, some larger analytes found in circulation may be highly diluted or
completely excluded from sweat. We refer to prior review articles for an in-depth
analysis of sweat analyte partitioning with regard to peripheral biomonitoring [6, 40,
44]. In brief, most analytes readily available for monitoring in sweat are those that
can either paracellularly traverse secretory cell tight junctions or passively diffuse
through their cell membranes. This predominately includes electrolytes, metabolites,
and small lipophilic molecules such as steroid hormones and classic drugs, though
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certain proteins may also be present with considerable dilution compared to blood
concentrations (see Table 1).

While establishing biofluid access to measure these analytes is not a concern for
sweat due to its availability at the skin surface, issues with small sample volumes
(i.e., ~nLs), biofluid continuity, and reliable sweat—sensor coupling have presented
considerable challenges for the field. In 2013, Jia et al. were able to demonstrate the
first integrated on-body sweat biosensor by directly coupling an enzyme-based tattoo
onto the skin for electrochemical lactate detection [45]. While these early approaches
of direct sensor-to-skin contact opened the door to wearable sweat biosensing [45—
48], concerns of variable sweat composition (e.g., mixing of old and new sweat) and
unreliable transport of sweat to sensing interfaces have led to a push toward
advances in reliable sweat sampling via microfluidic coupling [6, 7, 49]. Relying
on sweat secretory driving pressures that range from 2.4 to 2.9 kPa [50], microfluidic
devices have recently been engineered to achieve consistent and predictable manip-
ulations of the small sample volumes that can be reasonably collected from a patch
on an individual’s skin [50-55].

Given that most early demonstrations of wearable sweat biosensing were geared
toward applications for active individuals that naturally sweat (e.g., athletes, military
personnel, etc.), researchers relied on exercise- or heat-induced sweating to produce
sufficient sample volumes for adequate analyte detection. These initial successes
harnessed considerable attention for extending continuous sweat sensing to seden-
tary individuals not actively sweating for health monitoring applications. To achieve
this, Kim et al. demonstrated the first wearable sweat sensing device with integrated
sweat stimulation in 2016 using local iontophoretic delivery of the cholinergic agent
pilocarpine [56], similar to clinical tests for measuring sweat chlorides in cystic
fibrosis diagnosis [57]. Iontophoresis is a common transdermal drug delivery method
that involves applying voltage across the skin in order to drive charged species into
the dermis based on their migration in the resulting electric field (not to be confused
with reverse iontophoresis; see Interstitial Fluid Biosensing). Most iontophoretic
delivery is performed under a constant current density (e.g., typical values of
~0.1-0.5 mA/cm?) via feedback control of the applied voltage in response to the
variable resistance of the skin in order to achieve a constant flux (i.e., mol s~ cm™2)
of the species being delivered [58]. As a result, iontophoresis can be leveraged to
precisely deliver positively charged cholinergic agents, such as acetylcholine and
pilocarpine, to sweat glands in the dermis via electrorepulsion from a positively
charged anode at the skin surface in order to stimulate sweat production for contin-
uous biosensing in sedentary individuals.

Initial demonstrations of sweat biosensing with integrated sweat stimulation
[56, 59, 60] revealed a viable approach for overcoming challenges associated with
inadequate sweat generation, increasing natural baseline sweat rates of <1 nL/min/
gland to >5-10 nL/min/gland via iontophoretic delivery of pilocarpine, for example
[61]. These studies demonstrated that continuous wearable sweat sensing could be
an achievable reality and that iontophoretic sweat stimulation with a suitable agent
would be a prerequisite for long-duration measurements to ensure biofluid continuity
for most applications involving individuals at rest [6]. However, due to the rapid
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metabolism and short-lived effects of agents such as acetylcholine and pilocarpine
(i.e., several minutes to ~1.5 h), prolonged measurement over several hours requires
repeated and sustained delivery which can cause excessive skin irritation and
potential tissue damage [58, 61]. The Heikenfeld group later expanded on iontopho-
retic sweat sensing schemes by utilizing carbochol, a slowly metabolized cholinergic
agent with both muscarinic and nicotinic agonism, which was shown to produce
longer duration and more controllable local sweating due to the sudomotor stimula-
tion of sweat glands adjacent to the site of iontophoretic delivery [62, 63, 61]. Precise
iontophoretic delivery of carbochol was shown to produce stable sweat generation
rates over several hours at lower doses and less overall current exposure/charge
injection compared to other agents [61], thus enabling safe, multi-day sensing of
stimulated sweat. This breakthrough led to the first validation of a continuous and
blood-correlated sweat-sensing device with integrated sweat stimulation by Hauke
et al. in 2018 [53].

Despite these recent advances, there are still considerable challenges that warrant
further investigation in order to translate continuous sweat biosensing into clinical
and commercial viability. One issue that is specific to monitoring in sweat is the
variable salinity and pH of the biofluid (pH ~4.5—7), which can drastically alter the
performance of biosensing elements. Recent efforts have attempted to isolate sensors
from these changes [64] and from potential contaminates at the skin surface (e.g.,
bacteria and sebum) [65] via oil-impregnated membranes. Other approaches have
focused on measuring pH, temperature, and electrolyte concentrations in efforts to
provide dynamic sensor correction as skin temperature and sweat composition
fluctuate over time [66—71]. Additional challenges include the dependence of
sweat composition and resulting analyte concentrations on sweat rate. It is well
known that Na* and Cl~ levels are heavily dependent on sweat rate due to
reabsorption along the secretory duct [40, 72, 73], while glucose levels also show
considerable dependence [19, 74]. As a result, compensation for sweat rate has also
been explored by employing integrated sweat rate sensors and corrective
algorithms [75].

Overall, the largest uncertainty for sweat biosensing is the presence of certain
analytes in sweat and the clinical significance of their concentrations as they relate to
systemic phenomena. The goal of monitoring in sweat for most analytes is for the
concentrations measured to serve as a non-invasive proxy for blood measurements.
As discussed previously, it is possible that some analytes worth pursuing may not be
present in sweat and, even if they are present, may not correlate significantly to blood
concentrations. Recently, there have been demonstrations of increasing paracellular
permeability to enhance analyte flux into sweat via local delivery of agents that can
modulate intercellular tight junctions [74]. However, such efforts must be critically
evaluated on an individual analyte basis and assessed in conjunction with iontopho-
retic stimulation for continuous monitoring as biology may ultimately be restrictive
in what analytes can be measured in sweat with any appreciable diagnostic utility.
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2.2 Interstitial Fluid Biosensing

Compared to sweat, the interstitial fluid (ISF) surrounding the cells of the dermis and
subcutaneous fat provides a much richer source of relevant analytes given that it is
directly connected to the bloodstream via extensive networks of continuous capil-
laries [76]. Considering that these semipermeable capillaries are designed to deliver
nutrients and remove waste from the skin, they also effectively serve as the route by
which analytes from blood partition into dermal and subcutaneous interstitial fluids.
Two predominant types of continuous capillaries exist in the skin, those fenestrated
with diaphragms and those without fenestrations [77]. Fluidic connection between
the blood and interstitial fluid is established both through these diaphragmed fenes-
trations and through the loose adherens junctions between adjacent capillary endo-
thelial cells. The sum of the hydrostatic and osmotic pressures between blood and
interstitial fluid (~2-20 mmHg net gradient) leads to a net advective flow of filtered
blood plasma into the interstitial space as described by the Starling principle [78—
80]. As fluid moves from the microvasculature into the interstitium, analytes from
the blood can potentially enter ISF via one or more distinct mechanisms:
(1) paracellular transport through capillary fenestrations and/or loose adherens
junctions between adjacent endothelial cells, (2) transcellular diffusion across the
plasma membranes of capillary endothelial cells, or (3) active transcytosis across
endothelial cells via caveolae or clathrin-coated vesicles.

Many low molecular weight species (<1 kDa), particularly ions and small polar
molecules (e.g., glucose and urea), can freely traverse intercellular junctions and thus
predominately partition via the paracellular route. This results in concentrations in
ISF that are often nearly identical to those in blood plasma for these analytes. It is
well known that ions, such as Na*, K*, and H* (i.e., pH), are consistent across blood
and interstitial fluid since precise concentrations are necessary for proper cellular
function [81]. Additionally, it has been repeatedly shown that ISF glucose mirrors
that of blood, attributable to its small size and polar nature enabling unrestricted
movement across adherens junctions [18, 36]. For small hydrophobic compounds,
such as steroid hormones and classic lipophilic drugs, the situation is complicated by
the fact that these compounds exist in blood primarily bound to large plasma proteins
(e.g., albumin) which cannot freely pass from blood to ISF [23, 24]. For example,
cortisol (362 Da) exists in circulation ~90-95% bound to both corticosteroid-binding
globulin and albumin at total physiological concentrations ranging from 50 to
700 nM. Since cortisol is highly lipophilic, the unbound molecules are free to diffuse
across endothelial plasma membranes to equilibrate between blood and ISF [6]. As a
result, unbound concentrations of cortisol in blood plasma (i.e., ~5—50 nM) are fairly
consistent with those in ISF. Similarly, ISF concentrations for other highly bound
analytes, such as small molecule drugs, are largely expected to mirror their unbound
blood plasma concentrations [23, 82] (see Table 1).

Regarding paracellular partitioning of larger analytes, such as proteins, the
capillaries act as both a size-exclusive and charged barrier to passive transport,
resulting in selective filtration from blood to ISF. It has been shown that size-
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Fig. 2 Size of clinically relevant analytes that may be capable of partitioning into interstitial fluid
based on an estimated capillary molecular weight cutoff ~60-70 kDa (~6—7 nm diameter) for
paracellular partitioning. Adapted from Ono et al. [76] under a Creative Commons license CC BY
4.0

restricted transport into ISF through the adherens junctions becomes dominant near
65 kDa based on average interendothelial pore sizes of around 67 nm [76]. While
capillary fenestrations provide larger physical pore sizes of up to 60-80 nm, the
estimated upper limit for paracellular transport is reportedly <6—12 nm due to the
charge barrier imposed by the anionic layer of proteoglycans and glycosaminogly-
cans along the capillary lumen known as the glycocalyx [77]. As a result, some
larger and highly charged protein-based macromolecules, such as peptide hormones,
antibodies, cytokines, and lipoproteins, are largely filtered from the blood plasma
that enters ISF.

Figure 2 shows a collection of exemplary analytes that may be capable of
paracellular partitioning or alternatively may be excluded from ISF based on these
physiological upper limits. However, this does not take into account the active
transport of large macromolecules across endothelial cells or the dynamic
remodeling of interendothelial junctions based on extracellular stimuli. Insulin, for
example, has been shown to bind endothelial receptors on the capillary lumen that
initiate clathrin-dependent endocytosis with subsequent exocytosis into the intersti-
tial space [83]. However, due to its small size (5.8 kDa), paracellular partitioning still
plays a significant role in insulin delivery to tissues [84]. Albumin, on the other hand,
is too large for unimpeded paracellular partitioning but has been shown to enter ISF
in small quantities predominately via caveolae-mediated vesicular transport
[85, 86]. Regardless of size, local inflammation can drastically increase extravasa-
tion of large analytes due to inflammatory mediators initiating cellular signaling that
can disrupt interendothelial junctions and upregulate luminal analyte receptors
[87]. Therefore, in relating blood concentrations of large macromolecules to those
in ISF, active transport and the effects of stimuli like inflammation must be carefully
considered. We refer to prior reviews for a more in-depth analysis of dynamic
analyte partitioning and the resulting physiological considerations for ISF monitor-
ing [6, 14].
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Fig. 3 Overview of leading strategies for skin-interfaced biosensing for both (a) sweat and (b)
interstitial fluid. Adapted from Friedel et al. [14]; copyright 2023 Springer Nature

While interstitial fluid may provide access to a more diverse set of analytes that
have a higher potential for correlation with blood concentrations, minimally invasive
access to interstitial fluid compared to sweat is considerably more challenging.
Traditional analysis of ISF has relied on sample extraction via vacuum/suction
blisters, pressure-based needle withdrawal, or microdialysis, all of which are sus-
ceptible to artifacts and infeasible for long-term continuous monitoring [14]. The
first attempt at a wearable device for interstitial fluid monitoring was the
GlucoWatch Biographer, which was based on the principle of reverse iontophoresis
to continually extract interstitial glucose for external sensing [88]. Reverse ionto-
phoresis is similar to iontophoretic drug delivery in that it involves the application of
a potential across two electrodes placed on the skin; however, instead of delivering a
charged species into the dermis, the resulting flow of ions is used to extract diluted
ISF and bring neutral species, such as glucose, to the surface via electroosmosis
(Fig. 3). While the GlucoWatch was later discontinued due to issues of accuracy and
skin irritation from the applied potential [89], recent efforts have attempted to
address these concerns by employing lower current densities (~0.25 mA/
cm? vs. ~0.5 mA/cm? for the GlucoWatch) for shorter periods of time [59, 90-92]
and increasing flux through the local delivery of charged species such as hyaluronic
acid [93].

Other strategies for minimally invasive access to analytes in interstitial fluid for
continuous monitoring have involved compromising the epidermal barrier to achieve
direct coupling to underlying dermal and hypodermal interstitial fluids. The most
prevalent examples are those employed by leading diagnostic companies (e.g.,
Abbott, Dexcom, and Medtronic) where wire-based or thin-film electrode arrays
are transdermally placed 5-9 mm beneath the skin surface via a custom inserter that
leaves the necessary on-body electronics adhesively attached to the skin. These
devices represent the current benchmark for on-body biosensing with accurate
continuous measurements for up to 2 weeks and have been extensively studied
and reviewed owing to their unrivaled commercial and clinical success
[94, 95]. Other approaches have focused on utilizing microneedle arrays, which
may obviate the need for complex inserters and are overall less invasive given that
they typically penetrate less than 1 mm into the dermis and are <200 pm in diameter.
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Recent demonstrations have utilized both solid microneedle arrays with
functionalized needles placed directly into the dermis [96-99] and hollow
microneedle arrays, where the lumen of the microneedle creates a fluidic path to
ex vivo housed sensors allowing for more versatile device design [100—104]. A new
frontier of implantable devices has also gained traction, exemplified by the
Senseonics Eversense, where the device is fully implanted in the dermis and
interfaced with the skin via an external reader [105, 106]. These approaches are
summarized in Fig. 3 alongside the leading approach for continuous sweat
biosensing, which was recently shown to be compatible with integration into a
dual sweat/ISF biosensing device [59].

Given these approaches, several physiological considerations must be taken into
account to ensure reliable and accurate biosensing. One consideration is that the
dermis is typically under negative pressures of —1 to —4 mmHg relative to atmo-
spheric pressure due to constant lymphatic clearance [107], which may complicate
hollow microneedle-based approaches that rely on fluidic coupling and analyte
transport to ex vivo sensing elements. Additionally, any device that disrupts the
epidermal barrier to access ISF will inevitably induce a local inflammatory response,
which may transiently increase vascular permeability in the short term and initiate a
foreign body response in the long term, both of which may diminish sensor accuracy
and confound correlation to blood concentrations [108]. Lastly, the local production
of certain analytes (e.g., cytokines, inflammatory markers) and the local utilization of
analytes (e.g., glucose uptake into adipose cells) at the sensing location must be
accounted for if the data are to be used as a proxy for systemic phenomena
[14]. Similar to sweat biosensing, further investigation is needed to evaluate what
analytes can be measured in ISF with appreciable diagnostic utility, which ultimately
may be accelerated by the development of robust biosensors utilizing the techno-
logical advances detailed below [109].

3 Choosing the Most Appropriate Biorecognition Element

Once a suitable biomarker has been identified and its presence in either interstitial
fluid or sweat has been established, careful consideration must be given to the
biomolecules capable of selective recognition of the analyte to be measured.
Biorecognition elements can be divided into two broad categories depending on
whether they catalyze a chemical reaction involving the analyte (i.e., catalytic/
reactivity based) or if they simply interact with the analyte via non-covalent
intermolecular forces with a certain affinity (i.e., affinity-based). Such elements
can be found in nature, chemically modified, or synthetically derived to mimic
naturally occurring biomacromolecules. When assessing key criteria for selecting
suitable biorecognition elements, they should ideally be (1) selective for the target
analyte against chemically similar species, (2) stable in complex biofluids,
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(3) capable of generating a measurable interaction with analyte in the concentration
range relevant to the application, and (4) kinetically tuned to respond appropriately
and reversibly to changes in concentrations. Below we will discuss the benefits and
limitations associated with the major classes of these elements for continuous
wearable biosensing and highlight the recent progress in advancing molecular
biorecognition, as summarized in Fig. 4.

3.1 Reactivity Based

In 1962, Clark and Lyons published the first conceptualization of a biosensor that
could capitalize on the specific reactivity of glucose and oxygen with the enzyme
glucose oxidase (GOx) such that glucose could be detected indirectly by the
proportional decrease in oxygen concentration measured at an amperometric sensor
[110]. Shortly thereafter, Clark demonstrated that retaining GOx near a platinum
anode with cellophane allowed him to measure glucose in whole blood via detection
of the hydrogen peroxide produced in the catalyzed reaction [111, 112]. This success
opened the door to the field of biosensing, as this concept was quickly adapted to the
use of other enzymes, such as urease [113] and lactate dehydrogenase [114], with
varying immobilization strategies and transduction schemes.

Enzymes comprise the entirety of the reactivity-based biorecognition elements
and also represent the class of biosensor that has achieved the greatest commercial
success due to the widespread adoption of fingerstick and continuous glucose
monitors for diabetes management. Enzymatic sensors rely on the catalysis and
specific chemical reactivity of a target analyte with a particular enzyme to produce a
new species. A generalized reaction scheme for enzymatic catalysis can be
expressed as:

kr
E+S:ES kcat—>E+P (1)
k,

where E is the enzyme that catalyzes the reaction of substrate S to product P through
the formation of an enzyme substrate complex ES. Assuming reversible formation of
this complex with respective forward and reverse rate constants, k; and k,, and an
irreversible conversion to P with rate constant k., rearrangement of the rate
equations associated with Reaction 1 gives rise to the Michaelis-Menten equation:

d[P} — Vma—x[S] o Signal (2)

V="dr TRyt

where V is the rate of the product formation, V. is the maximum rate obtainable
under saturating conditions, and K, is the Michaelis constant, which is defined as:
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kr +kca
f

and represents the concentration of substrate that results in a rate that is 12V, at
equilibrium. Kj; and V. are intrinsic properties of an enzyme/substrate pair in a
given system as V. is related to k., and the overall enzyme concentration, [Ey], via
Vimax = keat [Eo). These parameters relate to the activity of an enzyme, which is
defined as the amount of substrate an enzyme can catalyze into product in a given
amount of time (i.e., pmol/min) under specified conditions, and thus are key factors
in an enzyme’s performance as a recognition element in a biosensing system.

As denoted in Eq. 2, the rate of product formation is directly related to the
concentration of the analyte being measured. Therefore, enzymatic biosensors in
the general sense rely on the generation of a product that can be specifically detected
either optically or electrochemically, which can then be related back to the concen-
tration of analyte being measured. This may include the production of an
electroactive species or the production of a species that results in a color change or
change in fluorescence of the sample. Beyond the direct detection of enzymatic
products, other transduction schemes for enzymatic sensors may involve the use of
shuttle species known as mediators that can facilitate rapid downstream analyte
detection, or involve the direct coupling and proper orientation of enzymes to a
transducer, as is the case for enzymes undergoing direct electron transfer with an
electrode upon analyte conversion. Since reaction rate is the determining factor for
signal generation, flux of analyte to the sensing interface is a critical aspect of
performance for systems utilizing enzymatic biorecognition [115]. As a result,
enzyme immobilization and encapsulation strategies are important design consider-
ations for integrated continuous sensing devices, as demonstrated by the use of flux-
limiting membranes to tune the dynamic range of commercially available continuous
glucose monitors [116, 117].

A major benefit of using enzymes for biorecognition lies in the versatility of the
immobilization strategies that can be used to contain enzymes at the sensing
interface for continuous monitoring. There have been several approaches demon-
strated in the literature for enzyme immobilization, including physical adsorption,
covalent coupling, polymeric encapsulation, and cross-linking entrapment
[118]. Since most enzymes undergo minimal conformational change in catalyzing
areaction [119], signal generation is not heavily dependent on the physical mobility
of the enzyme at the site of containment. However, if the native structure of the
enzyme is drastically altered during the immobilization process, the activity of the
enzyme may be significantly reduced [115]. Therefore, methods that minimize loss
of activity and minimize the amount of enzyme needed to generate appreciable
signal once immobilized are desirable [118]. Recent approaches have focused on
layer-by-layer assembly techniques to create multilayer architectures that minimize
loss of enzyme activity for more sensitive analyte detection [120, 121]. Other key
considerations for enzyme immobilization include the long-term stability of the
biorecognition layer in complex media and the ease of incorporation into robust
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device designs such that signals can be transduced appropriately. We refer to prior
reviews for a more in-depth analysis of the benefits and drawbacks of specific
enzyme immobilization strategies for biosensing applications [118, 122, 123],
along with the incorporation of specific mediators that can lead to more sensitive
and specific analyte detection [115].

Since enzymes are highly complex biological catalysts, they are predominately
found in nature and isolated from biological sources, such as bacteria and yeast. As a
result, enzymatic biorecognition is limited to analytes that are substrates for naturally
occurring enzymes where there is conversion to a product that can be specifically
detected. Furthermore, most enzymatic sensors have insufficient limits of detection
to measure low concentration analytes (i.e., pM to nM) and are typically limited to
analytes that are present in the high pM to mM concentration range (e.g., glucose,
lactate, and ethanol). Recent efforts have been aimed toward the reengineering of
enzymes to improve sensitivity for biosensing applications, aided by computational
modeling to drive directed evolution mutagenesis and the incorporation of site-
specific chemical modifications [124, 125]. Other emerging innovations include
the development of artificial enzymes and nanozymes, which obviate the need for
natural enzymes by achieving catalysis with sophisticatedly designed nanomaterials
[126, 127]. While these analogues may achieve superior stability in complex bio-
logical media, they currently lack the specificity offered by their naturally derived
counterparts [126]. Ultimately, enzyme-based biosensing is currently confined to a
limited subset of small molecule targets as catalytic biorecognition is not suitable for
measurement of some analytes, such as large protein-based biomarkers. Thus, many
applications of continuous wearable biosensing will be reliant on affinity-based
biorecognition and its accommodation of a more diverse catalog of target analytes.

3.2 Affinity Based

Affinity-based biosensors rely on the equilibrium between the bound and unbound
states of a bioreceptor molecule with a target analyte given by:

kon
T+R = TRcomplex (4)

kot

where T is the target that specifically binds at a singular binding site to receptor R,
forming an intermolecular complex TR with an association rate constant of k,,. The
ratio of the dissociation rate constant, k.g, and k,, gives rise to the dissociation
constant, K, which is a measure of binding affinity between the target and
biorecognition element at equilibrium.
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KDE = Tl (5)

The dissociation constant represents the equilibrium concentration of target at
which the fraction of available receptors bound to target (fiouna) is 50%. By solving
the following rate law equation associated with Reaction 4:

d[TR]
i kon[T|[R] — kofe[TR] ()

with the assumption that [7] > > [R] (i.e., [T] is relatively constant), the relationship
between the concentration of target and the fraction of receptors bound at equilib-
rium can be derived to give rise to the Langmuir equation:

__ (R _ 7] -
fbound = [R] + [TR] - [T] +Kp X Slgnal (7)

where the signal provided by the interaction between the target and receptor is either
proportional or inversely proportional to the fraction of bound biorecognition ele-
ments. For multivalent receptors with more than one target binding site, Eq. 7 can be
generalized to the Langmuir—Hill equation, which takes into account the effects of
cooperative binding [128]. While there have been demonstrations of multivalent
biorecognition elements in efforts toward signal amplification and dynamic range
modulation [129], analyte binding at equilibrium for most biosensors at a given
temperature follows a simple Langmuir isotherm, which mirrors the mathematical
relationships seen in Michaelis-Menten kinetics of enzymatic systems.

An important consideration for wearable affinity-based biosensors is the trade-off
between the binding affinity at equilibrium (i.e., thermodynamics) and the response
time of the sensor (i.e., kinetics), determining its practical “reversibility” over a
given operational timeframe. It is known that &, is largely dictated by the physical
and structural properties of receptor—analyte binding and is typically limited to
values of 10°-10" s M~ for large biomacromolecules [130, 131]. Therefore, for
most biosensors, the Kp is predominately determined by k¢, with higher affinity
receptors requiring slower off-rates [132]. The rate of equilibration for a sensor in the
presence of a given target concentration can be realized via the transient solution to
Eq. 6:

fbound(t) = [T] [‘Yf:]KD (1 —e (kon[T]JrkOff)t) (8)

This relationship presents an extraordinary challenge in terms of sensor equili-
bration times for low concentration analytes that require high-affinity bioreceptors in
order to make meaningful measurements. For example, an insulin sensor with an
adequate Kp of 500 pM attempting to measure a postprandial concentration of 1 nM
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with a typical ko, of 10° s~ M~" [131] would take ~45 min to reach 98% of its
equilibrium value, a time by which insulin concentrations may have fallen drastically
back toward basal levels. Lubken et al. recently provided an insightful analysis on
this issue by modeling the dynamic response of affinity-based sensors for
low-abundance analytes [133] and proposed solutions that may achieve more rapid
quantification by controlling sample volumes and flow at the sensing interface
[134]. However, these approaches still rely on full equilibration and may overly
complicate device design. Recently, Maganzini et al. demonstrated a signal
processing approach that analyzes the sensor’s kinetic response in the frequency
domain in order to track fluctuating concentrations of analytes in real time without
the need for reaching equilibrium [135]. It is likely that a combination of these
approaches and others will be necessary for accurate on-demand quantification of
analytes in the pM to sub-pM concentration ranges, especially for analytes that
fluctuate more rapidly.

Other considerations for affinity-based biosensors include their means of signal
generation upon analyte binding and how the bound fraction can produce some
specific change in the sensing environment that can be appropriately transduced and
quantified. Some examples of binding-induced changes seen in affinity-based
biorecognition include changes in receptor conformation, changes in supramolecular
chemistry, changes in local charge distribution/permittivity, changes in optical
properties, changes in mass/diffusivity, and the induction of subsequent chemical
or physical events that may be specifically transduced. Additionally, it is also
important to consider the effects different sample media will have on analyte
binding. For example, the variable salinity and pH of sweat may drastically change
the affinity of a biorecognition element for its target and therefore must be accounted
for in such environments. Furthermore, the long-term stability of a given
biorecognition element in complex biofluids such as sweat and ISF must also be
considered as denaturation may occur over time due to hydrolysis, enzymatic
degradation, or non-specific interactions with other molecules.

Below, we explore these considerations for the major classes of affinity-based
biorecognition elements and review their suitability for use in continuous wearable
platforms. Furthermore, we highlight the specific challenges each face and the
emerging innovations that seek to overcome these obstacles.

3.2.1 Antibodies

Antibody-based biorecognition platforms are a mainstay in clinical diagnostics
owing to their high sensitivity and selectivity, commonly seen in the form of
enzyme-linked immunosorbent assays (ELISA) and lateral flow assays (LFA).
Given their widespread use, there has been much interest in leveraging antibodies
into reagent-free and continuous immunosensing platforms for wearable applica-
tions. While antibodies can bind a wide range of molecules and demonstrate high-
affinity binding to their target (Kp ~ 10~ ’—=10~'% M) with unmatched specificity,
issues with sensor reversibility have largely precluded continuous operation,
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effectively limiting immunosensors to single-use point-of-care applications.
Although the binding of an antibody to its antigen is technically reversible in the
thermodynamic sense, the slow off-rates that accompany the low Kp values of
antibodies make them practically irreversible on the operational timescales needed
for continuous, on-demand biosensing. If immunosensors are used for repeated
measures in practice, they often have to rely on denaturants, such as detergents or
chaotropic agents (i.e., urea, guanidinium hydrochloride), to disrupt antibody—ana-
lyte binding and regenerate the sensor for further quantification [136]. Some recent
demonstrations have achieved semi-continuous quantification with antibodies in
various biofluids; however, they required exogenous reagents [137], utilized com-
plex processing not suitable for wearable biosensing [138], or lacked evidence of
regeneration in situ [11, 139]. Ultimately, there have been no demonstrations to date
detailing a continuous reversible immunosensor that can track fluctuations of an
analyte in real time via a reagent-free wearable platform.

Other key considerations for immunosensors include the process of generating
quality antibodies with the high affinity and selectivity expected of antibody—antigen
binding pairs. Antibodies, like enzymes, are derived from natural sources but
typically involve more complex protocols using animals and/or cell cultures making
antibody production expensive and labor-intensive. These methods rely on the
ability of an antigen to initiate an immune response in a mouse, rabbit, or cell line,
which poses challenges for generating antibodies against target molecules with
limited immunogenicity; however, there are known strategies for inducing humoral
immunity against small molecules (i.e., haptens) by utilizing proper protein carriers
[140]. Due to the complexities of production, animal-derived antibodies may also
suffer from batch-to-batch variations [141], which can drastically affect sensor
reproducibility. The end product of antibody production is a large (>100 kDa) and
intricate protein with a distinct quaternary structure that is susceptible to denatur-
ation and degradation, which can limit the operational lifetimes of immunosensors
[142]. While the structure of native antibodies makes them versatile in their conju-
gation to sensing interfaces, such as electrode surfaces and nanoparticles, their large
size makes them unfit for some sensing transduction mechanisms [143] (see
Sect. 4.2.4).

Despite these shortcomings, recent advancements in immunoengineering and
protein engineering have led to considerable progress toward antibodies and anti-
body fragments that are capable of high affinity and reversible binding to targets with
superior long-term stability in biosensing environments. Approaches such as
directed evolution mutagenesis and phage display biopanning have been shown to
produce antibody mutants that have fast dissociation rates while maintaining suffi-
cient affinity to target [144]. These methods offer the ability to tune binding affinities
and kinetic responses of antibodies such that they can be tailored for a particular
application. Additionally, there has been a recent emergence of the use of antibody
fragments such as single-domain antibodies (sdAb), antigen-binding fragments
(Fab), single chain variable fragments (scFv), and camelid nanobodies (VHH)
[145], which can be readily produced via recombinant technologies to make anti-
bodies cheaper and more reproducible [141]. The reduced size and complexity of
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these fragments also make them more stable for long-term use in sensing systems
[142, 143] and allow them to be compatible with transduction schemes such as those
utilized in field-effect transistors [146]. While these innovations have yet to be
demonstrated in devices for wearable biosensing, they provide a promising area of
future development for continuous immunosensing of analytes in sweat and ISF.

3.2.2 Oligonucleotides (Aptamers)

Aptamers are short oligonucleotide sequences of single-stranded DNA or RNA that
can be selected and synthetically produced to specifically bind a broad range of
target analytes ranging from small molecules [147], to peptide hormones [148], and
even whole cells via the binding of specific cell surface proteins [149]. Aptamers,
along with complementary oligonucleotides for detecting specific genetic sequences,
are attractive options for biosensor applications given their relatively simple synthe-
sis and cost-effective production on large scales compared to antibodies
[142, 143]. Sequences that can sensitively and selectively bind a given target analyte
are identified through an in vitro method known as systematic evolution of ligands
by exponential enrichment (SELEX) [150, 151]. Through this process, a random
library of 10'?~10"° different sequences is exposed to the intended target and taken
through several rounds of selection and counter-selection to identify sequences that
exhibit the highest affinity for the target while ensuring minimal cross-reactivity with
close analogues [152]. Once an appropriate sequence has been identified, it can be
produced in large-scale quantities via solid-phase synthesis at a low cost with
minimal batch-to-batch variability.

Most selected aptamers are ~30—70 nucleotides long and take on unique second-
ary structures based on intramolecular complementary base pairing, a process that is
highly predictable and enables precise molecular modeling [153]. Most aptamer
biosensing takes advantage of the fact that aptamers are flexible and can undergo
large conformational changes upon target binding. This allows the interaction to be
detected and transduced in a reagent-free manner by various optical and electro-
chemical techniques, typically facilitated by the covalent attachment of optical tags
or redox reporters. Aptamers can also be modified with a variety of linkage chem-
istries such that they can be readily conjugated to sensing interfaces for analyte
binding and detection [154]. The small size of aptamers compared to other
biorecognition elements allows them to be compatible with most transduction
schemes and can be readily re-engineered to meet the requirements of most
applications [143].

While aptamers offer benefits in terms of ease of production and simplicity in
device integration, there have been concerns regarding the susceptibility of aptamers
to enzymatic degradation. Attempts have been made to utilize peptide nucleic acids
(PNA) to increase stability by replacing the sugar-phosphate backbone with peptide
linkages [155]; however, this still leaves aptamers susceptible to peptidase cleavage
and degradation. Other approaches have focused on using left-handed DNA or RNA
aptamers, which can still demonstrate affinity for target but are capable of evading
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enzymatic degradation due to the stereospecificity of nucleases for naturally occur-
ring right-handed DNA. L-DNA aptamers have shown superior stability in complex
biological media when incorporated into electrochemical platforms [156] and thus
will likely be a prerequisite for long-term use of aptamer-based sensors.

Another current limitation of aptamer-based sensors is the limited range of
affinities that aptamers typically display for their target (Kp ~ 107°-10"° M),
precluding many applications measuring low-abundance analytes in the pM to nM
range. Additionally, the selectivity of aptamer biorecognition elements for their
targets can be a concern in some cases given that aptamers are typically less selective
than their antibody counterparts [142, 143]. These issues are especially pressing in
the selection of aptamers for small hydrophobic molecules that share many close
analogues, such as those for steroid hormones (e.g., cortisol) [157]. Recent progress
in advanced SELEX protocols, including selection under specialized conditions
(e.g., solutes, solvents, pH, and temperature), has enabled the identification of
more sensitive and selective sequences for analyte binding [147, 158]. Other
approaches to increasing aptamer binding affinity have focused on incorporating
chemical modifications [153] and introducing non-native bases during the SELEX
process [159, 160], which have successfully led to the generation of aptamers with
Kp’s in the 107'°-107'? range. While there is still a trade-off that must be
established between increased affinity and prolonged dissociation rates, these inno-
vations offer promising tools for tailoring aptamer sequences to specific applications
for robust biorecognition.

3.2.3 Others

While often not seen as traditional biorecognition elements, the following affinity-
based entities have utility in continuous wearable biosensing and offer potential
alternatives to antibodies and aptamers for certain applications. We briefly detail the
specific benefits and drawbacks of ionophores, peptide-based biorecognition ele-
ments, and molecularly imprinted polymers and the advances recently demonstrated
for each.

Ionophores are molecules typically found in the cell membranes of certain
microbes that are capable of reversible binding with a specific ion and thus are
often used to develop ion-selective membranes [161]. A pertinent example includes
the use of valinomycin as a selective recognition element for K* in membrane
cocktails for ion-selective electrodes (ISEs), which have been repeatedly shown to
be capable of continuously measuring levels in sweat via potentiometric analysis
[47, 49]. Despite being validated in several wearable sweat-sensing demonstrations,
devices incorporating ionophores into miniaturized ISE formats still face challenges
of signal drift, calibration, and stability over long durations due to lack of robust
integration schemes and current demonstrations utilize materials that may not be
biocompatible for intradermal ISF monitoring applications [162]. Additionally, the
availability of specific ionophores that exhibit minimal affinity for other ions may be
limited among naturally occurring ionophores. However, recent advances in
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synthetic ionophore development [161] and in materials optimization for ionophore
integration into ion-selective membranes have led to significant improvements in
these areas. Progress has also been made in preparing stable solid contacts of
ion-selective membranes with electrode materials which may result in more accurate
and versatile use of ionophores in future wearable biosensing applications [163].
Peptide-based biorecognition elements (PBREs) are small sequences of amino
acids (i.e., typically <50 AAs) that can be selected to selectively bind a broad range
of target analytes, similar to aptamers. Sequences that have high affinity for a given
target are typically screened and identified via biopanning using combinatorial
phage display libraries [164]. Unlike their antibody counterparts, PBREs do not
rely on animal immunogenicity for generation and can be easily synthesized for
reproducible production [165]. Recent developments have focused on in silico
methods of evolving higher affinity PBREs using computational modeling of
peptide—analyte interactions [166]. However, these methods are currently complex
and highly involved; thus, future efforts will need to focus on more streamlined
identification of high-performing PBREs suitable for biosensing applications. Of
note, naturally occurring proteins have also been demonstrated as affinity-based
recognition elements in biosensing applications [167], illustrating the compatibility
of non-antibody PBREs with transduction schemes suitable for wearable biosensing.
Molecularly imprinted polymers (MIPs) are an emerging class of synthetic
biorecognition elements that use the target molecule of interest as a template during
polymerization to form a selective affinity-based layer that can be used for optical or
electrochemical analyte detection [168]. MIPs are an attractive option for wearable
biosensing given that they are cheap, are easy to produce, and can typically be
generated in situ during sensor fabrication for seamless integration. This is com-
monly achieved via electropolymerization of monomers such as
o-phenylenediamine (OPD) [169] and 3-aminophenylboronic acid (APBA)
[71, 170, 171], or by UV irradiation of compounds such as methacrylic acid
(MAA) [172], among many others. Once polymerization is complete, the template
molecule can be removed via a washing protocol to condition the MIP for subse-
quent analyte detection in the desired biofluid. Apparent affinities for MIP typically
are in the millimolar to micromolar range (K, ~ 107321079 [173), making it
difficult to detect low-abundance analytes. Furthermore, MIPs are highly heteroge-
neous and deformable recognition elements, which may result in lack of specificity
and loss of analyte-binding capacity over time. Recent work has focused on the
incorporation of metal- and covalent-organic frameworks in order to improve the
mechanical and chemical stability of MIPs such that they can achieve higher affinity
and selectivity for their target [174]. Other advances have included the addition of
nanomaterials such as gold nanoparticles [169], silver nanowires [171], and redox
nanoreporters [71] for more sensitive analyte detection. There has also been signif-
icant progress in MIPs for protein recognition applications, a topic that will be
treated in a separate chapter of this book. Despite these innovations, the regeneration
of MIPs still remains an issue for many systems, typically requiring extensive wash
steps [171, 172], and more research is needed regarding in situ regeneration methods
in order for MIPs to see widespread adoption in continuous wearable devices [71].
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4 Transduction Mechanisms Suitable for Wearable Devices

With a suitable biorecognition element selected for a given target analyte, careful
consideration must be given to the transduction mechanism used to detect, amplity,
and convert the biorecognition event into a quantifiable signal for determination of
analyte concentration. In order for a biosensor to have utility in continuous wearable
monitoring, it must be reagent-free, self-contained, and capable of repeated quanti-
fication with minimal user involvement for real-time in situ analysis. As a result,
methods requiring washing/regeneration steps, prolonged incubations, or the exter-
nal addition of exogenous reactants (e.g., secondary antibody and chromogenic
substrate) are not well suited for wearable devices.

Furthermore, the sensing modality must be compatible with the challenging
conditions that may be experienced with a skin-interfaced system, which include
excessive motion, moisture, and mechanical deformations, and must meet the criteria
of being small, compact, and not overly complex such that it can be crafted into a
feasibly wearable device. Thermal/calorimetric transduction mechanisms are largely
unsuitable for wearable applications given exposure to highly variable ambient
conditions and fluctuating skin temperatures. Gravimetric and piezoelectric
methods, exemplified by quartz crystal microbalances (QCM), are likely too sensi-
tive and are susceptible to fouling and motion artifacts from limb movement, though
they may have utility in self-powered biosensing applications [175]. Some more
specialized transduction techniques, like surface plasmon resonance (SPR), are
currently too cumbersome to incorporate into a device that could be applied to the
skin for continuous use. It appears that basic optical and electrochemical transduc-
tion mechanisms are the most suitable options for continuous skin-interfaced
biosensing, which is supported by the overwhelming body of literature focused on
these approaches for wearable demonstrations [1, 7-9, 109].

When choosing an appropriate transduction mechanism from the various optical
and electrochemical methods available, another consideration is the compatibility of
the technique with the biorecognition element that will be used. Some biorecognition
elements can be easily conjugated with optical or redox-active tags to help facilitate
specific signal transduction, while other sensing schemes may be capable of “label-
free” operation without tags. Even though a biorecognition element may bind or
interact with an analyte with sufficient affinity, it may not generate a signal that is
readily transducible for certain systems. An example of this would be an enzymatic
reaction that does not involve electron transfer (i.e., not an oxidoreductase) or does
not create a product that can be specifically detected via optical or electrochemical
means. Another example would be an aptamer that has sufficient affinity for its target
but does not undergo a large enough conformational change to elicit a sensor
response for common transduction techniques [176]. Finally, one must consider
whether the transduction mechanism affects the integrity of the biorecognition
element, as seen in the effects of certain electrochemical techniques on charged
aptamers and proteins due to the applied electric fields [177-179].
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All of the aforementioned considerations contribute to the overall sensitivity and
specificity of a sensing scheme complete with compatible biorecognition and trans-
ducing elements. Sensitivity is defined as the ratio of change in sensor response, S, to
the change in concentration of target, T, expressed as AS/A[T], and is a function of
the signal generated due to biorecognition, the amplification of that signal in a given
sensing scheme, and how well a certain transduction mechanism can quantify that
particular signal. The specificity of a biosensor is largely determined by the selec-
tivity of the biorecognition element; however, based on the transduction mechanism
used, interferences and non-specific binding to sensing interfaces may lead to false
positives that can reduce specific analyte detection. All of these factors contribute to
a sensor’s limit of detection (LOD), which is commonly taken to be the concentra-
tion at which the signal generated is greater than 3 standard deviations above the
average signal of a suitable blank [180].

Below we detail these considerations for the major transduction mechanisms used
in optical and electrochemical biosensing. In doing so, we highlight the benefits and
limitations of each and the recent demonstrations that present innovative solutions
for robust signal transduction in continuous wearable biosensing systems.

4.1 Opftical Biosensing at the Skin Interface

Optical transduction relies on the transmission and detection of light to indicate
changes in analyte concentration. The two most common optical techniques are
colorimetry, which measures changes in the absorbance of visible light, and fluo-
rescent or phosphorescent detection, which relies on changes in emission upon
excitation of a sample with a specific light source. These techniques are illustrated
in Fig. 5, with exemplary biorecognition elements and transduction schemes shown
for each.

Many optical biosensing methods can be readily integrated into skin-interfaced
systems as there are no complicated electrode designs or elaborate electronics
involved and data can easily be collected via a cell phone camera or handheld reader.
However, this makes it difficult for high-frequency monitoring and may necessitate
on-chip/wearable readers for continuous operation, which, along with excitation
light sources required for fluorescent/phosphorescent detection, can complicate
miniaturized device design. Most demonstrations of wearable optical biosensors
are skin surface-based and are subject to variable ambient lighting conditions,
which can confound measurement accuracy and precision. Advances in optical fibers
[100, 101, 181, 182] and implantable hydrogels [105, 106] may pose options for
intradermal ISF sensing; however, these approaches will necessarily be subject to
background interferences present in dermal and subcutaneous tissues. Overall,
optical transduction may be a feasible option for some applications but requires
consideration of the specific benefits and challenges detailed in the following
sections.
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Fig. 5 Optical biosensing transduction schemes including colorimetric detection via changes in
color intensity upon interaction of biorecognition elements with target analyte and fluorescent
detection relying on a change in fluorescence emission with varying target analyte concentrations
in response to an excitation light source. Here, a ratiometric FRET-based fluorescent detection
scheme is illustrated, where the emission becomes increasingly intense at one wavelength while
becoming less intense at the original fluorescent wavelength in response to increasing analyte

4.1.1 Colorimetric

Colorimetric analysis relies on visible changes in color to detect the presence of a
particular analyte and quantify its concentration in a given sample. This method is
commonly seen in simple qualitative point-of-care devices, such as lateral flow
assays (LFAs) for influenza and at-home pregnancy tests, where a positive result is
evident to the naked eye based on the observed color [183]. In quantitative labora-
tory analysis, colorimetry typically involves measuring the absorbance of light at
different wavelengths via spectrophotometry and discerning analyte concentrations
according to the Beer—Lambert law [184]. Since spectrophotometers are largely
infeasible for wearable devices, mobile readers and cell phone cameras are often
utilized instead for cheap and simple analysis. As a result, RGB [51], HSV [185], or
CIE 1931 [186] color space values from the images captured by digital camera arrays
are commonly used as proxies for absorption spectra in the quantification of target
analyte concentrations [187].

Color change of a sample can be elicited via a variety of transduction schemes
that may lead to sensitive and specific detection of a target analyte given an
appropriate biorecognition element. One example is the direct participation of an
enzymatic product in a chemiluminescent reaction, as seen with specific oxidases
that produce H,O, upon reaction with target analyte, which can oxidize luminol in
the presence of a metal catalyst [188]. Alternatively, an enzyme may produce a
chemical species that can participate in a secondary enzymatic reaction to contribute
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to a color change. This is most commonly achieved by coupling the aforementioned
oxidase reactions to those of horseradish peroxidase (HRP), which, in the presence
of the oxidase-produced H,0,, can oxidize and change the color of common
chromogenic substrates such as 3,3’,5,5'-tetramethylbenzidine (TMB) [189],
o-dianisidine [190], and potassium iodine [51]. Finally, an enzymatic reaction can
catalyze a product that results in a local pH change, which can be quantified by the
color of a pH-sensitive dye or material [185, 186], although for sweat sensing this
method requires correction for natural pH fluctuations, compromising accuracy.

Nonenzymatic methods for wearable colorimetric biosensing are less common
but may include transduction schemes such as those utilizing gold nanoparticles
(AuNPs) conjugated with biorecognition elements, such as antibodies and aptamers.
AuNPs exhibit unique optical properties based on local surface plasmon resonance
(LSPR) effects, appearing red when dispersed in solution. When these particles
aggregate, the LSPR changes and the solution resultingly becomes dark purple
[191]. Reversible binding of analytes to affinity-based biorecognition elements
decorated on the surface of these particles can modulate interparticle distance and
thus can create a concentration-dependent colorimetric response [192—-194], which
may have utility in some wearable applications.

Colorimetric transduction is most feasibly executed at the skin surface and is thus
a well-suited option for on-demand sweat sensing. The Rogers Research Group has
published extensively on the wearable colorimetric sensing of sweat using afore-
mentioned transduction schemes, pre-incorporating the necessary reagents for enzy-
matic detection into reaction chambers of eloquently designed microfluidic devices
[51, 55, 195, 196]. Colorimetric analysis of ISF is also possible; however, it typically
requires microneedle-based extraction for ex vivo measurements at the surface of the
skin [185, 189, 197]. For both sweat and extracted ISF, in situ analysis using cell
phones may be subject to error based on differences in camera sensor arrays and
variable ambient lighting; however, recent advances have shown reliable measure-
ment of analytes in various conditions by incorporating reference color patches to
overcome these challenges [55, 196]. Currently, most demonstrations leveraging
wearable colorimetric biosensing require on-board incorporation of regents, such as
chromogenic substrates for HRP [51, 185, 190, 196, 197]. While this approach has
been shown to achieve short-term semi-continuous quantification, it is ultimately
limited by the amount of reagent that can be feasibly incorporated into the device.
Thus, while these devices may be useful for short-term sensing over several hours,
more long-term longitudinal monitoring is likely unfeasible with most colorimetric
modalities.

4.1.2 Fluorescence/Phosphorescence

Fluorescent and phosphorescent detection primarily differ from colorimetry in the
fact that they require a specific excitation light source in order to observe a response,
a design criterion that makes these modalities far less common for wearable
biosensing. Fluorescence is the process by which certain molecules can absorb
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light to result in an excited singlet state and reemit light at a different wavelength as
the molecule undergoes vibrational relaxation and photon emission upon return to its
ground state. Phosphorescence also relies on the promotion of electrons into orbitals
of higher energy; however, a change in electron spin forbids immediate relaxation
and thus the molecule must proceed through a triplet state, resulting in much longer
emission lifetimes (ms to mins) compared to those for fluorescence (ns to ps). In both
fluorescence and phosphorescence, the light emitted is typically of lower energy due
to non-radiative losses and is thus of a longer wavelength resulting in a deviation
between excitation and emission spectra known as Stokes shift. Based on these
fundamental aspects, transduction using these two phenomena may rely on changes
in emission intensity, changes in emission lifetime, or changes in emission
spectra [198].

The additional complexities of fluorescent and phosphorescent transduction, such
as the requirement of an excitation source, currently complicate device development
for wearable monitoring and, as a result, there are far fewer demonstrations in the
literature detailing devices that are capable of continuous skin-interfaced biosensing
using these approaches. Kim et al. recently demonstrated a fluorescent-based
microfluidic sweat-sensing device for glucose and ascorbic acid using an
HRP-coupled enzymatic detection scheme similar to those for colorimetric analysis
but instead using a substrate that can undergo fluorescence once reduced by HRP
[199], which faces the same limitations as those seen for colorimetric devices. The
only other approach that has shown proven results in vivo is that of the Senseonics
Eversense implantable continuous glucose monitor [106], which achieves excitation
and fluorescent detection in an integrated hydrogel capsule that can be implanted in
the dermis for long-term sensing up to 90 days. This device leverages hydrogel-
conjugated boronic acid derivatives that can selectively bind glucose to disrupt
photoinduced electron transfer within the matrix, thus resulting in a
concentration-dependent increase in fluorescence from incorporated polyaromatic
cyclic hydrocarbons [105, 200]. This approach has also been shown to be compatible
with molecular imprinting techniques and other fluorescent species, such as carbon
quantum dots, which can be used to tune optical properties and improve sensitivity/
specificity [201]. As for phosphorescent detection, an emerging oxygen-responsive
phosphorescent hydrogel [202] has been recently leveraged to detect local O,
depletion from GOx to modulate emission lifetime for continuous glucose
quantification [203].

Other fluorescent sensing schemes show promise for continuous wearable
biosensing; however, they are less proven in practice and will need to overcome
considerable technical challenges before adoption into feasibly deployable devices.
Many biorecognition elements can be easily conjugated with fluorescent tags and
quenchers such that fluorescence is modulated upon analyte binding [204]. This has
been demonstrated with aptamer-functionalized microneedles for in vivo glucose
measurements; however, the specific transduction scheme lacked the ability for
continuous in situ monitoring [98]. Recent attempts have been made to incorporate
a similar aptamer-based molecular beacon assay onto an optical fiber device [182];
however, this approach will require rigorous material optimization before it is a
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feasible option for insertion into ISF continuous operation. Such schemes may also
be compatible with Forster resonance energy transfer (FRET) detection, which may
offer a ratiometric and calibration-free solution for more sensitive and accurate
measurements as emission is shifted from a donor fluorophore at one wavelength
to an acceptor fluorophore at another wavelength based on analyte binding in a
concentration-dependent manner (See Fig. 5) [205].

Overall, fluorescent and phosphorescent detection offer sensitive and versatile
transduction schemes with the potential to be leveraged in wearable biosensing
platforms if careful consideration is given to the limitations of such systems. Other
than concerns of increased device complexity due to the need for an excitation
source, issues with light scattering in the body, autofluorescence of tissues/biofluids,
and photobleaching/photodegradation of fluorescent tags all may reduce the signal-
to-noise ratio and reduce sensing performance [198]. However, with appropriate
fluorophore selection, optimized excitation/emission waveguiding, proper light fil-
tering, and robust integration schemes, these transduction mechanisms show prom-
ise for achieving long-term, skin-interfaced continuous biosensing for analytes
beyond glucose.

4.2 Electrochemical Transduction

Compared to optical transduction techniques, electrochemical analysis is currently
better suited for high-frequency continuous monitoring in wearable devices as
biorecognition events are directly converted into electrical signals that can be easily
processed via integrated circuits and on-board electronics. These systems can be
easily miniaturized and interfaced with the skin such that electrodes are seamlessly
coupled to biofluids at the skin surface or intradermally for on-demand in situ
quantification. Complete with adequate powering and wireless communication,
fully integrated wearable devices can be crafted without the need for external readers
or user manipulation.

Electrochemical biosensing inevitably involves the immobilization or localiza-
tion of biorecognition elements near a sensing electrode. This may be achieved via
encapsulation near the surface, often seen in enzymatic systems, or through the
formation of mixed self-assembled monolayers containing both biorecognition and
passivating elements at the electrode surface. A major consideration for electro-
chemical transduction is the effect of the technique on the integrity of the sensing
interface and the biorecognition element used. For example, the applied electric
fields used in voltammetric techniques can potentially disrupt self-assembled mono-
layers on electrode surfaces, especially for negatively charged biorecognition ele-
ments such as aptamers [177, 179, 206]. Other considerations include the presence
of competing redox processes at the electrode surface, such as the reduction of
oxygen, and the effects of electric double layer charging upon the application of a
voltage, both of which can obscure and overwhelm the faradaic signals that are being
measured [207]. Electrochemical biosensing may also involve the use of redox
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Fig. 6 Leading electrochemical transduction mechanisms for wearable biosensing with examples
of suitable biorecognition elements for analyte detection

reporters, such as methylene blue, which can be conjugated to a biosensing element
for sensitive and specific detection of analyte and thus care must be taken in
choosing an appropriate tag in these instances [208, 209].

Figure 6 provides a summary of the leading electrochemical techniques for
wearable biosensing and provides examples of transduction schemes that may be
used with each based on different biorecognition elements. Below we detail these
methods and highlight their utilization in various schemes for continuous wearable
biosensing, emphasizing the benefits and challenges associated with each.

4.2.1 Potentiometry
The most rudimentary electrochemical technique available is potentiometry, which

involves passive measurement of the open circuit electrochemical potential at a
given interface compared to a known, chemically stable reference potential (e.g.,
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Ag/AgCl in a solution of constant ClI™ concentration). This technique is most
commonly seen in ion-selective electrodes (ISEs), where an ion-sensitive membrane
at the electrode surface results in a concentration-dependent change in electrode
potential due to the specific binding of target ions to ionophores embedded in the
membrane. The change in the open circuit electrode potential, E, measured against a
stable reference electrode in response to target ion, X, is ideally governed by the
Nernst equation:

RT X

where Ej is the open circuit potential (vs. ref.) measured at a detection limit of [X,],
R is the universal gas constant, 7 is the temperature in Kelvin, z; is the charge of the
ion for which the membrane is selective, and F is Faraday’s constant. Beyond ISEs,
this technique has also been applied to enzymatic biorecognition schemes. Recently,
the detection of urea in sweat was achieved based on the fact that its decomposition
via urease results in a local change in pH which can be detected potentiometrically
using electrodes coated with pH-sensitive polymers such as polyaniline [70].

A significant benefit of potentiometric sensing is that it is passive, which effec-
tively reduces sensor power requirements and may lead to longer sensor lifetimes
due to the lack of voltage-induced degradation. The maximum sensitivity obtainable
for these sensors, however, is limited by the ideal Nernstian response, which is
~59 mV/z; for a sensor at room temperature. Typically, polymeric coatings such as
Nafion™ and polyvinyl chloride (PVC) are used to exclude inferences and ensure
specificity [70]; however, the nonidealities of these materials can lead to deviations
from a Nernstian response and lower sensor performance. Another key consideration
for potentiometric sensors is that they must be used in conjugation with a stable
reference electrode in order to make precise measurements. Numerous wearable
devices have implemented ISEs for potentiometric analysis of electrolytes, and it is
likely they will be a mainstay of multiplexed sweat-sensing platforms. Other appli-
cations of potentiometry are likely limited, and more advanced electrochemical
techniques will be needed for the measurement of most analytes.

4.2.2 Voltammetric Techniques

In contrast to potentiometry, voltammetric methods involve the application of a
potential or a range of potentials to an electrode in order to measure the current
response. The simplest voltammetric technique is chronoamperometry, a process by
which a sufficient potential necessary to oxidize or reduce the species of interest is
held for a given duration and the current is measured as a function of time.
Chronoamperometry is the most commonly employed technique for enzymatic
biosensing and is well suited for this application given that the current measured
at a specific time is proportional to the reaction rate which, as mentioned
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previously, is proportional to analyte concentration [115]. The current measured in
chronoamperometry, however, is also susceptible to contributions from electroactive
interferences in biofluids, such as ascorbic acid, which can confound sensor calibra-
tions. Common approaches to this problem include the use of redox mediators, such
as Prussian blue, to lower the overpotential necessary to oxidize/reduce enzymatic
products [118] or the use of additional layers such as layer-by-layer [120, 121] or
polymeric encapsulation [115] approaches to exclude interferences from the elec-
trode surface. Beyond enzymatic sensors, chronoamperometry has also been dem-
onstrated for use with methylene blue-labeled aptamers for sub-second resolved
measurements in vivo [210] and may be useful for high-frequency monitoring
applications.

More advanced voltammetric techniques involve measuring current as a function
of the applied potential in response to a particular potential waveform. Common
techniques include linear sweep methods, such as cyclic voltammetry (CV) [211],
and pulse-based methods, such as square wave voltammetry (SWYV), differential
pulse voltammetry (DPV), and AC voltammetry (ACV) [207]. SWV is the most
sensitive of voltammetric techniques as it effectively reduces the capacitive contri-
butions to the measured current. These techniques not only serve as a means of
quantifying target analytes but also serve as powerful tools in characterizing a
particular biosensing system for optimization prior to use. While voltammetric
techniques may offer sensitive quantification in various electrochemical transduction
schemes, one must carefully consider the presence of competitive faradaic processes
in a given sensing environment, such as those involved in the oxygen reduction
reaction (ORR), and their contributions must be managed accordingly for accurate
voltammetric sensing [212].

Some of the most promising examples of biosensing that have tremendous
potential to be leveraged into platforms for continuous wearable monitoring include
those utilizing voltammetry for electrochemical aptamer-based (EAB) sensing
[213]. This modality relies on the formation of a mixed monolayer of redox-tagged
aptamers and passivating moieties, such as 6-mercapto-1-hexanol (MCH), to create a
sensing interface that can mitigate non-specific binding and interferences while
specifically reporting target concentrations via binding-induced conformational
changes in the aptamer. These changes can resultingly modulate electron transfer
between the redox tag (e.g., methylene blue) and the electrode surface (e.g., gold),
which can be readily measured as a change in current using SWV [176]. The Plaxco
group and others have published over a dozen demonstrations of these sensors
successfully detecting a broad range of target analytes in vivo when placed in the
jugular veins of live rats [214-217]. These sensors are able to sensitively and
specifically quantify target analytes in these challenging in vivo environments and
do so continuously with high temporal resolution all the while achievable with
ultrasimple fabrication and integration schemes. Recently, there have been demon-
strations of EAB sensing in the ISF of rats [99, 218] with parallel efforts toward the
first demonstrations in human subjects [219]. While there are certainly translational
challenges that must be overcome, such as multi-day sensor longevity in complex
media [177, 206], this specific biorecognition and transduction pairing shows great



Wearing the Lab: Advances and Challenges in Skin-Interfaced Systems. . . 257

promise for a versatile platform that can be adapted to many applications for
continuous wearable monitoring of sweat or ISF [217].

4.2.3 Impedimetric Techniques

Electrochemical impedance spectroscopy (EIS) techniques are attractive for
biosensing applications due to their non-destructive character and high degree of
measurement sensitivity [220]. The basic principle of EIS relies on the application of
a small sinusoidal perturbation voltage in the linear range of response (typically
around 5-10 mV in amplitude) in order to measure the resulting current response
over a range of frequencies [221]. Measurements can be done at the open circuit
potential of the system but also under forced oxidation or reduction conditions.
Assuming a time-invariant system, impedance is derived from the measured current
and applied perturbation voltage via Ohm’s law and can be expressed as a complex
function via Euler’s relationship such that:
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where E is the applied sinusoidal perturbation voltage with amplitude E), I is the
resulting measured current with amplitude [, and phase shift ¢, j is the imaginary
unit, and Z is the complex impedance of the system with magnitude |Z| and phase ¢,
both of which are functions of angular frequency, @, where @ = 2zf and f is the
frequency in Hz. Based on the analysis of the impedance in the frequency domain,
equivalent circuit models can be created to isolate certain aspects contributing to a
system’s impedance, such as the charge transfer resistance (R.) and interfacial
capacitance of the electric double layer (Cgpy).

Impedimetric techniques can be categorized into two broad classes of analysis:
faradic and non-faradaic impedance spectroscopy. Faradaic analysis typically uti-
lizes solution-phase redox couples such as [Fe(CN)6]37/[Fe(CN)6]47 to measure
changes in charge transfer resistance, which largely precludes wearable applications
due to the need for reagent addition. As a result, most wearable demonstrations have
focused on non-faradaic measurements based on changes in interfacial capacitance
[11, 139, 164, 222, 223]. However, these methods are highly sensitive and are
subject to poor specificity for target as non-specific binding events can lead to
changes in capacitance not associated with change in target analyte concentrations.
Recent advances in this approach have focused on incorporating nanoporous mate-
rials [222] and room temperature ionic liquids [139] at the sensing interface;
however, more work is needed to improve specificity in these systems for robust
wearable biosensing. Downs et al. recently showed the ability of methylene blue-
tagged aptamers to undergo sensitive faradaic impedimetric analysis without the
need for solution-phase redox reporters by monitoring changes in the phase of the
impedance [224], an approach that is more specific and better equipped for wearable
biosensing.
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EIS ultimately is a powerful tool for system characterization; however, significant
work is needed in order for this transduction scheme to see broad adoption for
continuous monitoring in biofluids with either label-free or redox-tagged
approaches. For example, EIS is inherently very sensitive to fouling of the sensor
surface, which can cause measurement inaccuracy due to non-specific changes in
measured impedance not resulting from analyte biorecognition. For a more in-depth
analysis of these techniques and their potential use, we refer to prior reviews on EIS
fundamentals and applications [220, 221, 225].

4.2.4 Transistors

Field-effect transistors (FET) have long been seen as an attractive transduction
option for wearable biosensors due to the label and reagent-free nature of the
modality and the ease of robust, miniaturized sensor fabrication. Bergveld intro-
duced the concept of the first ion-sensitive FET (ISFET) in 1970 [226], which was
shortly adapted to the realm of biosensing in 1980 by Caras and Janata through the
addition of an enzyme biorecognition layer to enable detection of penicillin
[227]. Since then, the concept has been further extended to include conjugation of
antibodies, DNA receptors, and other enzymes to this architecture, often referred to
as bioFETs, for specific detection and quantification of various analytes in biolog-
ically relevant media.

Transduction of specific biomolecular events is typically achieved by conjugating
biorecognition elements to the semiconducting channel spanning the drain and
source of a device possessing an architecture similar to a metal-oxide semiconductor
field-effect transistor (MOSFET). However, instead of a metal gate, the bioFET is
electrochemically gated by the solution to be tested via a reference electrode
[228]. As the biorecognition event occurs, the surface charge at the gate changes,
thus altering the gate voltage and causing a change in the current between source and
drain electrodes [229].The sensor response is gathered by measuring this change in
drain-to-source current (Ipg) upon changes in analyte concentration under optimized
biasing drain-to-source (Vpg) and gate-to-source voltages (Vg). Calibration curves
are typically constructed by determining the most sensitive change in /g based on
different biasing voltages derived from the transfer curves obtained from sweeping
Vs over a certain range. Recent efforts have achieved more reproducible sensor
responses by dividing the absolute change in Ipg by the slope of the transfer curve
(i.e., dipg/dVss), also known as the transconductance, at the most sensitive Vg
biasing point in order to mitigate batch-to-batch variations [230].

Common materials used for the semiconducting channels of FETs include silicon
dioxide (Si0O,), indium tin oxide (ITO), and other metal oxides. More recent
advances try to avoid thick insulating layers with high capacitance by utilizing
nanomaterials such as silicon nanoribbons, silver nanowires, and 2D structures,
such as graphene and molybdenum sulfide (MoS,), in order to achieve more
sensitive detection [231, 232]. Particularly for graphene-based transistors, recent
progress will be described in a separate chapter of this book. Similar detection
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schemes have also been achieved with organic electrochemical transistors (OECTs)
by utilizing electroconductive polymers, such as PEDOT:PSS, as the semiconduct-
ing channel, relying on charge injection into the material to modulate the gate
voltage as opposed to charge accumulation at the surface for FETs [172, 233]. All
of these materials are compatible with microscale fabrication techniques on flexible
substrates, such as polyimide, parylene, and PET, making these devices suitable for
integration into feasible wearable platforms [234].

Since field-effect transistors rely on variations in surface charge at the semicon-
ducting channel, one challenge that is largely unique to this modality is that, in order
for biorecognition events to be transduced, they occur within the Debye length of the
channel surface such that surface charge is perturbed in the presence of analyte
[234]. This renders this modality virtually incompatible for operation with larger
biorecognition elements, such as antibodies, as antigen-binding sites often extend
out from the surface far beyond the Debye length. Recent demonstrations with
antibody fragments and nanobodies have aimed to overcome this issue with consid-
erable success due to their drastically reduced size [146]. Some aptamer constructs
may also extend beyond the Debye length and therefore rational design and
reengineering of these sequences can be applied to ensure robust signaling using
this transduction mechanism [235]. Other approaches will be discussed in the
chapter on graphene-based transistors as biosensors.

While this modality is promising, there are some concerns with specificity,
continuous operation, and long-term stability in complex biofluid media that cur-
rently limit widespread adoption. Though these sensors can be quite sensitive,
changes in the local environment due to non-specific adsorption of proteins and
other molecules to the semiconducting material can drastically change transfer curve
characteristics and lead to inaccurate results. Recently, Wang et al. developed an
integrated wearable FET sensing device for measurement of cortisol in sweat
[236]. While these sensors showed low limits of detection, only single point
on-body measurements were achieved due to issues with sensor regeneration and
rapid degradation in biofluid. Considerable efforts to develop robust antifouling and
regeneration strategies for this modality will be required to enable multi-day wear-
able biosensing, along with careful consideration of biorecognition element design
with regard to the Debye length limitations.

5 Advances in Materials, Methods, and Interfaces
for Integrated Wearable Devices

The following section briefly overviews several of the many integrative aspects that
should be considered when bridging the components that constitute a complete
device for a given application. Particular emphasis is placed on the recent advances
in materials and methods that can contribute to the creation of robust sensing
platforms for durable and reliable long-term wearable monitoring.
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5.1 Materials

Materials science acts as the bridge between the different facets of biosensing, and it
is thus critical that appropriately optimized materials are implemented both at the
sensing interface and the skin interface to obtain sensitive, stable, conformable, and
biocompatible devices that can continuously measure analytes over long durations
via minimally invasive sweat or ISF access.

5.1.1 Sensing Interface

Choice of electrode material is a key consideration for electrochemical biosensors as
it is important that an electrode can demonstrate sufficient conductivity and high
electrochemical stability under the operation modes needed for transduction. Carbon
electrodes are common in biosensing applications given that they are cheap to
fabricate and have wide electrochemical potential windows [237]. Gold is also
routinely used due to its inert nature and the ability to form self-assembled mono-
layers on the surface using thiolated moieties [238]. Recent advances in
nanomaterials have expanded the options for highly sensitive transducing surfaces,
as seen with carbon nanotubes, graphene, and organic-inorganic nanohybrid com-
posite materials [239]. Additionally, the creation of porous and nanostructured
surfaces, such as in nanoporous gold [191, 240] and metal oxides [222, 241], has
been extensively shown to enhance the loading of biorecognition elements onto
transducing surfaces to increase signal and response to analyte [242, 243].

Beyond the properties of the electrode material itself, the incorporation of surface
modifications to the electrode surface is also important to ensure sensitive and
specific detection. Electrochemical aptamer sensors, for example, typically rely on
self-assembled monolayers on gold in order to both immobilize the biorecognition
element and block the surface with passivating moieties, such as 6-mercapto-1-
hexanol (MCH). As a result, the longevity of these sensors is highly dependent on
overall monolayer stability. Recent advancements have focused on incorporating
biomimetic zwitterionic monolayer moieties to reduce non-specific adsorption [244]
and increasing lateral van der Waals interactions between adjacent monolayer
molecules in efforts to increase monolayer stability and prolong operational lifetimes
[177, 245]. Tt is likely that a combination of these two approaches will be necessary
to mitigate fouling and monolayer desorption over multi-day timescales for contin-
uous electrochemical aptamer sensing [177]. Other examples of surface modifica-
tions to enhance sensing interfaces are seen in the use of room temperature ionic
liquids (RTILs), which have been shown to stabilize biorecognition elements for
longer-term sensing [11, 139]; however, concerns over their reliable incorporation in
many systems for continuous in situ analysis may limit their broad applicability.
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5.1.2 Sensor Coatings/Membranes

Methods of membrane and polymeric encapsulation are well established for enzy-
matic sensors and are used to reduce interferences, incorporate redox mediators and
nanomaterials, mitigate electrode biofouling, and improve overall performance in
complex biological fluids [115, 123]. While this process will inevitably reduce
enzyme activity, robust encapsulation is often readily achievable since enzymes only
have to undergo minimal conformational changes to catalyze reactions and the
reduced activity can be accounted for via the use of excess enzyme. Typically,
polymers can be applied to these sensors as part of enzyme immobilization [122],
through layer-by-layer approaches [120, 121], or by post hoc addition of a protective
hydrogel matrix [246].

The process of applying polymeric coatings to other sensing modalities, such as
electrochemical aptamer sensors, is more nuanced as the capacity for a
biorecognition element to undergo analyte-dependent conformational change after
in situ polymerization may be limited. Electrochemical aptamer sensors have been
shown in the past to have superior operational stability when protected with
prefabricated commercially available membranes, such as polysulfone [215]; how-
ever, incorporation of membranes in this manner is technically challenging for many
deployable devices. Watkins et al. recently demonstrated that this modality could be
made compatible with the application of a zwitterionic polysulfobetaine hydrogel to
aptamer sensors fabricated on nanostructured gold, thereby preventing degradation
in complex media on multi-day timescales [177]. It is clear that optimizing these
protective strategies by incorporating robust anti-biofouling and biocompatible
hydrogel and polymeric networks will ultimately be necessary for long-term mon-
itoring using sensing modalities beyond enzymatic sensors.

5.1.3 SKkin Interface

Devices interfacing with the skin surface must have a high degree of skin
conformability and the materials utilized should ideally be selected to match the
viscoelastic properties of the tissue for maximal wearability. Thus, optimal materials
should demonstrate both flexibility and stretchability while maintaining the durabil-
ity to stay intact during everyday movements and impacts to the device. Elastomers,
such as polydimethylsiloxane (PDMS), polyurethane (PU), and polyimide (PI), are
soft and stretchable polymers that can be tuned to be highly conformal for wearable
applications [247]. Choi et al. recently demonstrated the compatible incorporation of
both elastomeric and rigid materials into a wearable microfluidic device in order to
mitigate damage from deformation all the while maintaining appropriate
conformability for a sweat-based colorimetric platform [55]. Wearable electrochem-
ical devices, on the other hand, often face the fundamental challenge that most
conductive materials have poor stretchability; however, the design of serpentine and
mesh-like structures, along with the use of compatible nanocomposite materials, has
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allowed for electronics to be seamlessly incorporated into flexible substrates
[8, 247].

Other considerations for materials selection at the skin—sensor interface include
the choice of adhesive that can resist moisture and delamination from the skin during
everyday movement. Traditional medical grade adhesives have relied largely on
silicone and acrylate-based polymers, and recent advancements have focused on
improving and expanding upon these approaches for more durable adhesion
[248]. 3 M has traditionally been a leader in medical adhesive offerings and recently
developed a material that can be worn for over 21 days [249], improving upon the
14-day rating of their current adhesives used in CGM devices. Regarding adhesive
lifetime, there may be an upper limit to how long something can feasibly adhere to
the skin given the 2140 day turnover of the epidermis [14]. Ultimately, all materials
used at the skin interface must be durable, biocompatible, and not cause skin
irritation in order to be suitable for multi-day to multi-week wearable monitoring.

5.2 Methods

In addition to material selection, there are certain methodological aspects that also
significantly contribute to biosensing performance. Below we detail some of the key
considerations in device operation that are critical to achieving accurate and reliable
concentrations measurement from wearable devices.

5.2.1 Power and Wireless Communication

Beyond colorimetric biosensing, all other biosensing modalities have power require-
ments in order to operate, which include powering the necessary light source and
photodetector circuits for on-chip fluorometric/phosphorescent analysis or supplying
power to an integrated circuit potentiostat [250] for electrochemical transduction.
Additionally, on-board data processing and transmission to a cell phone or other
portable reader also contribute to power consumption, and therefore, there is a trade-
off between the amount of data acquired and how long a device can be powered for
continuous monitoring. Power requirements are typically met using high-capacity
lithium or silver oxide batteries directly integrated into the device; however, novel
research is currently aimed at self-powered platforms [251] that can harvest energy
from solar cells [252], biofuel cells [253], or motion-based piezoelectric devices
[175]. For implantable devices, common approaches include charging via wireless
inductive coupling through the skin, as seen with the Senseonics Eversense
[106]. Ultimately, with power requirements of integrated circuits being minimized
at a rapid pace, along with batteries achieving ever higher energy densities, device
power is a critical design consideration though likely not a major bottleneck for
achieving multi-day to multi-week monitoring.
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In terms of data communication with external devices, such as cell phones, the
3 most common approaches for wearable platforms are based on radio-frequency
transmission and include Bluetooth low energy (BLE) [236], radio-frequency iden-
tification (RFID) [254], and near-field communication (NFC) [106]. The benefit of
NFC and RFID is that they do not require a power source; however, they are limited
in their transmission range (i.e., ~0.2 and 5 m, respectively). BLE has the fastest and
most long-range transmission (i.e., up to 100 m) at the cost of power consumption;
however, today’s technology requires very little energy. These technologies can be
easily incorporated into on-board electronics for seamless transfer of sensor readouts
directly to a mobile device for on-demand monitoring.

5.2.2 Calibration, Algorithms, and Operational Strategies

In order for a biosensing modality to accurately report measurements of a target
analyte, the sensor response over the desired concentration range must be established
in a manner that is highly predictable. Calibration can be done on an individual basis,
either during fabrication or by the end user, or through batch calibration methods,
where a representative sample is taken for each set of sensors. The most optimal
circumstance is to have a system that is capable of “calibration-free” operation,
where the response is related to some intrinsic aspect of the modality such that
routine calibration is not needed. This is often seen in ratiometric sensor responses,
as exemplified by many FRET-based detection schemes (see Fig. 5). Recently,
electrochemical aptamer sensors were shown to be capable of calibration-free
operation by exploiting the dependence of the modality on the SWV frequency
used for voltammetric interrogation [255]. Other approaches, such as those seen for
FET biosensing [230], aim to normalize the sensor response to variables that are
largely dependent on inter-device differences in efforts to mitigate batch-to-batch
variations.

Beyond calibration, device-specific algorithms and operational strategies can be
utilized to maximize device performance by improving measurement accuracy and
extending device lifetime. Pertinent examples include the compensation for ISF lag
times in CGM devices [38] and the dynamic correction for temperature, salinity, and
pH for sweat-based devices [66—71]. Recent efforts have also been geared toward
modulating device operation to minimize the degradation of sensing elements while
still maintaining adequate data collection, as recently demonstrated for electrochem-
ical aptamer sensors through the optimization of voltammetric interrogation tech-
niques [177, 211, 256]. Other algorithmic considerations include in situ regeneration
methods, such as analyte-binding modulation via applied electric fields, a promising
yet underdeveloped practice [257]. Ultimately, with machine learning and artificial
intelligence becoming more advanced, corrective and adaptive algorithms will likely
be critical components in realizing the full potential of wearable biosensing.
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5.2.3 Integrative Aspects and Considerations

Putting it all together, wearable biosensing devices have been shown to take on
many forms, such as in smart wristbands [47], epidermal tattoos [45, 56, 90], smart
textiles [258, 259], wearable microfluidics [195], indwelling probes [94, 95], and
implantable hydrogel capsules [105, 106, 200]. As mentioned previously, long-term
wearable biosensing for sweat analysis will inevitably require integrated sweat
stimulation and proper coupling to surface-mounted microfluidics [53], and thus,
integrative schemes must be appropriately engineered to accommodate these fea-
tures. As for ISF monitoring, intradermal approaches are likely to be the most
fruitful, and therefore compensation for biofouling and the foreign body response
is a necessity. Beyond the incorporation of biocompatible and protective antifouling
materials, some devices have also incorporated the slow secretion of drugs, such as
dexamethasone, to suppress the local immune response around the device [106].

Other integrative aspects include developing devices that can measure multiple
analytes at once through multiplexed [47, 197] or multimodal [195, 199] operation.
Multiplexed operation refers to the simultaneous measure of multiple analytes in one
integrated device (i.e., glucose and K+) and may be carried out by one or more
biosensing modalities while multimodal operation integrates two or more detection
schemes into a single device (i.e., utilizing different biorecognition elements and/or
transduction mechanisms). Recent demonstrations have also achieved the simulta-
neous measurement of an analyte and delivery of related substances in a single
device [67, 196], an approach that may be leveraged for achieving operation toward
closed-loop feedback systems [103]. Ultimately, more data and more features
require more complex device design, and thus, careful consideration must be given
to fabrication and sensor functionalization strategies to maximize overall device
performance.

Finally, a vital consideration that is often overlooked in the development of
wearable devices for clinical adoption is their ability to be sterilized prior to use.
This may be less of a concern for surface-based sweat-sensing devices; however, for
those disrupting the epidermal barrier to gain transdermal access to ISF, it is
potentially one of the most critical aspects in determining whether a given sensing
modality can be made viable or not. Commercial CGMs benefit from the ability of
enzymes to be embedded in a matrix that can protect the recognition element from
damage when utilizing common sterilization techniques such as ethylene oxide
exposure and gamma irradiation [260-262]. Other biorecognition elements may
not be capable of functioning with protective encapsulation and therefore may not
withstand these necessarily harsh conditions. The disinfection of electrochemical
aptamer sensors has recently been demonstrated with moderate success [263];
however, clinical grade sterilization has yet to be achieved for this modality or any
other modality beyond amperometric enzymatic sensors. Those in the field will need
to dedicate extensive research efforts toward this issue in order to ensure quality
sterilization of devices without compromising analytical performance.
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6 Major Hurdles and Promising Prospects: Can We Move
Beyond Glucose?

Continuous glucose monitors have undoubtedly transformed diabetes management
by providing patients with on-demand access to their glucose levels and enabling
them to adjust their lifestyle and medication habits accordingly. After over 50 years
of research and development efforts, combined with billions of dollars in investment,
CGM technology is now widely trusted by doctors and patients alike as devices
continue to evolve at a rapid pace. With over five million users worldwide and a
growing interest for adoption in type 2 diabetes management [2, 264], these devices
are poised to make an even larger impact in the years to come. Despite this growing
success, the question remains: can we expect similar success for the continuous
monitoring of other analytes in the near future?

As discussed throughout this chapter, the innovations attained for enzymatic
biosensing are limited in their applicability to a broader range of clinically relevant
analytes for which suitable enzymes are not available. While a handful of other target
molecules (e.g., lactate, ethanol, urea) have been measured with repeated success in
wearable platforms through the use of their respective oxidoreductases, more versa-
tile biorecognition elements with compatible transduction schemes are needed to
enable continuous measurement of other species. Electrochemical aptamer sensors
hold tremendous promise as a biosensing platform, with over a dozen demonstra-
tions thus far tracking a diverse set of molecular targets in the veins of live rats
[217]. Recently, this success was extended to the measurement of analytes in rat
interstitial fluid [99, 218], with parallel efforts geared toward the first demonstrations
in human subjects [104]. Despite this progress, there are still significant challenges
that must be addressed before these sensors can be successfully translated to long-
term use in humans, especially those regarding sensitivity and sensor longevity.

While aptamers are relatively easy to produce and offer the highest versatility in
terms of the target analytes they can be selected for, inadequate affinity may result in
a lack of sufficiently sensitive measurements of low-abundance analytes. However,
recent developments in the incorporation of non-native bases have led to the
selection of aptamers that have affinities rivaling those of antibodies [143], as seen
with many SOMAmers recently developed by Somalogic [159]. While this
approach inevitably increases equilibration times [135], the trade-off with affinity
can be managed accordingly for a given application. Furthermore, significant
research has gone into rationally engineering aptamers to maximize sensor response
upon analyte binding for a given transduction mechanism [128, 265], thus contrib-
uting to the overall sensitivity of aptamer-based sensing platforms. FET-based
aptamer sensing may also be a means of achieving ultra-sensitive analyte detection;
however, issues with specificity, reversibility, and long-term operation of the modal-
ity need to be broadly addressed before widespread adoption is likely feasible
[229, 234, 236].

One of the largest remaining bottlenecks for any biosensing modality is the
longevity of its sensing elements in complex biofluids such as sweat and ISF.
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Most continuous glucose monitors on the market are currently validated for
7-14 days of use before the device needs to be replaced [94, 95], an achievement
that sets a high standard for the operational lifetimes of future sensors. Few demon-
strations of other modalities have even come close to such long-term continuous
operation in vitro, let alone in vivo. Recently, Watkins et al. demonstrated that
electrochemical aptamer sensors could withstand >1 week of continuous operation
in complex biofluids such as serum; however, several challenges must be addressed
before achieving accurate, long-term, continuous use in vivo [177]. With additional
research into enhancing monolayer stability and incorporating more robust anti-
biofouling protection, this modality may be well poised for deployment in wearable
devices for multi-day continuous sensing in the near future.

In this chapter, we have established a comprehensive framework for the devel-
opment of integrated wearable biosensing platforms for compelling applications
beyond glucose monitoring. Such a process requires critical evaluation of all neces-
sary components including analyte access in minimally invasive biofluids, selection
of appropriate biorecognition elements with compatible transduction schemes, and
integration into fully formed devices with optimal materials and essential method-
ological considerations. While there are many promising demonstrations currently in
the literature, it will take considerable multidisciplinary efforts to translate these
technologies from the laboratory into the clinic and eventually onto patients as they
go about their daily lives. Extensive validation through ample clinical trial data will
be necessary for devices to be eventually leveraged in treatment decisions. The field
of wearable biosensing is rapidly evolving, and wearable sensors beyond those for
glucose are expected to play an increasingly important role in healthcare in the
coming years. Ultimately, these devices have the potential to open the door to a new
era of personalized medicine by enabling highly data-driven treatment decisions that
can revolutionize patient care and improve overall outcomes.
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Abstract Advances in nanopore technology and data processing have rendered
DNA sequencing highly accessible, unlocking a new realm of biotechnological
opportunities. Commercially available nanopores for DNA sequencing are of bio-
logical origin and have certain disadvantages such as having specific environmental
requirements to retain functionality. Solid-state nanopores have received increased
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attention as modular systems with controllable characteristics that enable deploy-
ment in non-physiological milieu. Thus, we focus our review on summarizing recent
innovations in the field of solid-state nanopores to envision the future of this
technology for biomolecular analysis and detection. We begin by introducing the
physical aspects of nanopore measurements ranging from interfacial interactions at
pore and electrode surfaces to mass transport of analytes and data analysis of
recorded signals. Then, developments in nanopore fabrication and post-processing
techniques with the pros and cons of different methodologies are examined. Subse-
quently, progress to facilitate DNA sequencing using solid-state nanopores is
described to assess how this platform is evolving to tackle the more complex
challenge of protein sequencing. Beyond sequencing, we highlight the recent devel-
opments in biosensing of nucleic acids, proteins, and sugars and conclude with an
outlook on the frontiers of nanopore technologies.

Graphical Abstract

Keywords Aptamers, Biosensing, DNA origami, Genomics, lonic current,
Multiomics, Proteomics, RNA, Sequencing, Single molecule
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1 Introduction to Solid-State Nanopores

Nanopore technologies have advanced in recent decades as powerful analytical tools
for single-molecule biosensing. The concept of detecting biomolecules through
confined nanopores originated over three decades ago for nucleic acid sequencing
[1]. In the original configuration inspired by biological processes of membrane
transport, the nanopore was a biological protein, alpha-hemolysin, inserted into a
lipid bilayer separated by two cis and trans compartments [2]. Based on the
nanoscale dimensions of the alpha-hemolysin nanopore, only single-stranded oligo-
nucleotides and not double-stranded sequences were expected to translocate through
the pore. Modulation of the ionic current flowing through the pore from cis to trans
observed in a time-dependent recording enabled differentiation of nucleic acid bases
based on the amplitude of current blockades. Today, this technology has been
commercialized by Oxford Nanopore.

However, the prospects of nanopore-based biosensing extend far beyond nucleic
acid sequencing as summarized in various recent reviews that highlight diverse
applications [3, 4] including strategies toward single-molecule protein sequencing
[5-7]. While biological nanopores have high reproducibility due to defined channel
sizes, certain challenges arise such as the lipid bilayer instability in certain environ-
ments, which limits the applied voltage range, use of chemical additives, pH,
temperature, and pressure. Further, the lateral diffusion of biological nanopores in
the lipid bilayer impedes spatial localization [8]. Several reviews have covered the
challenges and opportunities associated with biological nanopores [9, 10]. Alterna-
tively, solid-state nanopores are localized and size tunable to specific applications,
albeit with issues such as experimental variability and nonspecific interactions that
cause nanopore clogging. Nonetheless, advances in surface chemistries, materials
science, and fabrication technologies have improved the robustness of solid-state
nanopore biosensors [11].

Herein, we review recent solid-state nanopore innovations to highlight the
advances in this field while navigating readers to existing comprehensive review
articles that cover specific areas in depth. We first provide a brief background on the
working principles of solid-state nanopore-based biosensors and discuss advances in
nanopore materials and architectures. Then, we highlight innovative ways in which
remaining challenges of solid-state nanopores are being tackled with evolving
technologies that are pushing the limits of bioanalytical analysis and detection.

2  Working Principle and Tuning Properties of Nanopores

Ionic current-based solid-state nanopore measurements are conducted by applying a
voltage bias between two electrodes each located in two chambers — cis and trans —
separated by a nanoscale orifice. Ionic flux through the nanopore is converted into an
electrical current via charge transfer across the solid-liquid interface at the respective
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electrode immersed in solution. Several processes influence this charge transfer:
(1) the formation of an electric double layer (EDL) at the electrode interface that
shields the surface from the ionic bulk, (2) redox reactions at the electrode surface,
and (3) mass transport mechanisms. In this section, we briefly cover each of these
effects and demonstrate the importance of the choice of nanopore and electrode
materials due to different interfacial mechanisms that influence nanopore
measurements [12].

2.1 The Electric Double Layer at the Electrode Interface

The electrostatic field from the EDL extends into solution from the electrode surface
establishing an electrode potential (i.e., surface potential, Ey), characteristic of the
electrode material. Different models have been established to describe the regions of
the EDL depending on their constitution and distance from the surface. Most often,
the EDL is described as three layers (Fig. 1a). The inner layer is composed of solvent
molecules and ions that are specifically adsorbed to the surface forming the inner
Helmholtz plane (IHP) at the center of the adsorbed ions. The subsequent layer,
constituted by the outer Helmholtz plane (OHP), is formed by solvated ions. These
first two layers together are called the Stern layer. The third diffuse, or Gouy-
Chapman layer, involves nonspecifically adsorbed ions due to thermal motion in
the solution. Formation of the different layers and their implication for electrochem-
ical measurements have been summarized in this prior review [13].

The characteristic EDL equivalent circuit is modeled with three capacitors in
series (Fig. 1b). While the potential drop across the Stern layer follows a linear trend
(Cgp and Copyp), in the diffuse layer, the potential decays exponentially, modeled by
the variable capacitance, Cp in the equivalent circuit. In steady state, the capacitive
behavior of the electrode inhibits charges from being transferred across the interface
independent of the potential applied by an external voltage source. In such a case, the
hypothetical electrode characterized by an absence of faradaic current between the
electrode surface and the solution is called an ideal polarizable electrode.

2.2 Redox Reactions at Electrode Surfaces

However, such an ideal polarizable electrode does not exist. At sufficiently large,
applied potentials, a redox reaction at the electrode surface occurs. A charge transfer
during the redox reaction leads to the conversion of the ionic current into a faradaic
current, which can then be measured with electronic instrumentation. The magnitude
of the potential that needs to be applied depends on the electrode material. In contrast
to the ideal polarizable electrode, an ideal non-polarizable electrode can be modeled
by an electric short; there is no potential change upon charge transfer. Typically, a
realistic electrode model equivalent circuit consists of a capacitive part due to the
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Fig. 1 Formation of an electrical double layer at the electrode liquid interface. (a) Schematic of the
constitution of the electrical double layer (EDL) with the Stern layer comprising of the inner- and
outer-Helmholtz plane (IHP and OHP, respectively) and the diffuse layer extending from the OHP
to the bulk of the solution. The potential drop across the EDL is linear in the Stern layer while it
decreases exponentially in the diffuse layer. (b) The EDL is modeled as a series of capacitors, Ciyp,
Counp, and Cp, (variable capacitance) respectively. (¢) The total liquid-electrode interface comprises
of capacitive (Cpr) as well as resistive (Ry) elements depending on the electrode material. The bulk
solution is modeled by a series resistance, Rg. The surface potential is represented as E( and faradaic
currents as I. Adapted with permission from [13]

EDL (Cpp) and a resistive part (Ry) in parallel to model the faradaic currents (I) of
the charge transfer (Fig. 1¢). The induced noise by capacitive elements in the system
lowers the signal to noise ratio and should be avoided (see Sect. 2.4) [11, 14].

The extent of both components, resistive and capacitive, largely depends on the
electrode material. The choice of electrode material not only influences the surface
redox reaction, but also the formation of the EDL. Electrode materials with close to
non-polarizable characteristics are optimal to reduce capacitive effects; a prominent
example of such an electrode material is Ag/AgCl. Due to a reversible redox
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reaction, the charge accumulation at the interface and thus EDL formation, can be
kept to a minimum. The corresponding half-cell reactions are:

Agt +e” = Ag
AgCl(s) + e~ = Ag(s) + CI”

Biosensing is typically conducted in solutions containing chloride ions (CI') such
as phosphate-buffered saline. Hence, the Cl™ dissolved from the electrode due to
surface redox reaction does not affect the measurements if the overall chloride
concentration remains stable. In addition to stability, Ag/AgCl electrodes are ideal
due to ease of fabrication and low impedance.

2.3 Debye Length and Double Layer Formation
in the Nanopore

In addition to the formation of the EDL at the liquid-electrode interface, the surface
charge of the nanopore walls influences conductivity changes that drive sensing
measurements. This surface charge is influenced by the membrane or pore material
as well as eventual surface modifications. Electrostatic attraction of counterions with
opposite charges than the pore wall surface will form an EDL. The layer thickness is
determined by the Debye length:

eo&kgT
2e2]

Debye length =

This double layer length is a function of the permittivity of free space (ey), the
dielectric constant (e;), the Boltzmann constant (kg), the absolute temperature (7'),
the elementary charge (e), and the ionic strength of the electrolyte (/). Thus, the
Debye length inside the nanopore depends on the composition of the electrolyte and
varies on the order of nanometers from the channel wall. Different characteristics are
observed depending on the salt concentration. High salt content leads to a thin EDL
(e.g., at physiological salt content, the Debye length is <1 nm), where the transport
behavior through the nanopore is minimally influenced by surface charge; the bulk
salt concentration dominates over the charge distribution at the nanopore walls.
Alternatively, when the ionic content is so low that the EDL overlaps within the
center of the nanopore, surface charge effects dominate transport inside the nanopore
and ion selectivity to cations or anions is observed. This ion selectivity leads to
unique transport properties such as diode-like behavior [15, 16].

In nanopores with asymmetric pore shapes (e.g., nanopipettes or truncated
nanopores), ion current rectification (ICR), a non-Ohmic behavior of the nanopore
resistance, is observed [15, 17-21]. The origins of this effect lie in both the broken
symmetry of the pore geometry as well as the surface charge at the solid/liquid
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interface [22]. The current vs. voltage characteristics of such asymmetric nanopores
switch from a linear (Ohmic) to a non-linear behavior. Depending on the surface
charge inside the nanopore, the current in either the cathodic (negatively charged
surface) or anodic (positively charged surface) direction is larger than in the opposite
direction, leading to a rectified current response. Thus, the ICR effect enables the
detection of charged biomolecules that influence the measured current rectification
through translocations or interactions with the nanopore surface.

2.4 Mass Transport Mechanisms

Beyond the charge accumulation behavior at the electrode interface and within
nanopores, it is important to understand the basic principles of ion, charge, and
mass transport through the solid-state nanopore to interpret measured signals. Ionic
transduction through the nanopore is influenced by various factors such as the pore
size, geometry, and surface charge. Thus, the choice of nanopore material and
dimensions must be carefully considered for specific applications. The analyte of
interest must reach the pore by some means of mass transport to enable measure-
ments of translocations or interactions. Besides the random movement of molecules
through Brownian motion, three different modes of mass transport are considered:
(1) migration of charged species driven by an electric field, (2) analyte diffusion
from a region of higher to lower concentration eventually leading to an equilibrium
state, and (3) convection through mechanically driven motion (e.g., stirring) or
hydrodynamic forces. Application of a voltage across the pore is sufficient to drive
migration of charged species such as DNA [2, 23]. Applications such as sequencing
[24] necessitate precise control over the translocation dynamics, which requires
comprehension of the different mass transport mechanisms [25, 26].

Several works have studied and controlled translocation dynamics using various
external influences. For example, the influence of a convective flow parallel to the
pore membrane on biomolecule capture rate and translocation time was interrogated
[27]. Up to a certain threshold value, larger flow rates led to higher DNA capture
rates. A tangential convective flow was also used to slow the speed of translocation
events through the nanopore for enhanced temporal resolution for signal acquisition.
The effects were rationalized by the size and shape dependence of the nanopore
capture volume on the tangential flow. In another study, the hydrodynamic behavior
of DNA was investigated in a nanofluidic system with integrated nanostructures
[28]. Long DNA strands were guided into nanochannels without clogging using
nanopillars that changed the fluidic resistance in the vicinity of the channel entrance,
which slowed down DNA locomotion. Upon entering the channel, the flow rate of
DNA increased due to the decreased cross-sectional area. The abrupt change from
slow to fast rates led to stretching of the DNA strands and an overall stabilized speed
within the channel. A similar microfluidic chip design was used to stretch and sort
DNA molecules prior to translocation through the nanopore [29].
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Due to pore dimensions in the range between several tens (<10 nm) and hundreds
(>10 nm) of ions, both classical continuous methods and molecular theories as well
as hybrid models must be considered when explaining mass transport through a
nanopore, which has been summarized in recent publications [30, 31]. In pores
<50 nm, the EDL must be considered for the ion transport [32]. When the EDL of
two walls is overlapping (usually pores <5 nm), electroneutrality breaks down and
the concentration of current carriers is regulated by the pore surface rather than by
bulk concentration [33, 34]. Consequently, this effect allows regulation of ion
concentration to modulate the transport within nanopores. Reaching a pore size of
a single ion leads to a surface charge-dependent state where the passage of ions is
allowed or blocked called ionic coulomb blockade [35, 36].

2.5 Noise and Data Analysis for Nanopore Measurements

When measuring low ionic currents down to the single pA range, noise must be
reduced as much as possible. The noise is described as the root mean square of the
baseline current Irys, Which is defined as the integral of the power spectral density
S(f) with respect to the bandwidth at which the ionic current is measured [14, 37—
401:

BW
[2RMS :/o S(f) af

Depending on the bandwidth (BW), different contributions to the power spectral
density are predominant. At low frequencies, flicker noise also called 1/f-noise is
dominating. At higher frequencies, white noise or thermal noise is the highest
component to the power spectral density. At intermediate bandwidths, the dielectric
noise, Sgielectic P€COmes dominant and at frequencies above 100 kHz, the capacitive
noise, Scapacitive takes over:

S(f) = Sﬂicker + Swhite + Sdielectric + Scapacitive

_ (lle +4kBT
“NS R

1
:A-J;+B+C-f+D-f2

+ 87ksTCyDyf + 47> ((Cps + Cw + Ci + C)y)*f>

In the equation, « is a constant, /, the ionic current, N, is the number of charge
carriers in the pore volume, f, the bandwidth, kp, the Boltzmann constant, 7, the
temperature (in Kelvin), R is the equivalent resistance of the nanopore, Cy; and D,,,
the membrane capacitance and dielectric constant respectively, and Cy, C;, C,, the
capacitance of the wiring, amplifier input, and amplifier feedback capacitance
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respectively, and v,, the voltage noise density (V/YHz) of the input amplifier
[14, 41]. The power spectral density of a measured signal can be calculated from
the auto-correlation function of the measured signal itself. Hence, all capacitance
effects in the system should be reduced for optimization.

Another challenge in nanopore sensing is the vast amount of data that is produced
in massively parallel and high bandwidth measurements, which requires the devel-
opment of new data structures [42]. Real-time data analysis necessitates signal
filtering alongside identification and characterization of translocation events. Further
discussions on nanopore data analysis can be found in this prior publication
[43]. The process of assigning electrical current levels to individual nucleobases as
the DNA passes through the nanopore is called base calling [44]. In the advent of
nanopore sequencing, Hidden Markov models, which calculate the highest proba-
bility of a next state based on prior states, were commonly used for time series
segmentation [45]. Current approaches focus on improving neural networks for data
analysis [46—48]. Further, application of a time-varying (non-constant) potential
across the pore was also reported to increase the accuracy of DNA sequencing
with nanopores [49].

2.6 Nanopore Fabrication, Size Tuning,
and Functionalization

In addition to the electrode material, the geometry and orifice size of the nanopore
influences the overall measurement sensitivity, as the diameter and shape not only
define the size range of translocatable molecules, but also what kind of molecules
induce a measurable change in current. Various nanopore materials such as silicon-
nitride (SiN) [50], glass nanopipettes [51, 52], oxides [53, 54], and 2-D materials
such as graphene [55, 56], hexagonal boron nitride (h-BN) [57], molybdenum
disulfide (MoS,) [57], and tungsten disulfide (WS,) [58] have been reported. Details
on nanopore materials as well as methods for nanopore fabrication are summarized
in numerous reviews [11, 59-63]. Herein, we highlight a few state-of-the-art and
recently developed techniques for nanopore fabrication, pore size tuning, and routes
for functionalization to tackle nanopore stability and nonspecific binding.

Focused ion beam milling and transmission electron microscopy have the poten-
tial to make precise pores below 10 nm and enable real-time monitoring of the
fabrication process with control over both location and number of pores created
[64, 65]. However, both methods are costly in time and instrumentation and are
prone to chemical contaminations within the pore. A higher throughput and lower
cost method is laser pulling of quartz or borosilicate capillaries to form two pipettes
with openings ranging from microns to nanometers at the tip; sizes are tuned based
on a variety of pulling parameters including the temperature, force, and velocity
[66]. However, it is not possible to monitor the pore formation in real time and
characterization of the exact pore dimensions is challenging.
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Nevertheless, due to the broad application of nanopipettes in a variety of different
disciplines in addition to single molecule sensing and sequencing (e.g., scanning
probe microscopy [67], electrochemical measurements [68] or 3-D printing [69]),
new laser pulling programs of small nanoscale pipettes are continuously developed.
The smallest reported pipette orifice diameters now reach scales down to 1-2 nm
[70]. Pushing the dimension limits toward angstrom levels, 2-D slit-like structures
have been reported [71]. The angstrom size of the channel that is tuneable through
stacking of 2-D material layers comes at the cost of requiring multi-step assembly
processes [71]. While the orifice dimensions of these 2-D channels as well as the
pore diameters of the nanopipettes can be fine-tuned, both methods are not designed
for large-scale production and alternative methods such as controlled electric break-
down (CEB) [72] have been established as reliable and automated techniques for
large-scale production [61] (Fig. 2a). Since nanopores formed by traditional CEB are
randomly positioned in the membrane, latest research aims to improve the efficiency
and robustness of pore formation as well as the pore size control [73] by the
additional use of an atomic force microscope [76], local electric field enhancement
[77], laser enhancement [78], and on chip electrodes [79].

Alternatively, once a pore is fabricated, there are post-processing techniques to
optimize the size of the pore. Pulsing high electric fields have been shown to increase
the diameter of existing nanopores with sub-nanometer resolution [80]. This method
is advantageous as size tuning can be performed in situ under desired experimental
conditions. Visual feedback is not possible during the growth, but the pore dimen-
sions can be extrapolated from the measured conductance between voltage pulses
[81]. However, the pore growth rate accelerates with increased pore dimensions in a
non-linear manner, rendering reproducible pore formation challenging. Transmis-
sion electron microscopy has also been used to expand silicon oxide pores with
diameters >80 nm [64]. On the contrary, if the pore diameter is <50 nm, applying
the same technique will result in diameter reduction. Similarly, shrinking SiN
nanopores using scanning electron microscopy has been reported [82]. The image
magnification and accelerating voltages can be tuned to shrink the pore linearly,
implying that this method shrinks the pore at the same rate regardless of the initial
diameter.

Chemical routes also enable size tuning of nanopores [83]. Atomic layer deposi-
tion coats layers of materials with near-Angstrom precision to shrink nanopore
orifices [84]. The advantages of this method include the precise control of membrane
thickness based on the number of deposition cycles as well as the possibility to coat
different materials. Alternatively, cyclic atomic layer deposition has also been
reported to allow 3-D pore tuning, forming conical pores [85]. Tuning both the
length of the funnel as well as shrinking the pore diameter to desired dimensions
enabled generation of “stalactite-shaped” nanopores. Another method to shrink the
opening involves tannic acid modifications, which has the advantage of tuning the
thickness reversibly via controlling the amounts of crosslinker present (Fig. 2b) [74].
However, the precision of this method is not at the atomic scale. For both these
chemical methods, the deposition occurs over the entirety of the pore as well as the
membrane and will not only decrease the pore diameter, but will also increase the
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Fig. 2 Physical and chemical processes to fine-tune nanopore size. (a) Schematic of the process of
controlled electrical breakdown (CEB). Application of a high voltage (V) across a thin isolating
membrane induces local stress that causes the material to breakdown and form a pore. An electric
field can then be used in a conditioning step to tune the size of the pore [73]. (b) Tannic acid
crosslinks on a surface in the presence of iron (Fe**) and can be reversibly tuned by modifying the
Fe* concentration [74]. (¢) Impurities are generated in graphene sheets using argon plasma, and the
impurities are transformed into nanopores by tuning oxygen plasma exposure [75]

membrane thickness, which may not be desirable for certain applications. Alterna-
tively, routes for enlarging nanopores with nanoscale precision have been reported
within graphene sheets [75]. Upon exposure to oxygen plasma, the imperfections
(initially induced through low-energy argon plasma) can be expanded, however,
with limited control over the location of the nanopores in the graphene sheet
(Fig. 2¢).

Another unique approach to modulate pore sizes involves the integration of DNA
origami programmed to adopt various shapes and dimensions. Nanopores were
blocked with a 2-D DNA origami cover via an induced electric field [86]. The
DNA cover is transparent to ions while blocking larger molecules from entering the
pore and can be removed by applying an inverse potential [86]. Recently, this
DNA-gate method was endowed with selectivity by incorporating binding
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Fig. 3 Engineering DNA origami to generate versatile nanopores. (a) A 2-D DNA origami
decorated with aptamers immobilized at the entrance of a solid-state nanopore to slow down
specific translocation events [87]. (b) A DNA origami pore engineered to discriminate molecules
based on orifice size. A poly(ethylene glycol) (PEG) plug is tethered to the wall of the nanopore via
a short DNA tether strand and partially occludes the opening, limiting molecular passage. Com-
plementary DNA (cDNA) binds competitively with the DNA strand tethering the PEG-plug,
releasing the plug, and increasing the pore size [88]. (¢) A multitude of shapes and sizes of
nanopores have been designed using DNA origami. (d) The nanopore shape can be tuned to the
analyte of interest: a triangular pore allowed increased analyte-shape specificity for the translocation
of antibodies with shape complementarity [89]

molecules such as aptamers into the origami structure (Fig. 3a) [87]. Aptamers are
versatile, artificial single-stranded oligonucleotide sequences isolated to bind to a
specific analyte of interest, and have been incorporated into many biosensing
platforms, including nanopores [87, 88].

To enlarge the DNA origami pore in-situ during measurements, a trigger was
introduced to enable gating of the pore (Fig. 3b) [88]. The nanopores (~10 nm) were
partially occluded due to a poly(ethylene glycol) (PEG) polymer plug (~5 nm)
tethered to the pore wall with a short DNA segment, termed a staple. The tether of
the PEG-oligo served as a toehold to which a specific single-stranded DNA could
competitively bind, and thus detach the plug from inside the nanopore. The size of
the nanopore was therefore doubled upon the addition of the specific strand of DNA,
enabling larger molecules to pass through. However, once the plug is released, the
nanopore orifice size is unalterable; further development is required to enable real-
time tuning of the nanopore size.

Harnessing the flexibility of DNA origami assemblies, diverse nanopore shapes
ranging from triangles, squares, pentagons, and hexagons between 10 and 20 nm in
diameter have been explored (Fig. 3c) [89]. Nanopores with geometries tailored to
the analyte of interest (e.g., triangular pores for antibodies) led to increased measur-
able blockade events (Fig. 3d). The tunability of DNA origami extends beyond
modulating pore sizes but also channels and the membranes into which they are
incorporated. For example, T-shaped DNA have been immobilized in lipidic mem-
branes due to their specific geometry and hydrophobic motifs [90]. Most engineered
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DNA membrane channels have relatively small dimensions (<5 nm in diameter) as
larger structures have a tendency of collapsing and have difficulties incorporating
into membranes. Recently, DNA origami nanopores with dimensions up to 30 nm
have been achieved by coating the negatively charged DNA nanopore surface with
positively charged lysine-coupled PEG [91]. This polymer coating prevents the
DNA nanopore from disassembling in low ionic environments and minimizes
potential nuclease degradation [92]. The ability to tune the nanopore dimensions
with nanoscale resolution up to 30 nm combined with the possibility to functionalize
specific areas of the pore with recognition elements selectively opens a vast range of
possibilities for biosensing.

While advanced nanopore fabrication methods as well as post-modification
techniques allow precise tailoring of nanopore dimensions, these proportions are
not necessarily maintained over prolonged measurements. Long-term stability is a
critical characteristic for a reliable nanopore sensor, especially when pre- and post-
calibration steps are necessary when deploying sensors in clinically relevant envi-
ronments. Conditions necessary for nanopore sensing such as prolonged exposure to
ions or static voltages have been shown to enlarge pores after reaching a material-
dependent threshold [93-95]. The issue of applied static voltages can be
circumvented with the use of controlled, short, pulsed potentials that improve
nanopore stability while simultaneously reducing clogging by removing debris
within the pore [80, 81]. Accumulation of contaminants at the orifice of the nanopore
can also be avoided via washing procedures and optimized storage conditions post-
washing have a substantial influence on the nanopore longevity [94]. Treating the
nanopore surfaces chemically has also been reported to protect the orifice and help
maintain stability, thus promoting a reusable and more reliable sensor [95].

In addition to accumulation of contaminants, a major limitation of solid-state
nanopores is the inevitable nonspecific binding to the inner walls, which leads to
clogging or convoluted signals of translocating molecules [96]. While being com-
mon analytes to study, proteins are especially prone to interact with the walls of
synthetic nanopores via intermolecular interactions such as electrostatics, hydropho-
bic, and van der Waals forces [97]. Nonspecific adhesion to the nanopore walls can
lead to signal artifacts, pore clogging, and unresolved translocation events.
Nanopore surface coatings can be employed to reduce the influence of these
intermolecular interactions, which has been summarized in a recent review (Fig. 4)
[98]. Such surface modifications can also increase the stability of synthetic
nanopores by reducing the amount of etching that occurs over time in electrolyte
solutions leading to changes in pore size [98]. Further, such chemistries can be
harnessed to manipulate surface charges to drive certain targets through the pore
[99-101].

Chemical modifications of solid-state nanopores are not limited to antifouling
applications, but also for applications that necessitate specific interactions achieved
through functionalization of biological receptors on the nanopore surface. For
biosensing specific analytes of interest, molecular selectivity to differentiate targets
from structurally similar or interfering biomolecules is critical. Various modification
strategies have been established to endow nanopores with chemical selectivity
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Fig. 4 Schematic cross sections of commonly used nanopore coatings. (a) Coating of Al,O3
deposited on an SiO, membrane. (b) Surfactants physisorbed on the nanopore walls. (c) Alternating
layer-by-layer assembly of positively and negatively charged polymers. (d) Silanization of SiO,
surfaces. (e) Self-assembled monolayers of alkanethiols on gold-deposited SiO, nanopores. (f)
Fluid lipid bilayers assembled on SiN nanopore walls. Figure adapted from [98]

[102]. A recent review has summarized the use of polymer-functionalized nanopores
that gate molecular transport based on external stimuli [103]. Further, biological
protein- [104, 105] and oligonucleotide-based [106—108] receptors have been inte-
grated into nanopores to detect a range of analytes including metal ions [109, 110],
small molecules [111-113], nucleic acids [114, 115], or proteins [106, 116]. How-
ever, controlling the quality and spatial arrangement/density of the assembled bio-
molecules inside of nanopores is challenging as there are limited analytical
methodologies that can characterize physico-chemical properties at the nanoscale
[117, 118]. Thus, quantitative characterization of the surface chemistry on planar
surfaces using methods such as quartz crystal microbalance with dissipation moni-
toring (QCM-D) may give insight into the morphology, surface density, and stability
of the assembled biological receptors [112, 119].

3 Advances in Sequencing Using Solid-State Nanopores

Biological nanopores have already been widely deployed for biomolecular diagnos-
tics [120], realized third-generation DNA/RNA sequencing [121], and paved the
way for commercially available low-cost DNA sequencing devices
[122, 123]. Instead, solid-state systems are now emerging as the next-generation
nanopore technology for DNA/RNA sequencing due to the advantages of
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processability, robustness, and flexibility in nanopore dimensions compared with
biological nanopores [11, 62]. Despite these advantages, solid-state nanopores are
not yet commercially used for nucleic acid sequencing, due to challenges such as
insufficient spatial and temporal resolution [124]. In this section, we cover recent
advances in solid-state nanopore DNA sequencing that are tackling remaining issues
and present technological developments toward achieving protein sequencing.

3.1 Tackling Remaining Challenges of Solid-State Nanopore
DNA Sequencing

The spatial resolution issue of solid-state nanopores can be addressed by fabricating
nanopores out of 2-D materials where the membrane thickness matches the length to
each nucleobase [55, 56]. The spacing between two bases in a DNA chain is
~0.34 nm, comparable to the thickness of a single layer of graphene, rendering
this material a promising candidate for high-resolution DNA sequencing [125]. Pro-
viding adequate spatial resolution also reduces the complexity of the recorded signal.
Future applications may include composites of different stacked 2-D materials,
which have the potential to improve the temporal resolution [126].

Regarding temporal resolution, slowing down of translocation speeds has posed a
major challenge for solid-state nanopores, especially for sequencing [26]. Control of
experimental conditions such as electrolyte temperature, salt concentration and
content, solution viscosity, and electrical bias has been shown to reduce DNA
translocation speeds by an order of magnitude through solid-state nanopores
[127, 128]. However, for physiologically relevant recordings, such parameters
may not be tunable. Alternatively, DNA molecules tethered to beads have been
mechanically manipulated via optical tweezers or magnetic traps [129, 130]. While
effective for sequencing methodologies, labeled methods are limiting for biosensing.
Existing label-free methods influence the DNA translocation through intermolecular
interactions between the nanopore surface and DNA [131] or by modulating the
electric field [132, 133].

Alternatively, the porosity at either the entry or exit (cis or trans respectively) has
been tuned to slow DNA translocation. A copolymer nanofiber mesh with tunable
chemical and physical properties was electrospun onto the cis side, slowing DNA
passage due to hydrophobic interactions [134]. In another report, nanopipettes filled
with hydrogels enabled slowing of translocating DNA through tuning of the hydro-
gel mesh size and chemical composition [135]. Despite large nanopipette pore
diameters (>20 nm), using engineered hydrogels with tuned mesh sizes and surface
charge, short DNA strands (down to 100 base pairs) could be selectively detected.

While slowing down the translocation speeds is one way of achieving the goal of
measuring events that are otherwise too fast to be detected, an alternative strategy is
to improve the temporal resolution of the instrumentation. Measuring fast events on
the order of micro- or nanoseconds, necessitates bandwidths exceeding 1 MHz, in a
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frequency range where thermal and capacitive noise are dominating. While temper-
ature is not easily adaptable especially in biological systems, the capacitive effects
can be optimized. The choice of pore material and geometry as well as amplifier and
interconnect design play an important role in improving the capacitive characteris-
tics of the setup [41]. New developments in complementary metal-oxide-semicon-
ductor (CMOS) design allow reductions in parasitic capacitances of the amplifier
circuitry and enable fast signal acquisition at low noise [39, 136]. Highspeed sam-
pling of 40 million samples per second recorded single-stranded DNA translocations
at bandwidths of 100 MHz or 100 ns long events [137]. Such strategies to tackle the
current shortcomings of DNA sequencing with solid-state nanopores hold great
promise for the future of this technology.

3.2 Toward Solid-State Nanopore Protein Sequencing

To unlock the holy grail of single-molecule proteomics, nanopore technologies are
evolving beyond oligonucleotide sequencing. Recent reports highlight how biolog-
ical nanopores are making advances toward achieving the ambitious vision of
sequencing peptides or even full-length, unfolded proteins with single-amino acid
resolution and discrimination of post-translational modifications [138, 139]. An
ideal nanopore sensor for single-cell proteomics must have the following character-
istics: high mechanical, thermal, electrical, and chemical stability to withstand
non-physiological and protein-denaturing conditions as well as high electrical bias
potentials [140—144]. Stability in non-physiological conditions, which is a challenge
for biological nanopores, can be addressed by using solid-state materials. For
example, heat denaturation and anionic surfactants have been used to facilitate
solid-state nanopore sensing of unfolded proteins [145]. Precise size tunability of
nanopores for analyte-specific detection is advantageous compared to current
membrane-embedded systems [146]. Various studies have correlated molecular
dwell times in solid-state nanopores to the pore diameter and slowing translocation
times is advantageous for sequencing [145, 147].

To manufacture a spatially resolved nanopore, a pore was integrated into a hollow
SiN atomic force microscope (AFM) cantilever using combined Ga-ion beam
drilling and afterward He"-ion sculpturing to shrink down the pore to the desired
dimensions [148] (Fig. 5a). A pore pre-confinement was achieved by bringing the
integrated nanopore in contact with a rigid glass substrate from solution, which
resulted in a change from resistive pulses to conductive peaks upon translocation of
the protein, fibronectin (Fig. 5b). Reversible, real-time pore size tuning has been
achieved using fluid force microscopy [150] that combines an AFM with integrated
microfluidics through a pore. A hollow SiN cantilever with a 300 nm diameter is
mounted on the AFM and brought into contact with a soft polymeric substrate [149]
(Fig. 5c¢). The confined nanogap between the cantilever and the soft substrate
becomes an interface nanopore (iNP). Using AFM force feedback, iNPs in the
range of 2-20 nm can be achieved based on the cantilever indentation force into
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Fig. 5 On-demand pore adjustability with force-controlled interface nanopores (iNPs). (a) Scan-
ning electron microscopy image of the hollow atomic force microscopy (AFM) cantilever and
cutaway view of a pyramidal apex and embedded microchannel. The pore is drilled and sculpted
with a focused He* ion beam [148]. (b) Translocation of the protein fibronectin through a nanopore
in pure solution (top) and on glass (bottom). Inversion from resistive pulse to conductive pulse is
observed when approaching a substrate. (¢) Schematic of the force-controlled iNP with pore-
dimension control for bovine serum albumin translocation measurements and long-term recordings
(up to ~6 h) next to neural cells [149]

the substrate. Pore size adjustments were demonstrated in situ by controlling bovine
serum albumin protein translocation events in a single measurement. At low applied
forces (large pore openings), protein translocations were observed, which were
hindered by increasing the force exerted by the cantilever, which decreased the
pore size mid-recording. Further, the system enabled neuron secretion measurements
over several hours.

Several key challenges of conventional nanopore systems can be tackled
using iNPs: on-demand pore size adjustability is enabled by positioning two sub-
strates with nanoscale resolution. Moreover, as the iNP is formed at the interface of
two surfaces, each side of the nanopore can be individually functionalized with
different surface chemistries. To realize single-molecule protein sequencing, current
research is focused on distinguishing different amino acids in the backbone of
peptides. To detect specific amino acids, aptamers have been integrated into iNPs
with tunable pore sizes. Using aptamer-functionalized iNPs, peptides with phenyl-
alanine motifs [151] were discriminated based on specific aptamer-amino-acid
interactions [152]. Molecular recognition increased peptide retention times inside
the iNP, enabling differentiation between specific vs. nonspecific sequences where
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phenylalanine was replaced by structurally similar amino acids (i.e., tyrosine and
tryptophan). Discrimination of single amino acids in a peptide backbone is a
promising step toward sequencing — an array of different amino acid-specific
aptamers functionalized in succession would expand the capabilities of this system.

One of the significant challenges of protein sequencing is distinguishing the
current levels of 20 different amino acids and deconvoluting the complex signals
for each amino acid. One route to error minimization when reading peptide
sequences is to re-read a single molecule [138]. The iNP fabrication based on
standard lithographic processes renders this system optimal for serial nanopores
enabling multiple re-reads. Further, integration of neural networks has potential in
classifying ionic current signals based on specific amino acids [153]. In the future,
combining such machine learning algorithms may enable distinguishing similar
proteins with single-point mutations or post-translational modifications.

4 Applications Beyond Sequencing Using Solid-State
Nanopores

To date, the use of solid-state nanopores extends well beyond sequencing and has
been adapted to analyze biomolecular interactions and stochastic processes in
diverse systems. Nanopores are advantageous biosensing platforms due to their
capacity to convert chemical and structural signatures of diverse analytes into
measurable electronic signals. Further, the mechanism of detection enables explo-
ration of large populations of molecules at the single-molecule level. Thus, solid-
state nanopores are valuable tools for sensing biomarkers for molecular diagnostic
applications [154—-157]. While we focus on progress in the biosensing realm,
alternative applications that harness the confined nanopore chemical environment
have been reported, such as protein nanoreactors [158, 159]. Other reviews have
extensively covered many recent advances [4]. Herein, we focus on advances in
nucleic acid, protein, sugar, and intracellular sensing using solid-state nanopores
reported in the last few years.

4.1 Nucleic Acid Biosensing

Besides single-molecule DNA/RNA sequencing, various applications for nucleic
acid sensing with solid-state nanopores have been reported [9]. When the COVID-19
pandemic hit in late 2019, solid-state nanopores were deployed to classify corona
virus RNA [160]. An amplification-free approach using solid-state nanopores
enabled quantification of multiple RNA types with the possibility to distinguish
between viral RNA and a human reference gene. The SARS-CoV-2 RNA was
detected directly in clinical patient samples collected by nasal swabs (Fig. 6a).
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Fig. 6 Strategies for nucleic acid biosensing using solid-state nanopores. (a) Detection of Sars-
Cov-2 RNA strands using silicon nitride nanopores in clinical samples [160]. (b) Multiplexed viral
RNA detection via self-assembled DNA nanobaits. Short oligos labeled with either protein or DNA
are hybridized to the nanobait. Presence of multiple viral target RNAs competitively displaces
tethered labeled strands, which are subsequently analyzed by a nanopore [161]. (¢) Short miRNA
targets are detected via two populations of gold nanoparticles (AuNPs) with half the complementary
sequence (monomers) to the target. In the presence of the target miRNA, the nanoparticles dimerize
resulting in a doublet signal upon translocation vs. singlet signals for single nanoparticles [160]. (d)
Digital nanopore sensing that differentiates the fraction of single peak probes vs. doublets from
“dumbbells” when two probes are hybridized. Concentration quantification of protein biomarkers is
possible due to a digital immunoassay workflow that translates protein amounts to a complementary
DNA that hybridizes two nanospheres together [162]

This report demonstrates the potential of single-molecule sensing approaches to
overcome remaining challenges of state-of-the-art techniques such as reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR), the most widespread
nucleic acid amplification test.
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While RT-gqPCR is a highly sensitive approach to sense viral nucleic acids in
complex biological samples, it has limited multiplexing capabilities. To address the
need for simultaneous detection of multiple viruses and variants, programmable
DNA was harnessed and coupled to solid-state nanopores [161]. A self-assembled
DNA nanobait, consisting of a single-stranded DNA scaffold with attached comple-
mentary short oligos were displaced upon exposure to viral target RNAs. This
mechanism facilitated the multiplexed identification of different viruses (Fig. 6b).
The displaced oligo was tagged with either protein or DNA-based labels to amplify
the signals in nanopore recordings. This system enabled simultaneous detection of
five different respiratory viruses or SARS-CoV-2 variants in parallel.

An alternative prevalent application is early-stage screening of biomarkers found
in low abundance in complex media. Solid-state nanopores coupled to nanoparticle
probes that generate characteristic translocation current levels enabled detection of
short miRNA sequences upregulated in patients with prostate cancer (Fig. 6c)
[163]. Two populations of nanoparticles with half the complementary miRNA
sequence are introduced, which dimerize in the presence of the miRNA and form
a doublet signal upon translocation, which is distinguishable from the singlet signals
from single nanoparticles. This method has also been deployed for the detection of
proteins such as procalcitonin, a biomarker for sepsis. Using a similar strategy, DNA
hybridization was harnessed for a DNA-protein digital immunoassay for biomarker
quantification [163] (Fig. 6d). Nanospheres immobilized with DNA strands detected
target proteins such as thyroid-stimulating hormone tagged with complementary
sequences, resulting in a distinguishable nanostructure with a double-peak ionic
current signature upon translocation. Extracting the ratio of the different signatures
in the signal allows for concentration quantification of the target molecule of interest.

The implementation of multiplexed sensing presents a way to increase the
information that can be obtained from just one sample. A mobile nanopore at the
tip of a nanopipette enabled spatial and temporal control for multiplexed nucleic acid
sensing. By gradually approaching a glass slide immobilized with hybrid DNA using
an XYZ positioner with nanometer resolution, DNA translocations were re-read with
controlled speeds which reduced the error rate [164]. Additionally, by leveraging the
XY scanning capability of the positioner, a region of interest can be selected on the
glass slide; analysis of different surface-tethered DNA is possible using one
nanopore.

In addition to detecting specific nucleic acid sequences and harnessing hybridi-
zation events, different nucleic acid conformations can be probed. For example,
conformational analysis of RNA (~300-2,000 nucleotides in length) under native
conditions was performed using a polymer-electrolyte solid-state nanopore
[165]. The polymer in the bath solution enabled control over translocation dynamics
of the analyte [166], while allowing the sample containing DNA to be in physio-
logical conditions promoting native DNA folded states.

Rather than differentiating translocating nucleic acid structures, the conforma-
tional dynamics of DNA aptamers covalently modified in ~10 nm nanopores has
modulated the detection of small molecules such as serotonin [167]. Upon target
recognition, aptamer structure-switching modulates the ionic current in a target-
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Fig. 7 Hamnessing DNA conformational changes for detection in nanopores. (a) Aptamers cova-
lently functionalized inside of nanopipettes (10 nm pores) allow detection of serotonin upon target-
driven conformational changes that modulate the current flux through the nanopore [167]. The
rearrangement of negatively charged aptamers upon serotonin capture inside the nanopore leads to
an increase in the ionic current upon application of a positive potential. The non-linear behavior of
the ionic current arises from the asymmetric diffusion of ions through the nanopore due to the
nanopipette geometry (pore size and conical angle) and the surface charge density of the nanopore
walls. (b) Aptamers immobilized on a DNA origami raft enabled adenosine triphosphate (ATP)
detection based on a characteristic translocation signal generated through different conformations of
the ATP aptamers [168]. (c) The state and conformation of G-quadruplexes folded on a DNA carrier
resulted in specific peaks upon nanopore translocation [169]

specific manner (Fig. 7a). The advantage of this mechanism vs. stochastic detection
of analytes is the ability to sense in complex biofluids with high concentrations of
interferents. Nonspecific binding to the nanopore surface and entry of proteins
>10 nm is hindered by completely functionalizing the inside of the ~10 nm
nanopore with aptamers ~5 nm in size. Serotonin released from human serotonergic
neurons has been quantified at physiologically relevant concentrations using such
aptamer-modified nanopipettes [170].

Following a similar mechanistic principle, adenosine-5 triphosphate (ATP)
aptamers have been immobilized inside of nanopipettes to allow ATP detection
[171]. An increase in current is measured upon ATP binding to aptamers confined
within nanopipettes, hypothesized due to pore enlarging upon aptamer structure
switching, as well as a local charge increase. Instead of being functionalized inside
of nanopore surfaces, ATP aptamers have also been immobilized onto DNA origami
ribbons, allowing the detection of small-molecule translocation events (Fig. 7b)
[168]. While detection of small molecules such as ATP alone is challenging,
target-specific structure switching of ATP-specific aptamers on the DNA origami
ribbon led to differentiable conformational states.

Further, to analyze noncanonical DNA motifs such as G-quadruplexes that
regulate gene expression and are promising drug targets for cancer, these structures
were attached to digitally encoded DNA carriers (similar in design to DNA origami)
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that translocate through nanopores (Fig. 7c) [52, 169]. For analysis of
G-quadruplexes, it is important to know their conformation and stability. Based on
designed positions along the multiplexed DNA carrier, folded vs. unfolded
G-quadruplexes (tuned via potassium ions, which specifically stabilizes
G-quadruplexes) as well as various structural forms of G-quadruplexes could be
discriminated. Instead of using DNA as carriers, aptamer-decorated nanoparticles
have also been employed to detect small molecules such as metal ions that alone,
cannot generate measurable signals upon nanopore translocation [109]. Upon bind-
ing of the small molecule, the rearrangement of the negative charges on the carrier
particle modifies translocation speeds, enabling detection. Compared to small mol-
ecules, larger species such as proteins are likely to induce measurable signals upon
translocation; these signals can be amplified using aptamers as labels. The accumu-
lation of negative charge due to specific aptamer binding allows proteins such as
C-reactive protein to be detected in complex environments such as serum [172].

4.2 Protein Biosensing

Solid-state nanopores have advantageous properties for protein sensing [173] as they
can operate under a wider range of environmental conditions, including high elec-
trical bias potentials [144], high temperatures [141], and function in the presence of
denaturants like sodium dodecyl sulfate [140]. Recent reviews have been published
regarding the application of solid-state nanopores for single-molecule protein detec-
tion [174, 175]. Thus, we do not delve deep into this literature but instead highlight
some works published in the last few years as examples of progress in this field.

Proteins lack routes for amplification, in contrast to nucleic acids that have
techniques such as the polymerase chain reaction. However, if used in a cascade
with DNA signal amplification, scarce proteins that interact with specific DNA
sequences can be detected. For example, a conical nanopore sensor combined with
cascade signal amplification was used to detect methyltransferase activity [176], as
impaired DNA methyltransferase levels were previously linked to genetic diseases
or cancer [177, 178]. Specific recognition of enzymes to a hairpin DNA triggered a
hybridization chain reaction to assemble a double-stranded DNA on the surface of
the nanopore, which altered the surface charge and in turn, the measured current
rectification. Proteins dwelling in nanopipettes induce detectable changes in the
surface charge and thus alter the measured current rectification in conical solid-
state nanopores. Various strategies have facilitated trapping the protein of interest
specifically within the tip of the nanopipette. Some examples include the use of DNA
aptamers [106, 179, 180] or alternatively, functionalization with specially designed
peptides or proteins for specific target recognition [105, 181].

Using nanopores that have a similar diameter as the analyte of interest, it is
possible to approximate the shape, volume, charge, rotational diffusion coefficient,
and dipole moment of individual proteins [182]. Due to the rotation of a single
non-spherical object during translocation through a cylindrical nanopore, the ionic
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current is altered, leading to a characteristic footprint of the protein. Unmodified
proteins have also been distinguished based on their size and conformation using
electro-osmotic traps formed by docking a DNA origami sphere that seals off the
nanopore [183]. Different fibril sizes of amyloid-beta plaques that play a critical role
in the progression of Alzheimer’s disease were discriminated using conical
nanopores of various geometries functionalized with PEG to increase the dwell
time of fibers inside the nanopore through molecular crowding [184]. Comparing
experimental results of transport selectivity based on either size exclusion or molec-
ular recognition with computational models that realistically simulate protein trajec-
tories and probabilities of target binding vs. translocation [185] will help to guide
future engineering of solid-state nanopores for proteomics.

4.3 Polysaccharides (Sugars) Biosensing

The third field of single-molecule sensing beyond genomics and proteomics, in
which nanopore sensors have gained further interest is glycomics, the study of
sugars or polysaccharides. Compared to DNA/RNA, which have 4 different nucle-
otides and proteins/peptides with 20 amino acids, polysaccharides have more than
100 monosaccharides with additional variety in linkage and branching structures
(Fig. 8a). While the field of single-molecule glycomics is still in its infancy due to the
complexity of polysaccharides, both biological [187] as well as solid-state nanopores
have shown potential for the analysis of sugars.

Silicon nitride-based nanopores were used to discriminate heparin, an anticoag-
ulant drug used in the treatment of various blood vessel, heart, and lung conditions,
from a structurally similar contaminant that led to adverse clinical consequences
including death [188] (Fig. 8b). The contaminant interacted stronger vs. heparin with
the unmodified SiN nanopore, leading to higher current blockages in resistive pulse
measurements. While heparin is one of the most highly negatively charged bio-
molecules, many carbohydrate oligomers and polymers are neutral, which renders
molecular manipulation via electrophoresis challenging. Thus, chemical tailoring of
solid-state nanopores via surface chemistry is a vital consideration for modulating
mass transport of sugars in addition to tackling other aspects such as tuning con-
ductance and surface fouling [186]. Other publications have shown the potential of
nanopore sensing for glycomics by conducting label-free characterization of plant
polysaccharides [189] and single-molecule identification and quantification of gly-
cosaminoglycans [190]. To this end, advances in solid-state nanopore technologies
are expanding the repertoire and complexity of biomolecules that can be detected
and such platforms will be an integral tool for future multi-omics applications.



[981] @ouanbas ayj Surpre3ar uorjewrojur 9jenbape paIk ued sIsA[eue [ed1ISNEIS YPIM pauIquiod sJuLIdIoZuy Yyons Joyjaym QUIULIAIOP 0} ST SOIWO0IA[S 210douru
Jo [e03 U], "Y10q JO AMXIW B "SA JURUIUIEIUOD OIX0] B “SA ULreday Jo uonenualoyIp po[qeud (1) uoneinp a3eyd0[q pue (%) opmudew a5eyo0[q ) sk yons
$93e00[q JUSLIND 9SAY) JO SONSLIOLILYD A UI SAOUAIRJI( "SO3LO0[q JUaLND wolj A[oweu suoneqinied Juormd 9[qeInseawl JO SOLIS B sojeIouad arodoueu
® 3no1y) AJeIpAyoqred e Jo agesseq "SOMuodA[3 10y Jursuas a1odouru Jo MAIAIAQ (q) SISA[eUE 91eIPAY0qIed J0J PAPA2U UOTIBULIOJUT JO AJISIOAID AU 9ZLIBWWNS
Appomb pue Ajdwrs 03 suonuaauod Juimelp jo uondope ay) ut pajoapar st Arxodwod [eorwayd siy [, ‘Juryouelq jo Apiqissod oy yam sad£) o3equl] Juarojip
£q pa10ouuod (UMOYS ST 3asqns &) stawouowr 9[qissod (g Jo seouanbas Jo 3s1su0d srowkjod pue -031[0 91eIpAYoqIed )Senuod U] "A[Ieaul] pAjoduuod A[RAnoadsar
(umoys s139sqns ©) s1owouowt anbrun () 10  Jo douanbas oy Aq pauruiep are sarmonis owAjodorq urejoid pue yN( () “s1e3ns jo Suisuds asodoueN 8 *S1q

A. Stuber et al.

EE o C \ Al
[ JueuiWEUOD
B uuedsy
. 1 ¥ [} “ -
[ ]
[ ]
0L BE0 960 ED Z60 060 €0 SHO O I W M v 9
\d g3
= 1 N o 2 1
€31 Bl L
1o "
0 £ o
vo E
P ag
! & o o
UMXIN = Q x
JUBUWEIUOD) W s " Iwuo o
uuedoq = 004 NH Pmbm_
o ,
lll’...’ll Hw " INH e]
HN El
le] o]
mlwzﬂ... o, Qe
2,
o oo
e
HN L -
o
mlwu o, Pe
o e0™o
(vNQ) proy
sajelpAyoqien suisjold olg|onuoquAxoag p

306



Solid-State Nanopores for Biomolecular Analysis and Detection 307
4.4 Biosensing in Live Cells

Measuring analytes inside live cells is possible by exploiting the nanopipette geom-
etry: tips within the range of 50-100 nm in diameter allow repeated intracellular
probe insertion without damaging the membrane [191, 192]. Monitoring analyte
concentration flux while minimally stressing the cells under physiological environ-
ments sheds new light on cell behavior and characteristics. For example, tracking
ATP within a cell gives insight into intracellular signaling as well as metabolic
states. Following such dynamic processes has been made possible through ATP
aptamer-modified nanopipettes [192]. The ATP aptamers undergo conformational
changes upon analyte binding and unfold when exposed to UV-light, an external
trigger that allows the sensors to be reset for re-use (Fig. 9a). However, we note that
exposure to UV-light may result in single-stranded DNA damage for long-term
measurements [193] and dynamic target release is necessary for continuous
measurements.

Another small molecule, dopamine, has been rendered detectable intracellularly
using DNA aptamers to capture and accumulate the charged neurotransmitter within
the orifice of the nanopipette [194]. Changes in intracellular signals are detectable in
this nanopipette due to its double-barrel geometry, which confines ionic migration

o

Single nanopore
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¥

Fig. 9 Intracellular measurements with nanopipette sensors. (a) Adenosine triphosphate (ATP)
aptamers functionalized inside nanopipettes undergo a reversible conformational change upon ATP
recognition and can be unfolded with an external ultraviolet (UV) trigger [192]. (b) While single
nanopore sensors can measure intracellular, transmembrane current measurements, dual nanopores
enable monitoring of more local influences as the distance and thus resistance due to biological
material between the two electrodes becomes negligible [191]. (¢) Cell survival up to 30 min was
demonstrated upon insertion of the dual nanopore sensor [191]
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within a ~100 nm radius, allowing the trans-membrane resistance to be neglected
(Fig. 9b). While the cells survived up to 30 min, it is necessary to assess cell survival
for longer-term measurements (Fig. 9c). However, the DNA dopamine aptamer used
in this work is deemed not to be an aptamer due to cross-reactivity with any molecule
possessing a catechol group, thus likely having issues with selectivity [195—
197]. Thus, while aptamers can serve as effective molecular recognition elements
for intracellular measurements of small molecules [170], it is important to charac-
terize their selectivity vs. structurally similar molecules [198]. A specific and
selective dopamine aptamer [199] has been recently incorporated into nanopipettes
with smaller orifices of 10 nm. Rather than detection of charge accumulation, which
can also induce signals from nonspecific interactions especially in the complex
intracellular environment, aptamer conformational change upon dopamine recogni-
tion is the mechanism of signal transduction [200].

The double-barrel nanopipette approach has also been used to monitor the
metabolic regulator, protein kinase A, intracellularly [191]. This sensor was not
functionalized using aptamers, but instead relied on peptide-affinity probes cova-
lently modified on gold film deposited on the inner surface of one of the dual pores to
capture the protein within the orifice. The affinity of the peptide probes to the target
was tuned by varying the peptide sequence, to facilitate reversible binding and thus
enabling real-time monitoring of the protein. Decreases in current were observed
upon protein detection, which was reasoned by pore occlusion due to the capture of
protein targets on the nanopore inner surface. Surface charge changes affecting the
ICR of the sensor appeared negligible compared to the change in effective pore size.

A strategy allowing both intracellular measurement as well as monitoring events
occurring at the membrane consists in combining an AFM cantilever with a
nanopore [148], as mentioned prior in Sect. 3.2. Upon application of controlled
pressure, the probe can be inserted intracellularly to map the nuclear membrane or to
record ionic channels and proteins such as fibronectin. The combination of force
with ion-current feedback generates combined information maps, incorporating
topography with local ionic current.

5 Prospects: Frontiers of Nanopore Technologies

When observing the rapid advances of the past few years, opportunities of solid-state
nanopore systems for biomolecular analysis and detection seem limitless. Since the
original study that fabricated nanopores in a SiN membrane to observe the translo-
cation of DNA over two decades ago, there has been significant progress in diverse
areas of research. In this review, we covered developments of novel routes of
fabrication and pore tuning with increased precision, surface modifications to mod-
ulate the chemical properties inside the nanopores, and the emergence of atomically
thin 2-D nanopores that have tackled the challenge of spatial resolution. The field has
also gained an improved understanding of the physical models that govern ionic flux
and molecular interactions inside nanopores through theoretical modeling, which
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has led to enhanced control over translocation dynamics. Further, improvements in
data analysis for the interpretation of complex signals combined with machine
learning algorithms have enabled differentiation of similarly structured biomole-
cules. We now look to the future of solid-state nanopores where we anticipate
technological breakthroughs in single-molecule analysis and biosensing.

An advantage of solid-state systems is that they can be engineered such that
several nanopores can be put in series. In such a configuration, single molecules can
be re-read several times, which reduces the error rate of the sensors. Moreover, by
placing engineered nanopores with various surface modifications in series (e.g.,
different receptors that bind specifically to different chemical motifs), new informa-
tion can be extracted from biomolecules (e.g., amino acid sequence), which is
impossible using a single nanopore. Careful manipulation of the chemical and
physical interactions of biomolecules with the inner surface of each nanopore will
be essential to ensure specificity, selectivity, sensitivity, and capture efficiency with
adequate temporal resolution. We believe aptamers are promising recognition ele-
ments due to the tunability of affinities, inherent selectivity, and ability to increase
retention times of analytes through molecular recognition. Coupling aptamers to
DNA origami may add another dimension of nanopore control. To date, a dual-
constriction biological nanopore [201] and solid-state systems with several pores in
series have been presented. Eight non-circular pores in series have been
implemented to analyze hepatitis B virus capsid assemblies [202] where the pore
is created by closing a nanostructured channel. Recently, a fabrication method to
create two to three serial nanopores with cylindrical and conical geometries in plane
with the substrate was reported [203]. A two-fold improvement in the precision of
resistive-pulse measurements of hepatitis B virus capsids was observed by having
multiple pores in series.

For solid-state nanopores that interface with biology (e.g., intracellular measure-
ments in live cells), it will be critical that the insertion of the probe does not perturb
the system. To this point, miniaturization of nanopipette orifices is important to
minimize cellular damage upon membrane penetration. Further, in complex biolog-
ical environments, it is necessary to have a reference sensor in parallel for differential
measurements to ensure signals arise from specific binding rather than changes in
ionic flux. Dopamine nanopipette sensors implanted alongside control sensors
modified with scrambled DNA sequences that do not recognize dopamine have
enabled the detection of endogenous dopamine released ex vivo in brain slices
with the necessary selectivity [204]. In addition to reducing the tip size of
nanopipettes, the whole nanopore system has been miniaturized and integrated
into microfluidic arrays using microvalves as a cost-effective and portable
device [205].

Opportunities for scalable parallelized detection lie in the possibility of integrat-
ing solid-state nanopores into other detection modalities such as optics, plasmonics,
and electronic transistors [206, 207]. Different sensing methods offer complemen-
tary enhancements in overall single-molecule sensitivity, dwell time, detection rate,
and scalability — all features that must be tackled to realize single-molecule sequenc-
ing or detection of complex biomolecules [208, 209]. We previously described the
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possibility of fluidic systems to control the translocation rate either hydrodynami-
cally or through nanostructured elements (Sect. 2.3). In addition, we envision that
fluidics can be coupled to nanopore sensors to improve the analysis of complex
biological samples. Microfluidics that enable separation via single-molecule resolu-
tion gel electrophoresis of thousands of proteins directly extracted from a human
cancer cell line have been reported [210]. The combination of the gel slowing down
protein flow with a fluidics design that confines proteins near the surface enabled
high-resolution imaging of individual proteins in situ. Coupling such a platform that
can separate and image proteins prior to detection via solid-state nanopores inte-
grated downstream may permit superior protein classification and analysis. We
envision the use of fluorescent labels specifically attached to certain parts of the
molecule, e.g., individual amino-acids or post-translational protein modifications
[211], facilitating the identification or sorting of biomolecules in complex samples.

Beyond biomedical applications, several works have demonstrated the potential
to exploit the intrinsic property of DNA/RNA for information storage. With a
theoretical data density of ~4.5 x 10’ GB/g for DNA, 17 exabytes per gram
(EB gfl) of storage has been achieved to date [212]. A recent review shows that
either sequence (single nucleic-acids) or structure-based (modified DNA stands for
better error correction) information storage can be achieved where a nanopore sensor
is one possible low-cost read-out device to extract the data [213]. New possibilities
also arise with the availability of high-speed electronics for capturing events in
timescales faster than 100 ns as well as new algorithms that can deal with the
large amounts of data captured, which at these fast sample rates, can easily go up
to several tens of MB/s. Thus, technological advances in diverse areas utilizing
solid-state nanopores are continually amplifying the opportunities beyond single-
molecule analysis and biosensing.
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Abstract Microarrays are widely utilized in bioanalysis. Electrochemical
biosensing techniques are often applied in microarray-based assays because of
their simplicity, low cost, and high sensitivity. In such systems, the electrodes and
sensing elements are arranged in arrays, and the target analytes are detected electro-
chemically. These sensors can be utilized for high-throughput bioanalysis and the
electrochemical imaging of biosamples, including proteins, oligonucleotides, and
cells. In this chapter, we summarize recent progress on these topics. We categorize
electrochemical biosensing techniques for array detection into four groups: scanning
electrochemical microscopy, electrode arrays, electrochemiluminescence, and bipo-
lar electrodes. For each technique, we summarize the key principles and discuss the
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advantages, disadvantages, and bioanalysis applications. Finally, we present con-
clusions and perspectives about future directions in this field.
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1 Introduction

Electrochemical biosensing has been widely used in clinical diagnostics, environ-
mental assessment, food analysis, chemical analysis, and basic research [1]. As these
applications often require the analysis of many samples, high-throughput and simple
assays are desirable. For this purpose, it is advantageous to arrange samples or
sensors in dense arrays on a single small chip. Although optical approaches involv-
ing fluorescence analysis have been widely used for array sensing, electrochemical
systems have also been proposed because of their simplicity, low cost, and high
sensitivity. In many electrochemical approaches, the target analytes are captured in
arrays and then are electrochemically measured. In other electrochemical
approaches, electrochemical sensors or sensing elements are arranged in arrays for
target imaging and analyte detection. For array-based electrochemical detection
systems and devices, scanning electrochemical microscopy (SECM) and electro-
chemical chip devices, such as electrode arrays, have been developed (Fig. 1). As a
subset of electrode array, bipolar electrode (BPE) arrays are also attractive for
bioanalysis because no complex wiring needs to be introduced during the fabrication
process. Advantageously, other components, such as microfluidic systems,
microwells, and cell culture platforms, can be incorporated into chip devices. In
addition to potentiometry, amperometry, and impedance spectroscopy,
electrochemiluminescence (ECL) and dielectrophoresis (DEP) have been utilized
for detection (Fig. 2). In ECL measurements, electrochemical signals are converted
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Fig. 1 Electrochemical biosensing in arrays using (a) SECM and (b) chip devices (e.g., electrode
arrays)
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Fig. 2 Electrochemical detection based on (a) amperometry, (b) ECL, and (c) DEP

into optical signals, and the ECL imaging allows the rapid detection of analytes in
large areas without electrode arrays or scanning probe electrodes. DEP techniques
have been applied to trap biosamples in arrays and then release them, demonstrating
the applicability of these approaches for array-based bioanalysis.

In array-based assays, several biocomponents, — mostly proteins and
oligonucleotides — have been analyzed for medical checks in samples of blood,
sweat, and urine. Biosamples are widely analyzed using immunoassays, including
the enzyme-linked immunosorbent assay (ELISA), in which enzymes and redox
compounds as labels are electrochemically detected. In addition to conventional
ELISA, digital ELISA using beads or droplets has been reported for the detection of
single beads or molecules [2]. In a digital ELISA approach, microbeads with
antibodies are used to capture one or zero target protein molecules per bead. The
microbeads are further modified with antibodies conjugated with enzymes and then
are trapped within microwells filled with enzymatic substrates, and the fluorescence
products accumulated within the confined microwells are monitored. As the number
of target molecules can be measured by counting the positive beads, a high sensi-
tivity is realized. Instead of antibodies in immunoassays, aptamers modified with
redox compounds have been used in electrochemical assays. In addition to proteins
and oligonucleotides, cells have been analyzed using arrays. Conventional cell-
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based assays measure the average response of a cell population. Therefore, these
assays are unsuitable for use in monitoring cellular heterogeneity and identifying
special cells such as circulating tumor cells. To this end, single-cell analysis is of
critical importance [3, 4]. In addition, three-dimensional (3D) cultured cells have
attracted considerable attention because they can show in vivo functions, unlike
two-dimensional (2D) cultured cells. In particular, spheroids and organoids have
been widely analyzed in regenerative medicine and drug screening.

In this chapter, we categorize electrochemical approaches for array-based
biosensing into four groups: SECM, electrode arrays, ECL, and BPEs since we see
here the most innovative aspects in the last decade. For each technique, we summa-
rize the features of the devices/systems, describe the advantages and disadvantages,
and discuss bioanalysis applications. Finally, we present our perspectives on future
developments. We previously reviewed microelectrode arrays in cell analysis and
engineering [5], and some of those topics are updated herein. As the present chapter
focuses on the use of arrays for electrochemical biosensing, to obtain a deeper
understanding of other specific themes, we recommend that the reader refer to
excellent reviews on the electrochemical analysis of cells [6], electrochemical bio-
sensors for nucleic acids [7-9], and electrochemical biosensors based on
nanomaterials [10].

2 SECM

SECM is a type of scanning probe electrochemical microscopy [11] in which an
electrode scans the sample and local electrochemical reactions are monitored. In
general, only the tip of a disk microelectrode is exposed, and the other areas are
covered with an insulating material, such as glass. The probe electrode approaches
the sample in a solution wherein a reference/counter electrode is immersed and scans
the sample surface. During the scan, a bias is applied between the electrodes to
monitor local electrochemical reactions at the tip of the probe electrode. There are
different modes of SECM operation [12]. For example, in the “feedback mode,” a
redox mediator shuttles between the tip and sample (e.g., conductive materials and
catalysts), and the tip current is controlled by reactions at the tip and sample [13]. In
the so-called generation-collection mode, redox species generated from a sample are
detected at the tip. Detailed descriptions of the SECM operation modes can be found
in earlier reviews. The SECM technique can be used to evaluate the topographies of
samples and activity of biocomponents, e.g. when glucose oxidase is immobilized
on a target surface and the solution contains redox mediators, redox currents from
the probe electrodes increase because of the redox cycling of the redox mediators
between the electrode and enzyme. After XY scanning, redox current values are
pseudo-colorized, and a 2D electrochemical image of these values is obtained. The
technique can clearly visualize the position but also the activity of glucose oxidase.
The fabrication of nanoelectrodes has facilitated the acquisition of electrochemical
images on the nanometer scale [14], which is a strong advantage over electrode
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arrays. Although SECM is a very useful tool for electrochemical imaging, it suffers
from long measurement because of the movement of the probe electrode. To address
these issues, the use of microelectrode arrays as probes has been proposed. For
example, soft linear Au microelectrode arrays were fabricated using printing tech-
nology [15], and a linear array of microelectrodes was used as a probe [16]. The
probe mechanically contacts a target and slides along its surface during the scan.
Because of its softness and the presence of multiple electrodes, the probe enables
rapid SECM imaging on curved substrates.

Application of SECM for bioanalysis can be mainly seen in enzyme activity
measurements. These aspects will be illustrated in applications of ELISA, oligonu-
cleotide assays, and cellular analyses. For example, for enzyme imaging SECM was
combined with a continuous nanoflow system to achieve high-resolution analysis of
enzyme-labeled protein microarrays [17]. In this work, a ring electrode/injector
probe equipped with a pump was used. This pump system can introduce a solution
containing H,O, and FcCH,OH to the area under the probe, resulting in a high
imaging resolution. Human immunoglobulin G (IgG) spots labeled with anti-human
IgG and horseradish peroxidase (HRP) were electrochemically detected by moni-
toring the reduction currents of FcCH,OH* generated by the HRP reaction. In
another study, inkjet printing technology was utilized to prepare glucose oxidase,
invertase, and HRP spots in 2D arrays, and the printed enzymes were monitored
using SECM to reveal the utility of inkjet printing in fabricating 2D enzyme
arrays [18].

In addition to enzyme arrays, DNA microarrays have been detected using SECM
(Fig. 3a) [19]. Thiolated capture DNA probes are immobilized on a gold substrate,
and the target DNA, when present, hybridizes with the capture DNA. Furthermore,
biotinylated DNA signal and DNA auxiliary probes hybridize as shown in Fig. 3a,
resulting in the formation of DNA concatemers. Finally, streptavidin HRP is linked
with the concatemers. The HRP-catalyzed reaction was monitored by reducing
enzyme-oxidized benzoquinone. In another study, SiO, nanoparticles immobilized
on HRP were used for signal amplification [20].

SECM has also been applied for cell analysis in microwell arrays. For example,
visualization of the concentrations of dissolved oxygen using SECM allowed the
detection of respiratory activity in cellular spheroids (Fig. 3b) [21, 22]. For these
experiments, the spheroids were fabricated in microwell arrays. In addition, alkaline
phosphatase (ALP), a pluripotent marker in cellular spheroids, was successfully
evaluated by detecting the enzymatic product p-aminophenol (PAP) after addition
of the enzymatic substrate p-aminophenol phosphate (PAPP) (Fig. 3c) [23]. Single-
cell analysis in arrays has also been performed using SECM. In an electrochemical
reporter gene assay, HeLa cells were genetically transfected with a reporter gene to
evaluate tumor necrosis factor o [24]. Secreted alkaline phosphatase (SEAP) was
selected as the reporter protein. The cells were trapped in microwells filled with
PAPP, and the enzymatic products were monitored using SECM. SECM has also
been used as an engraving method for cell analysis [25]. In this study, cells were
captured in a microwell array, and the microwells were covered with a detection
slide to trap cells in confined spaces. During culturing, the cellular secretions of
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Fig. 3 Array-based bioanalysis using SECM. (a) Detection of DNAs. Reproduced with permission
from [19]. Copyright 2016, Elsevier. (b) Detection of the respiratory activity of cellular spheroids.
(¢) Detection of ALP in cellular spheroids. Reproduced with permission from [23]. Copyright 2019,
American Chemical Society

SEAP were trapped and immobilized on the detection slide modified with antibodies
for SEAP, which is a similar process to engraving. The immobilized SEAP was then
detected using PAPP and SECM. In addition to cell analysis, SECM can be used to
evaluate biomaterials in cell cultures. For example, the topography and oxygen
permeability around hydrogel microwell arrays were visualized [26].

This chapter focuses on array-based bioanalyses using SECM. However, SECM
has also been utilized to analyze inorganic catalysts. This is related to the charac-
terization of the homogeneity of a single catalyst layer or many catalyst materials in
an array. For example, SECM was applied to screen CO, electroreduction activities
[27] and photocatalysts in arrays [28]. A review regarding the use of SECM in
analyzing catalytic activity was recently published [29].
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3 Electrode Arrays

Electrode array devices have been proposed for high-throughput and rapid array
analyses. These devices consist of an array containing multiple electrodes, which can
each work individually. Because no scanning process is involved, the analysis time
for multiple samples is shorter than in SECM. Moreover, the rapid progress of micro/
nanofabrication processes has facilitated the incorporation of multiple microelec-
trodes into small chip devices. Electrode array devices have been applied not only
for high-throughput analysis but also for the electrochemical imaging of biosamples.
However, because the number of electrodes in the array is limited, electrochemical
images obtained using simple electrode arrays have much lower spatial resolution
than SECM images. Simple electrode arrays consist of sensor electrodes, leading
electrodes, and connectors. The leading electrodes and connector pads have large
areas, and the number of sensors is limited. Also, electrode array devices require
numerous bonding pads at their edges, and leading electrodes are needed to connect
the sensor electrodes to the pads. Thus, complex wiring is necessary. To reduce the
process for the wiring and improve sensor density, switching systems based on field
effect transistor and chemical reactions have been proposed, and we present them
later. In this section, we discuss simple electrode arrays, wherein the electrodes
exhibit 2D or 3D arrangements. We describe electrode arrays with switching systems
such as complementary metal oxide semiconductor (CMOS) devices, and finally, we
analyze DEP and electrorotation (ROT) devices.

Electrode arrays have been widely utilized for immunosensing. In one study, the
coronavirus was identified by employing spike protein S1 as a biomarker
[30]. Although the eight electrodes in the device could detect eight different
coronaviruses, two electrodes were modified with bovine serum albumin instead
of target antigens for use as controls in the study. Further, four electrodes were used
for the Middle East respiratory syndrome corona virus (MERS-CoV) antigen and
two electrodes were used for human corona virus antigen to enable duplicate
measurements. For detection, the electrodes were modified with antigens, and
indirect competitive assays were conducted by measuring the redox current of the
ferro/ferricyanide redox couple.

Platforms of 96 well plates were utilized for electrochemical bioassays in arrays,
although they were not microarrays. Screen-printed electrodes were prepared on the
bottoms [31, 32], and wire electrodes were inserted into the top wells [33]. These
well plates were used for the electrochemical detection of aflatoxin B;, magnet-
based immunoassays, and the bioelectrochemical analysis of cytochrome P450.

In another system, many sensors were incorporated into a single working elec-
trode without a switching system to achieve digital electrochemical detection
[34]. Sensor electrodes of different sizes (1, 2, and 4 mm2) were connected to a
single working electrode. Then, droplets with or without a redox compound at a
constant concentration (e.g., 0 or 1 mM) were placed on each sensor. The current
signals obtained from the single working electrode were converted into a 3-digit
binary number by considering the sensor area and current value. The obtained binary
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numbers had one-to-one correspondence with the positions of all three droplets.
Although this strategy allows many sensors to be incorporated into a single working
electrode, only digital analysis can be performed to judge whether the analytes at the
constant concentration are present.

In addition to devices consisting of individual working electrodes, connected
electrode arrays have been utilized for bioanalysis, including the sensing of bio-
markers in dermal interstitial fluid [35, 36]. For example, microneedle arrays placed
on the skin were used to collect and evaluate the components in skin.

DNA detection has also been realized using electrode arrays. For example, 4 x 4
interdigitated electrode arrays (IDAs) with fingers (width and spacing: 600 nm) were
fabricated [37]. The IDAs were modified with single-stranded DNAs as capture
probes, and the impedance between the fingers in each IDA was monitored after
target DNA hybridization, resulting in label-free DNA detection. Apart from
impedimetric detection, IDAs were used for oligonucleotide detection based on
redox cycling [38]. In this study, a capture oligonucleotide was immobilized on
gold IDAs with the aid of a thiol molecule. Then, the target 16S rRNA was captured
by hybridization. A detector oligonucleotide labeled with biotin was hybridized to
the target RNA, and avidin with ALP was bound to biotin. Finally, PAPP was
introduced, and the generated PAP was detected by redox cycling using the IDAs
(which means that the substance is oxidized at one finger of the interdigitated
electrode and the reaction product subsequently is reduced at the other finger
resulting in several detection cycles for one molecule which amplifies the signal).
There were 16 electrode pairs, and each IDA consisted of 204 fingers with 800 nm
width and 40 nm gap.

Several other strategies that incorporate multiple sensors have also been pro-
posed, including, electrochemical switching systems based on local redox cycling
[39—41]. In one device, 32 row and 32 column electrodes were prepared on a single
glass substrate. The application of appropriate potentials to these electrodes induced
the local redox cycling of analytes, such as PAP, at the crossing points. By
monitoring the electrochemical signals, the crossing points could be utilized as
individual sensors. Thus, 1,024 sensors were created using only 64 electrodes. In
another device, a sensor density of over 1,000 sensors/mm? was achieved (Fig. 4a)
[39]. Such a device was successfully applied to evaluate the differentiation of
embryonic stem (ES) cells (Fig. 4b). Similar systems were also applied to the
electrochemical detection of droplet arrays [42, 43].

Microelectrode arrays have also been used in brain studies [44—46]. For example,
microelectrode arrays recorded and stimulated electrical signals in neuronal net-
works in brain tissue. Additionally, 3D electrodes and constructs such as
microneedles [47] were developed to monitor 3D brain tissue. Recently, a flexible
electrode array was designed to cover cortical spheroids (Fig. 5a) [48]. In this study,
a 3D neural interfacial network was successfully monitored using 25 electrodes
arranged in a 3D array. CMOS techniques have been used to solve the problem of
sensor density. A CMOS-based electrode array device was used for in vitro assays to
characterize the neuronal dynamics of single-cell networks (Fig. 5b) [49]. This
device consisted of 19,584 recording sites with a density of 3,050 sensors/mm?>.
This device allowed induced pluripotent stem cell-derived neuronal cells to be
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Fig. 4 Local-redox-cycling-based electrochemical imaging device. (a) Schematic of device and
system. Row and column electrodes are orthogonally crossed, and redox cycling is locally induced
only at the crossing points. In this case, 256 crossing points as individual sensors are obtained using
only 32 electrodes. (b) Optical and electrochemical images of the embryoid body of ES cells. The
ALP activity as a differentiation marker was converted into a redox current. The electrochemical
image consists of 256 pixels that indicate the current values. Reproduced with permission from
[39]. Copyright 2014, American Chemical Society

monitored for several weeks. Another CMOS microelectrode array device was
applied for the multiparametric functional imaging of cells and tissues [50]. This
device used impedance and electrochemical analyses to visualize cellular attach-
ment, adhesion, and metabolism.
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Fig. 5 Electrode arrays for monitoring the neural activity of cells. (a) 3D electrode array. Left:
optical image of a cortical spheroid enclosed in the device. Middle: position of sensor electrodes.
Right: local field potentials from the electrodes. Reproduced from [48]. Licensed under CC BY-NC.
Copyright 2021, the authors. (b) CMOS device. Top: device structure. Bottom: activity map of
neurons. The color represents the potential values. Reproduced from [49]. Licensed under CC BY
4.0. Copyright 2020, the authors

DEP devices have been applied to trap biosamples, such as immunobeads and
cells, in arrays. DEP-based analyses can be classified as positive or negative DEP
(pDEP and nDEP, respectively) [51]. In pDEP, bioparticles move to areas with
strong electric fields. In contrast, in nDEP, bioparticles move away from the areas
with strong electric fields. In one study, microbeads for a digital immunoassay were
loaded and then efficiently captured in a microwell array consisting of SU-8 as the
photoresist, and Au electrodes using pDEP (Fig. 6a) [52]. After the immunoassay,
the system was washed by pushing the microbeads out of the microwells using
nDEP. This system was used to detect four types of cytokines. Another DEP device
was applied to the detection of surface antigens on cells [53]. This microfluidic
device consisted of a single-plane indium tin oxide (ITO) electrode and an antibody-
modified band array on the top and bottom, respectively. Using nDEP induced by the
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Fig. 6 Manipulation of biobeads in arrays using (a, b) DEP and (c) ROT. (a) Schematic illustration
of immunoassay combined with DEP. DEP is used to trap immunobeads in the array for multiple
rapid detection. Reproduced from [52]. Licensed under CC BY-NC-ND. Copyright 2021, the
authors. (b) Trapping and releasing cells using DEP. Reproduced with permission from [55]. Copy-
right 2022, Elsevier. (¢) Schematic illustration and photo of a cell array. Two pairs of IDAs are set
orthogonally to induce ROT in the array. Cells are trapped and rotated at the center of the grids.
Reproduced from [57]. Licensed under CC BY 3.0. Copyright 2020, Royal Society of Chemistry

electrode array, target cells with CD33 were pushed onto the area modified with
antibodies and captured via immunoreactions. The potential was then switched to
remove nontarget cells. The surface antigen was successfully monitored by measur-
ing the efficiency of cell trapping. A DEP device was also used to harvest target
single cells from arrays after analysis (Fig. 6b) [54, 55]. This device consisted of
microband electrode arrays orthogonally arranged at the top and bottom. First, the
cells were trapped in microwell arrays using pDEP. Suitable potentials were then
applied to specific electrodes to induce local nDEP only at the target crossing point,
resulting in the release of cells from the microwell [55].

In addition to DEP, electrorotation (ROT) has been used to evaluate bioparticles.
By employing ROT, torque can be induced in bioparticles. Typically, four electrodes
are prepared on a planar substrate to induce a rotating electric field. In contrast, for
high-throughput analyses, two sets of IDAs were prepared in a 3D arrangement to



328 K. Ino et al.

induce ROT in many areas in an array (Fig. 6¢) [56, 57]. This device was applied to
trap and rotate cells in the array, which facilitated evaluation of their dielectric
properties [57].

4 ECL

In ECL detection, electrochemical reactions are converted into luminescent signals.
In a typical ECL scheme, luminophores and co-reactants react electrochemically on
an electrode to produce excited luminophores, resulting in ECL emission (Fig. 2b).
Ru(bpy);>*/tri-n-propylamine (TPA) and luminol/H,O, have been widely used for
ECL emission. A single working electrode can visualize electrochemical reactions
over large areas without complex wiring, which is an advantage over electrode
arrays. Compared to that of fluorescence detection, the ECL method exhibits an
almost zero background because it does not require excitation light, resulting in
highly sensitive assays. However, there are fewer reactions that are suitable for
ECL-based bioanalysis, especially for cell analysis. Therefore, new reactions and
strategies that use ECL are desirable. As the ECL signals depended strongly on the
surface conditions, the use of clean electrodes in every analysis is necessary, which
may be a disadvantage compared to fluorescence techniques. In contrast, surface
fouling due to bioreactions, such as cellular activity may be monitored using the
ECL approach.

ECL can be observed in bioanalyses including immunoassays, and oligonucleo-
tide assays. Recently, novel strategies for use in cell analysis have been reported. For
highly sensitive assays, numerous devices and systems and high-throughput ana-
lyses have been developed. Additionally, nanomaterials such as quantum dots (QDs)
were developed for use as ECL tags [58], but we skip the detailed discussion of QDs
in this chapter.

An ECL-based biosensor array was proposed for glucose, lactate, and choline
detection [59]. The six working electrodes were modified with enzymes, carbon
nanotubes, and chitosan. After the enzymatic reaction, ECL was generated using
luminol and H,O, produced by the enzyme-catalyzed oxidation of different sub-
strates. In another study, dopamine released from living cells was detected using an
ECL nanocage array in which luminophores were confined [60]. In this study, the
cells were stimulated, and the supernatants were collected and measured using the
platform. The approach relied on the quenching effect of dopamine on the ECL
signal. An ECL imaging microarray was also used to monitor dopamine released
from single cells (Fig. 7) [61]. A microfluidic device with microwells was used to
trap cells and concentrate released dopamine. At the sensing points, an ITO electrode
was modified with co-reactant-embedded polymer dots (Pdots), resulting in
decreased ECL signals in the presence of dopamine. Under hypoxic conditions,
the concentration of dopamine released from single cells was 50—130 pM or 3 x 10*—
7 x 10* per cell, and the low concentration was successfully monitored.
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Fig. 7 ECL imaging of dopamine (DA) release from a PC12 cell culture array. (a) Schematic
illustration of the system. Cells are cultured in a microfluidic device containing microwells modified
with Pdots and aptamers (Apt). (b) Bright-field and (¢) ECL images of cells. Reproduced with
permission from [71]. Copyright 2022, Elsevier

ECL was also applied to bead-based immunoassays for multiplex detection
(Fig. 8) [62]. In this study, the antigen was sandwiched between biotinylated
antibodies and antibody-modified microbeads, and the beads were then treated
with a streptavidin-Ru(bpy);>* complex. The beads were trapped in a microwell
array of etched Au electrodes. Three types of microbeads were prepared for VEGF,
IL-8, and TIMP-1 detection. The concentrations of Eu>* in the beads differed, which
allowed them to be distinguished in the assay using fluorescence signals. The ECL
emission was observed to evaluate immunoreactions.

Array-based genotoxicity screening has been performed using an ECL approach
[63]. In this study, DNA, the CYP450 enzyme, and [Ru(bpy)z(PVP)10]2+ were
spotted in an array on a pyrolytic graphite electrode. The ECL signals derived
from damaged DNA were larger than those from normal DNA. Because DNA
damage depends on CYP450 activity, the enzymatic activity was evaluated based
on the ECL intensity.

ECL imaging is also applicable to single-cell analysis [64]. Cholesterol from
single cells was monitored using an ECL device. Microwells were prepared on an
ITO electrode, which was modified with graphitic carbon nitride (g-C3Ny4)
nanosheets to enhance ECL emission. Single HeLa cells were trapped in the
microwells, and cholesterol oxidase in solution reacted with membrane cholesterol
to generate H,O,. A luminol analog, LO12, was loaded into the cell chamber and
used for ECL imaging. The same group reported the detection of intracellular
glucose in single cells with ECL imaging using a similar device and glucose
oxidase [65].

5 Bipolar Electrode Arrays

To address the issue of the complex wiring of electrode arrays, wireless electro-
chemical sensing systems have been developed using a strategy based on bipolar
electrochemistry [66].
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Fig. 8 ECL imaging of immunobeads on the Au electrode. (a) Schematic illustration. (b) Bead
array on the electrode. The image was pseudo-colorized. Four types of immunobeads were trapped
and observed under a fluorescence microscope. (¢) ECL images of the beads. The intensities in the
ECL image indicated the quantity of the analytes. Reproduced with permission from [62]. Copyright
2009, American Chemical Society

A BPE consists of a conducting material in an electrolytic solution containing a
pair of driving electrodes with a potential bias. When the bias is sufficient, an anodic
reaction is induced at one end of the BPE and a cathodic reaction is induced at the
other end (Fig. 9a), even though the BPE is not connected to the driving electrodes.
In general, an electrochemical reaction at either pole of the BPE is converted into an
optical signal, such as fluorescence or ECL at another pole. By monitoring the
optical signal, the electrochemical reaction at the other pole can be evaluated because
the anodic and cathodic currents of the BPE are equal. Thus, the BPE-based strategy
can provide electrochemical sensing without complex wiring, and large electro-
chemical sensors can be incorporated into small chip devices. For example, a
small chip with 1,000 individual BPEs was reported [67]. In contrast, it is difficult
to stimulate cells locally using BPEs as shown in previous figures, because a single
pair of driving electrodes simultaneously control all BPEs in the array, and the BPEs
do not operate individually. Additionally, potentiometric assays of cellular functions
have not been described yet, because no strategy for converting active potentials to
optical signals using BPEs has been reported, to the best of our knowledge. BPEs
can be categorized as open (Fig. 9a) or closed (Fig. 9b). For open BPEs, the cathodic
and anodic poles are in the same solution. In contrast, for closed BPEs, the solutions
in contact with the anodic and cathodic poles are physically separated. In the closed
system, there is a single current path via the BPE. Therefore, the applied potential
between the driving electrodes can be set lower in the closed system than in the open
system, which is advantageous. Moreover, the physical separation of the reporter
and sample cells aids in eliminating crosstalk. In this section, we focus on closed
systems for array-based assays. Although many sensors can be incorporated using
this strategy, there are limited systems that combine analyte electrochemical reac-
tions and ECL, which is a disadvantage compared with conventional electrode array
devices.

A closed BPE array was applied to detect cancer biomarkers [68]. In this study,
parallel ITO BPEs were placed on a glass substrate. Au films were electrodeposited
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Fig.9 BPE types. (a) Open and (b) closed BPEs. Reproduced with permission from [5]. Copyright
2021, Elsevier

on the BPE cathodes, which were also modified with aptamers or first antibodies. In
the presence of the biomarkers, thionine with second antibodies was immobilized at
the cathodic pole as an electrochemical tag. [Ru(bpy)s]** underwent a reaction at the
anodic pole, and the resulting ECL signal was monitored. Thus, electrochemical
arrays can be utilized for detection of high-throughput assays of multiple analytes
and samples.

DNA detection has also been achieved using a closed BPE array [69]. In this
system, single-stranded DNA probes were immobilized on Au electrodes as cathodic
poles. During the hybridization of the target single-stranded DNA, methylene blue
(MB) was intercalated into the resulting double-stranded DNA. MB was reduced at
the cathodic pole, while [Ru(bpy)3]2+/TPA was oxidized to produce ECL emission.
The concentration of the target DNA was successfully determined using the ECL
signal.

Closed BPE arrays have been applied for cell analysis. For example, the respira-
tory activity of cancer spheroids was monitored [70], as outlined in Fig. 10. Briefly, a
BPE array of Pt electrodes was prepared. Cancer spheroids of MCF-7 were manually
arranged using a micropipette at the cathodic poles of the BPEs, whereas [Ru
(bpy)s]** and TPA were placed at the anodic poles. During detection, dissolved
oxygen was reduced to water at the cathodic pole, and ECL emission occurred at the
anodic pole. Cell respiration caused the concentration of dissolved oxygen to
decrease at the cathodic pole, resulting in low ECL emission. Using this strategy,
the respiratory activity of cellular spheroids was successfully evaluated. Because
cellular spheroids are widely utilized for cellular transplantation and drug screening,
this method can also be applied for these purposes.

Typically, BPE arrays are 2D and prepared on flat substrates such as glass. To
fabricate high-density BPE array membranes, several methods have been proposed,
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Fig. 10 BPEs for detection of respiratory activity of cellular spheroids in an array. (a) Schematic
illustration. (b) Optical image of spheroids at the cathodic poles and ECL images of the sensing
areas of anodic poles. Reproduced with permission from [70]. Copyright 2021, Elsevier

in which BPEs are vertically embedded in thin films (Fig. 11a) [71-75]. For
example, a carbon electrode array obtained by SU-8 pyrolysis was prepared in a
parylene C film [72, 74]. In another approach, a track-etched membrane was used
and Au BPEs were prepared using electroless plating [73]. In addition to ECL
imaging, fluorescence imaging of resazurin/resorufin was reported using a BPE
array film [76]. In this study, resazurin was reduced to resorufin at the cathodic
poles, and the resorufin was fluorescently monitored. BPE array membrane was
successfully applied for the visualization of cellular adhesion [77]. In this study, Au
electrodes were electrodeposited in the pores of an anodic aluminum oxide mem-
brane to prepare a nanoelectrode array. This fabrication strategy resulted in an
electrode diameter of 140 nm and a pitch of 450 nm. Single cells were cultured on
the cathodic poles of the membrane, and (Ru(bpy)32+/2-(dibutylamino)ethanol were
used as the luminophore/co-reactant for ECL imaging at the anodic poles of the
membrane. When cells were attached to the membrane, oxygen reduction was
inhibited because the cells covered the electrodes (Fig. 11b).

Commercially available BPE arrays are desirable for researchers with no instru-
ments to fabricate them. Anisotropic conductive film (ACF) can also be used as a
commercially available BPE array, although ACFs are generally applied for vertical
and horizontal conduction and lead-free adhesion in the production of display panels
and camera modules. Generally, an ACF comprises a thermosetting resin and
conductive particles/rods, and the construction is similar to that in Fig. 11a. There-
fore, commercially available ACFs have been used as BPEs in ECL imaging [78].
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Fig. 11 Closed BPE array in a thin film. (a) Schematic of device. (b) ECL imaging of single
cells. Left: ECL image. Right: bright-field image. Scale bar: 20 pm. Reproduced with permission
from [77]. Copyright 2021, Wiley-VCH GmbH
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Closed and open BPE arrays have also been combined with DEP techniques to
trap cells. Such a device was applied for the high-throughput selective capture of
circulating tumor cells [79].

In addition to the chip devices for bioanalysis discussed in this section, BPEs
have also been incorporated into probe devices [80-81]. BPEs have also been
utilized for other applications such as electrosynthesis [82, 83] and biofabrication
[84]. Thus, bipolar electrochemical systems are of considerable interest in several
fields, including bioanalysis.

In addition to cell analysis as mentioned above, a microfluidic system was
combined with BPE arrays in multiplexed detection [85]. Using this system, rapid,
automatic multiple sampling was realized, resulting in an improved efficiency and a
reduced use of reagents. As microfluidic systems can be utilized in organs-on-a-chip
and microphysiological systems, BPE-microfluidic system should be used in cellular
analyses based on chips.

6 Perspective and Conclusions

This chapter provides an overview of microarray-based electrochemical biosensing
approaches, including SECM, electrode arrays, ECL techniques, and BPEs, and
discusses their advantages, disadvantages, and bioanalysis applications. Although
electrochemical biofabrication [86] was omitted from this chapter, the aforemen-
tioned electrochemical devices and systems can be utilized for biofabrication in
arrays. Such arrays can be used as cell culture platforms and bioanalysis chips.
Although we focused on SECM in this chapter, several other electrochemical
microscopic techniques have been proposed, including scanning ion conductance
microscopy (SICM) and scanning electrochemical cell microscopy (SECCM)
[87]. The SICM and SECCM techniques are capable of visualizing samples on the
nanometer scale. In addition, SECCM can be used to prepare arrays of chemicals on
electrodes using a scanning droplet cell [88]. Furthermore, these techniques can be
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combined with SECM for bioanalysis [89]. We anticipate that these techniques will
be utilized for array-based bioanalysis in the future.

As discussed in this chapter, electrode arrays are applicable for single-cell
analysis and the evaluation of cellular spheroids. In the near future, further advances
will allow these devices to be widely used to evaluate organoids [90] and
microphysiological systems [91] for drug discovery.
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Abstract The contamination of food by bacterial pathogens represents a substantial
hazard for human and animal health. Therefore, considerable effort is focused on the
development of effective methods for monitoring food safety. A current trend in this
field is the development of biosensors that can be used in remote food laboratories
and even in farms to check food contamination prior to its delivery to consumers or
its further processing in the food industry. Among receptors that can recognize
proteins or lipopolysaccharides (LPS) on bacterial surfaces, aptamers play an impor-
tant role. An aptamer consists of a single strand of DNA or RNA that folds into a 3D
structure when placed in a solution, forming a binding site for the target. This chapter
presents an overview of recent achievements in bacterial pathogen detection through
the development of electrochemical, optical, and acoustic biosensors based on DNA
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aptamers. Thus far, these biosensors exhibit good sensitivity and selectivity, com-
parable with conventional methods currently used in food laboratories. However,
these biosensors offer several advantages over conventional methods: they are of
low cost, easier to handle, and respond more quickly. Biosensor technology is
therefore an important tool for monitoring food safety.
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1 Introduction

Food and waterborne pathogens present a substantial threat to human and animal
health. They are the source of over 200 diseases. The World Health Organization
(WHO) reports that over 600 million people worldwide are infected with
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contaminated food each year, leading to over 420,000 deaths. The most common
symptom of foodborne illness is diarrhea, although severe symptoms may also
occur, such as renal failure, liver failure, central nervous system disorders, reactive
arthritis, cancer, and death. Among the most dangerous sources of foodborne
pathogens are Listeria monocytogenes, Escherichia coli 0157:H7, Staphylococcus
aureus, Salmonella enterica, Salmonella typhimurium, Bacillus cereus, Vibrio spp.,
Campylobacter jejuni, Clostridium perfringens, and Shiga toxin-producing
Escherichia coli (STEC) [1, 2].

The pathogens are especially prevalent in insufficiently cooked foods, such as
vegetables and fruits, raw milk, dairy products, and processed and raw meat. These
pathogens pose a serious problem in foods that do not undergo sufficient heat
treatment prior to consumption, including seafood. Seafood can contain pathogens
such as Vibrio, Listeria, Yersinia, Salmonella, Shigella, Clostridium, Campylobac-
ter, and Hepatitis A, as the infection dose of these pathogens is very low (10-1,000
bacterial cells/mL) [3].

According to the European Food Safety Authority (EFSA) in 2021 the first and
second most common cause of foodborne illnesses in the European Union has been
related to Campylobacter and Salmonella, respectively. Campylobacter is the most
common cause of foodborne illnesses annually within the European Union (EU).
The data presented shows over 246,000 human cases each year; however, the actual
number of annual cases is estimated to be up to nine million. The EFSA estimates
that campylobacteriosis costs EU nations alone approximately 2.4 billion EUR
annually through productivity losses and expenses related to public health
systems [4].

Listeria contains 10 species within its family; Listeria monocytogenes is the cause
of the disease known as listeriosis. Listeriosis infections can be severe, especially for
pregnant women, newborns, people with weak immune system, and the elderly, with
a mortality rate of 15.6% according to EFSA from data collected in 2018. Food
contamination can occur even after production, since unlike other bacteria, Listeria
specimens can survive and multiply in salty environments and low temperatures
(2 and 4°C). The most common source of listeriosis is from contaminated smoked
fish, meats, soft cheeses, and raw vegetables. Several methods are currently available
to prevent and control bacterial contamination of food.

Waterborne pathogens pose another serious threat to human and animal health.
These bacterial contaminants must be removed before water distribution; in cases of
insufficient decontamination, water may contain various bacterial pathogens such as
Cryptosporidium, Giardia, Campylobacter, and E. coli that cause gastroenteritis.
Other waterborne pathogens that grow within water distribution systems or within
engineered water systems include Legionella pneumophila, Pseudomonas spp., and
non-tuberculosis mycobacteria. Among them, the L. pneumophila that is responsible
for Legionnaires disease has attracted the most attention in recent years [5, 6].

Conventional methods in dairy and food laboratories can detect foodborne
pathogens with high specificity. The most frequently used methods are microbio-
logical in nature: that is, they are based on the incubation of the sample on an agar
plate. However, these methods are affected by several factors, such as the presence
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of other microbes or viable but not culturable cells (VBNC). In addition, these
methods require specialized microbiological laboratories, and the assay takes up to
2-3 days. Qualified staff and expensive consumables are required [6, 7]. These
drawbacks can be avoided through molecular biology methods such as polymerase
chain reaction (PCR), high throughput sequencing, and immunoassays such as
enzyme-linked immunosorbent assay (ELISA), immunochromatography, and
immuno-lateral flow assays. The advantages of qPCR in comparison with microbi-
ological culture methods are shorter detection time, higher sensitivity, and higher
specificity. gPCR can also detect VBNC cells. However, detecting these cells as well
as dead cells results in overestimations of pathogen concentration. Additionally,
PCR requires multiple sample processing steps [8].

Biosensor technology can overcome existing difficulties in the detection of
pathogens. Therefore, while efforts are being made to improve conventional tech-
nologies, these sensor technologies constitute a rapidly growing field. In the devel-
opment of the bacterial sensors, it is crucial to select the proper receptors and to
ensure that they are immobilized and supported such that bacteria have adequate
access to the receptors’ binding sites without a loss of affinity. Among the targets for
whole bacteria detection may be bacterial proteins, lipopolysaccharides (LPS)
embedded at their outer membrane. DNA/RNA aptamers and antibodies are the
most common receptors, although other receptors such as lectins have been also
reported [9]. It should be mentioned here that the detection of bacterial nucleic acids
is not the focus of this chapter.

In bacterial biosensors, the most common methods for detection are electrochem-
ical, optical, and acoustic. Electrochemical methods are based on detection potential,
or current originated from redox processes at the sensing surface as well as imped-
ance changes connected with the adsorption of bacteria at the sensing surface. Redox
labels, enzyme labels, and redox mediators are often used to enhance the electrical
signal. In addition, the surface for the immobilization of these receptors should also
be conductive. Many nanomaterials such as graphene or metal nanoparticles are used
for this purpose. Optical sensors are based mostly on surface plasmon resonance
(SPR) or colorimetry, while acoustic sensors typically use quartz crystal microbal-
ance (QCM) and surface acoustic wave (SAW) techniques. In acoustic methods,
changes in resonance frequency and dissipation occur when bacteria bind with the
sensing surface.

2 DNA Aptamers for Bacterial Biosensors

2.1 Selection of Aptamers: Cell-SELEX

Nucleic acid aptamers, mostly DNA, are extensively used in the development of
various biosensors, including those for the determination of bacteria. DNA aptamers
are known as chemical antibodies. However, in contrast to antibodies, they are
selected in vitro by a combinatorial chemistry method known as SELEX (Systematic
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Table 1 Comparison of the properties of the aptamers and antibodies

Aptamers Antibodies

High affinity and specificity for the target High affinity and specificity for the target

In vitro selection In vivo biological methods — monoclonal anti-
bodies. In vitro — recombinant monoclonal
antibodies

Extended storage time Limited storage time

Reversible denaturation Irreversible denaturation

Labeling at precise location not involving Labeling at Fc region is well established

the binding site

Possibility of sensor regeneration Sensor regeneration is possible in certain cases

Analyte recognition mostly under the con- | Analyte binding under different conditions in

ditions of selection solution

3D structure is rather labile and may cause | 3D structure is rather robust, binding is mostly not
inactivation under immobilization affected by immobilization

Evolution of Ligands by Exponential Enrichment). This method allows the devel-
opment of aptamers with high specificity in laboratory conditions without the need
for antibodies generated from animals. At the same time, the affinity of aptamers to
various targets is similar to that of monoclonal antibodies to these targets (dissoci-
ation constant, K4 ~ 1 pM to 1 nM). Aptamers can be selected for practically
unlimited kinds of compounds, such as small molecules, toxins, proteins, bacteria,
viruses, or cancer cells. Another advantage that aptamers have over antibodies is the
ability to label them through various labeling methods (redox or optical) at precise
location. (An excellent summary of the issue of choice of aptamers versus use of
antibodies was published recently by [10].) Table 1 compiles some of the advantages
of aptamers as compared to antibodies as determined by the authors.

Despite aptamers’ advantages, antibodies are still used in many detection assays
such as ELISA, dot-immunobinding assay (DIA), and Western blot [11]. Antibodies
are also used in various biosensors [12, 13].

The principles of SELEX, invented by Tuerk and Gold [14], have been described
in many excellent reviews [15]. This method is based on the creation of a random
library of short single-stranded DNA (ssDNA) containing up to 80—100 bases with
high nucleotide sequence variation (10'*~10"). The addition of the target results in
the formation of complexes with certain oligos. After the separation of the com-
plexes from non-interacted DNA and elution, the amplification of the selected
sequences by PCR results in a new pool of ssDNA. This pool is used for the next
SELEX round. After approximately 10-15 rounds, the aptamer with the highest
affinity to the target is selected. However, the detection of cells or bacteria requires
the recognition of the proteins or lipopolysaccharides (LPS) incorporated into the
lipid membrane. For this purpose, the Cell-SELEX assay has been developed. This
method also involves a random ssDNA library, but instead of isolated proteins or
LPS, whole cells or bacteria are used [16]. The scheme of Cell-SELEX is presented
in Fig. 1.
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Fig. 1 The scheme of Cell-SELEX. Incubation of aptamers with control cells allowing removal of
the oligonucleotides that interacts with other components of the cells, for example, lipid membranes
(Reproduced from [17])

The aptamers are developed after multiple rounds. However, to increase speci-
ficity and to avoid non-specific interactions, negative Cell-SELEX is also used. This
process involves the incubation of the selected aptamers with other bacteria. Thus,
for the next round of selection, only the sequences that did not interact with control
(non-specific) bacteria are used. Cell-SELEX is advantageous because the aptamers
are specific to the bacterial proteins or LPS in their natural membrane environment.
To date, several aptamers have been selected to target various bacterial proteins or
LPS. Table 2 shows examples of aptamers used in aptasensors.

2.2 Methods of Aptamer Immobilization on Surfaces

Among various chemical modifications, biotin, thiol, and amino groups are often
used. Control of the surface chemistry is important for orienting aptamers, providing
access to the target, and avoiding non-specific binding or adsorption especially in
complex samples [24]. Convenient methods of aptamer immobilization include
biotin-avidin technology and chemisorption. In the first method, aptamers are
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Table 2 Sequences of DNA aptamers most frequently used for the detection of selected bacteria
and constant of dissociation Ky, that characterizes the stability of the aptamer-bacteria complex.

Lower K4 means higher stability. (Reproduced from [13])

Bacteria

Aptamer sequence, 5" — 3’

Kda nM

Reference

Listeria
monocytogenes

TACTATCGCGGAGACA
GCGCGGGAGGCACCGGGGA

48.74 + 3.11

Duan et al.
[18]

E. coli O157TH7

GGTCGTGGTGAGGTG
CGTGTATGGGTGGTGGATGA
GTGTGTGGC

10.30

Yu et al. [19]

Salmonella
typhimurium

CTTGGGCGGTTGGTG
TGATGGGCTTTTTTCGTT
GGGCCGG

1,730 + 540

Dwivedi et al.
[20]

Shigella spp.

ATACCAGCTTATTCAA
TTCCACACATACCAAAAACACAG

15.89 + 1.77

Song et al.
[21]

CACACTTCATCAA
TTTCACGAGATTGCA
CTTACTATCT

CACACCGCAGCAGT 349 + 143 Moon et al.
GGGAACGTTTCAGCCA [22]
TGCAAGCATC
ACGCCCGT
AGCAGCACAGAGG 37.93 +7.88 | Shoaib et al.
TCAGATGATATAACCTTAAT [23]
AAATAAAATATAAATTATTTAAT
CTTACCTATGCGT
GCTACCGTGAA

Staphylococcus
aureus

Yersinia
enterocolitica

modified by biotin and then bound to a monolayer of neutravidin, avidin, or
streptavidin. The interaction of biotin with these proteins results in the strongest
non-covalent bond in nature, with a dissociation constant of approximately 10~'> M
[25]. This method of aptamer immobilization has been used, for example, by Duan
et al. [26] for the detection of Salmonella typhimurium, and by Tatarko et al. [27] for
detection of Listeria innocua. The modification of the aptamers by thiol groups is
another frequently used method. In this case, the aptamers can be immobilized by
chemisorption at the clean gold surface. However, often backfilling of the space
between the aptamers with another short thiol is necessary.

Carbodiimide chemistry is also suitable for aptamer immobilization. This method
uses 1-ethyl-3-(3-(dimethylaminopropyl)-carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) to activate carboxylic groups at the surfaces of
carboxy-terminated thiol layers. The addition of amino-group-modified aptamers
resulted in strong covalent binding and the formation of a stable sensor [13]. Gupta
et al. [28] used this approach for the modification of graphene oxide-gold
nanoparticles by aptamers for colorimetric E. coli detection. Thiol-maleimide chem-
istry can also be used for the preparation of the aptasensor at the gold surface.
However, the aptamer layer can be unstable in real samples or in the presence of
thiol-containing compounds. Figure 2 summarizes the most frequently used methods
of aptamer immobilization at gold surfaces [13].
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isorption; the thiolated aptamers form a self-assembled monolayer. (b) Avidin-biotin coupling. (¢)
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Aptamers can also be immobilized at various carbon-based surfaces, such as
carbon nanotubes, graphene, and graphene oxide using EDC/NHS chemistry. As
there is an available carboxylic group at the surface of these materials, no additional
modification is required. Some methods also use the physical adsorption of aptamers
for sensor preparation. However, such systems do not provide stable detection
because the binding of the aptamers with the target often results in the removal of
the aptamer-target complexes from the surface.

When preparing sensing surfaces, it is important to avoid non-specific interac-
tions with compounds that are present in the complex, such as food samples. For this
purpose, special linkers and surface modification are needed [29, 30]. It is also
crucial to control the surface density of aptamers to provide sufficient space for their
conformational flexibility. This can be achieved by, for example, combining
aptamers with other molecules during their adsorption at the surface. For instance,
a biotinylated aptamer can be added to an avidin layer together with biotin at a
specific optimal aptamer:biotin ratio. Increased biotin concentration results in the
blockage of the avidin’s binding sites, leading in turn to lower aptamer surface
density.
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3 Aptasensors for the Detection of Bacteria

3.1 Electrochemical Transduction Principles
Jor the Detection of Bacteria

Of all aptasensors currently used in the detection of bacterial pathogens, electro-
chemical ones appear most often in recent literature. This can be explained by
several factors: they provide straightforward detection of bacteria-aptamer interac-
tions using various sensor designs. Furthermore, these methods are relatively inex-
pensive due to the availability of low-cost miniature potentiostats as well as
electrodes of various types. Screen-printed electrodes (SPE) of various design and
various material, such as gold or carbon are rather common. SPE has advantage of
combination of a working (mostly gold or carbon) electrode (WE) together with
reference (RE) and counter (CE) electrodes. The potentiostats offer various electro-
chemical techniques for detection; commonly used techniques include cyclic
voltammetry (CV), differential pulse voltammetry (DPV), square wave voltammetry
(SWYV), and electrochemical impedance spectroscopy (EIS) [24]. However, other
amperometric and potentiometric methods can be useful for the detection of bacteria-
aptamer interactions.

The potentiometric method measures an electric potential generated between a
reference and a working electrode at zero current. These sensors are typically based
on an ion-selective electrode. For example, a light addressable potentiometric sensor
(LAPS) for the detection of E. coli was proposed by Shaibani et al. [31] based on
pH-responsive hydrogel nanofibers combined with a photoelectrochemical sensor.
Here it should be mentioned that an indirect detection has been applied: It is based on
the metabolic activity of the bacteria in the presence of glucose resulting in the
appearance of acidic products such as lactates and acetates that affect the potential of
the pH sensor. The LAPS sensor allowed the detection of E. coli in orange juice at
1 h with an LOD of 10> CFU/mL.

Among voltamperometric techniques, those based on DPV and SWYV [32] are of
particular interest. They are based on the application of the staircase potential in
pulses. When the aptamer is modified by a redox label (e.g., methylene blue (MB) or
ferrocene (Fc)) at the DNA end responsible for bacteria recognition, the maximum
current is influenced by the bacteria binding to the aptamer since it modifies the
distance of the redox label to the electrode surface.

The EIS method is powerful as a non-destructive technique for studying the
aptamer—bacteria interaction in a label-free format by analyzing a) the interfacial
resistance of the electron transfer or b) by measuring the changes in the capacitance
[33]. The method can be used in faradaic mode in the presence of redox indicators
such as  Fe(CNg)’ ™~ (ferricyanide/ferrocyanide) or  Ru(NHj3)e™**
(hexaammineruthenium III/IT ions) as well as in non-faradaic mode when no redox
indicators are present. In this method, an alternating sinusoidal voltage with a small
amplitude (5—20 mV - depending on the linearity of the system) and a different
frequency (typically in the range of 0.01 Hz to 100 kHz) is applied to the working
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Fig. 3 Schematic illustration of aptasensor sensing in the absence of analyte (bacteria) (left side)
and in presence of analyte (right side). (a) A label-free system, (b) a labeled aptamer resulting on
signal OFF detection, (c) a labeled aptamer resulting in signal ON detection, (d) duplex aptamer
followed by displacement of one strand. The figure is not in the scale. While the size of aptamer is
several nm, the dimension of bacteria is in pm scale. (Reproduced from [35])

electrode. The impedance data can be represented in a Bode or Nyquist diagram. The
latter plots the dependence of the negative imaginary component of the
impedance vs. its real part. The plots can be modeled with a Randles equivalent
circuit describing the electrochemical processes at the electrode. Different circuit
components characterize a solution (Ry), charge transfer resistance (R), double layer
capacitance (C), and the Warburg element, Zy, which is related to the diffusion of
the species, such as ions to the sensor surface [33, 34].

Figure 3 shows various detection strategies using electrochemical methods. For
label-free detection, the EIS method is useful. In this case, the binding of bacteria to
the sensing surface blocks the diffusion of redox probes to the electrode surface,
which results in increased charge transfer resistance (R.) (Fig. 3a). This change is
reflected in the increased diameter of the semicircles in the Nyquist plot.

Label-based aptasensors use the conformational changes that their secondary
structures undergo following the binding of bacteria. In most cases, the aptamers
are labeled with MB or Fc (MB is preferable due to its better stability in comparison
with Fc). The intensity of the electron transfer between a redox probe and the
electrode depends on the distance. The signal OFF configuration detects a decreased
signal upon binding (Fig. 3b). The aptamer is in a beacon configuration that is
stabilized by hydrogen bonds at the terminal complementary part. The addition of
the bacteria causes changes in aptamer conformation and moves the redox label
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away from the electrode surface. In the signal ON configuration (Fig. 3c), the
aptamer without bacteria is in a random conformation. The addition of bacteria
results in conformational changes. The redox label moves closer to the electrode
surface and the charge transfer increases. The duplex aptamer configuration is also
effective (Fig. 3d). In the presence of bacteria, the single aptamer strand is displaced
due to the conformational change. Then, a labeled aptamer is brought close to the
electrode surface, which results in an increased electrochemical signal [36].

As mentioned above, aptamers are a new class of receptors that possess several
advantages compared to the more expensive monoclonal antibodies. However, the
number of studies that use antibodies as receptors for the detection of bacteria
(immunosensors) remains greater in comparison with aptasensors. For example,
according to the Scopus database, the first electrochemical immunosensor for bac-
teria detection (Staphylococcus aureus, LOD: 80 CFU/mL) was reported by Hadas
et al. [37]. Up to now, according to Scopus approximately 210 papers on electro-
chemical bacterial immunosensors have been published; but only 100 papers were
related to the electrochemical bacterial aptasensors (i.e., half as many). One possible
reason for this disparity is that monoclonal antibodies are more often used in
traditional bacterial assays (e.g., ELISA). Among the first bacterial electrochemical
aptasensors were those reported by Zelada-Guillen et al. [38] in the detection of
Salmonella typhimurium using potentiometry. In this work, amino-modified DNA
aptamers were chemically linked to the carboxylated single-walled carbon
nanotubes (SWCNTs) at the surface of a glassy carbon electrode (GCE). SWCNTs
served as ion-to-electron transducers [39]. The selective binding of bacteria to the
aptamers resulted in increase of the concentration of ions that naturally surround the
bacteria. The SWCNTs thus transduced the ionic concentration into the potential
changes that served as sensor response. The interaction of bacteria with aptamers
significantly changed the electrical potential. High sensitivity of several units of
CFU/mL was achieved with a rapid detection time of less than 1 min. The sensor was
applied for the detection of E. coli in milk (6 CFU/mL) and apple juice (26 CFU/
mL). These SWCNTs-based aptasensors exhibited exceptionally good selectivity
related to other bacteria as well as a capacity for sensing surface regeneration
(by immersion for 30 min in 2 M NaCl). A high ionic strength resulted in the
dissociation of the bacteria from the surface without a loss of sensitivity.

Electrochemical immunosensors for bacteria detection were recently reviewed by
Subjakova et al. [13] and Chadha et al. [40]. Aptasensors have been described in
several recent reviews [13, 41-43]. The latest achievements in electrochemical
bacterial aptasensor development are reviewed below and some examples are
presented in Table 3.

Thus far, various electrochemical biosensors for the detection of bacteria have
been reported. They can be categorized by receptor used (antibody, aptamer, lectin,
etc.), method of sensing layer preparation (gold, carbon, carbon nanotubes,
graphene, etc.), and receptor immobilization (physical adsorption, avidin-biotin
technology, covalent attachment, etc.). To compare various approaches, we will
review the aptasensors according to the type of bacteria they detect.
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3.1.1 Escherichia coli

E. coli is a Gram-negative, anaerobic rod-shaped bacteria (2.0-6.0 pm in length and
1.1-1.5 pm in width). It has rounded ends and is motile with flagella. E. coli is
typically found in the gastrointestinal tract. Most of its serogroups are
non-pathogenic; however, some strains can cause acute urinary tract infection,
urinary tract sepsis, neonatal meningitis, hemorrhagic colitis, and other diseases
[70]. E. coli O157:H7 is the most pathogenic strain. Therefore, substantial effort
has been focused on the development of biosensors for its detection [71]. Besides
aptamers, a substantial number of electrochemical biosensors for E. coli O157:H7
are based on antibodies.

In a paper by Kaur et al. [44], a DNA aptamer specific for E. coli O78:K80:H11
has been developed using Cell-SELEX with constant of dissociation, K4 ~ 14 nM.
The sensor was prepared by the adsorption of the aptamers onto multi-walled carbon
nanotubes (MWCNTs) followed by bridging with terephthalaldehyde (TPA) on a
screen-printed carbon electrode (SPCE). The aptasensor revealed an LOD as low as
10 CFU/mL and ranging from 10 to 10° CFU/mL, as determined by EIS within
8 min. The sensor has been verified in spiked juice and milk samples. This laboratory
also selected a DNA aptamer for E. coli O157:H7 with K4 = 69 nM and applied it to
the detection of bacteria using a label-free EIS method [45]. The DNA aptamers
were immobilized via a poly-L-lysine linker on a surface of SPCE modified by
boron-carbon nanorods and decorated by nickel nanoparticles (BC-Ni nanorods).
The addition of the bacteria resulted in an increase of charge transfer resistance, R.
Using this value, an LOD of 10 CFU/mL and a linear range from 1 to 10° CFU/mL
were determined (here and below, the linear range is expressed as a logarithmic scale
of bacteria concentrations). Good selectivity has been confirmed using various
bacteria. However, in the case of Citrobacter freundi, a higher response was
observed, which has been attributed to the presence of polysaccharide O-antigen.
The sensor has been analyzed in several samples, such as water, juice, and stool with
satisfactory recovery (see Table 3).

The use of interdigitated electrodes (IDE) as transducer with a very small distance
between the electrodes offers some advantages with respect to sensitivity for surface
changes and enables the detection of bacteria in very small volumes after aptamer
immobilization. This has been demonstrated by Brosel-Oliu et al. [72], who used a
three-dimensional interdigitated electrode array (3D-IDEA) for the immobilization
of DNA aptamers and detection of E. coli O157:H7 using an EIS method. The
3D-IDEA was constructed using highly conductive tantalum silicide (TaSi,), onto
which the dithiol-modified DNA aptamers were covalently attached using
3-mercaptopropyl-trimethoxysilane (MPTES). The addition of the bacteria resulted
in an increase of R, value. The sensor enabled the detection of E. coli O157:H7 with
an LOD of 10> CFU/mL and high selectivity compared to other bacteria tested
(E. coli K12, Salmonella typhimurium, Staphylococcus aureus). Another IDE appli-
cation was reported by Abdelrasoul et al. [48], who developed a portable lab-on-chip
aptasensor for the detection of E. coli. The IDE’s surface was functionalized with
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carboxy aliphatic thiol compounds and modified through EDC/NHS linkers with an
amino-labeled DNA aptamer specific for the outer membrane protein of E. coli. The
IDE was made on a glass or SiO,-coated silicon substrate. The sensor revealed an
LOD of 9 CFU/mL in a linear range from 20 to 10° CFU/mL using non-faradaic EIS.
The sensor includes a disposable IDE chip connected to the reader, enabling signal
analysis via smartphone.

A high sensitivity of E. coli O157:H7 detection has been obtained by immobili-
zation of DNA aptamers at nanocomposite surfaces. For example, Qaanei et al. [47]
immobilized amino-modified aptamers at the surface of a GCE electrode covered by
a reduced graphene oxide-poly (vinyl alcohol) and gold nanoparticles (AuNPs/rGO-
PVA/GCE). This increased the surface area and hence the density of the aptamers.
Using EIS, they obtained a LOD of 9.34 CFU/mL and a linear range of logarithmic
concentrations from 9.2 to 9.2 x 10® CFU/mL. The sensor has been validated in tap
water, milk, and meat. An interesting approach to the detection of E. coli O157:H7
using specific DNA aptamers has been proposed by Dong et al. [46]. In their study,
thiol-modified DNA aptamers were immobilized at the surface of 3D ZnO nanowires
decorated by AuNPs and CdS quantum dots. This design enabled the high-
sensitivity detection of bacteria by means of a photoelectrochemical method with
an LOD of 1.125 CFU/mL and in a wide linear range of 10-10" CFU/mL.

As is evident in Table 3, aptasensors based on 3D ZnO/AuNPs/CdS and
photoelectrochemical detection demonstrated the highest sensitivity to E. coli
0O157:H7, with an LOD of 1.125 CFU/mL [46]. However, the detection of E. coli
O157:H7 in real samples has not been reported in this work. The EIS method for
detecting this bacterium with aptasensors of various design provide excellent sensi-
tivity and has been verified in real samples.

3.1.2 Salmonella

Salmonella is a Gram-negative, rod-shaped anaerobe bacterium belonging to the
Enterobacteriaceae family. Pathogenic Salmonella enterica causes four major syn-
dromes: enteric fever (typhoid), enterocolitis/diarrthea, bacteremia, and chronic
asymptomatic carriage [73]. The primary sources of Salmonella infections are raw
and uncooked foods (e.g., vegetables, fruits, poultry, meat, eggs, etc.). In humans,
the Typhi and Paratyphi serovars cause enteric fever, while the Typhimurium serovar
is associated with self-limiting gastroenteritis [74, 75]. Salmonella is one of the
major global causes of diarrheal diseases; due to its high prevalence, an extremely
low limit of detection (1 CFU/mL) is desirable [76] to control food safety.

Several electrochemical aptasensors for Salmonella detection have been reported
so far. Appaturi et al. [56] used a reduced graphene oxide-carbon nanotubes
(rGO-CNTs) nanocomposite for the immobilization of DNA aptamers selective to
S. typhimurium. For bacteria detection, the authors used DPV in the presence of
3 mM K;Fe(CN)g that served as a redox probe. With an increased concentration of
bacteria, the current density at the maximum DPV peak (0.23 V vs. Ag/AgCl
reference electrode) increased. However, the mechanism of current increase is not
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clear considering that the increased concentration of bacteria should cause in an
increase of negative charge at the electrode surface and hence repulse the negatively
charged redox probe. An LOD of 10 CFU/mL with a linear range of 10-10® CFU/
mL of concentration on a logarithmic scale was determined. The aptasensor was
verified in homogenized, centrifuged, and diluted chicken meat. The sensor is stable
for 20 days.

Ge et al. [53] reported another method for detecting S. typhimurium: gold
nanoparticles (AuNPs) were deposited on a gold electrode that allowed chemisorp-
tion of a thiol-modified DNA capture probe that hybridized with an aptamer specific
to S. typhimurium. The addition of bacteria resulted in the release of the primer
binding part and led to the anchoring of multiple circular templates on the surface of
the aptasensor. RCA served for production of long DNA molecules that hybridized
with biotinylated detection probe that interacted with streptavidin-modified alkaline
phosphatase at the sensor surface through streptavidin-biotin binding. DPV was
applied for the detection of the current generated by the enzymatic reaction in the
presence of a-naphthyl phosphate (a-NP) as a substrate. The aptasensor detected
bacteria with an LOD of 16 CFU/mL in a linear range 20-2 x 10° CFU/mL. The
aptasensor revealed good reproducibility and selectivity and was validated in spiked
mineral water with good recovery (95-102%). The disadvantages of the sensor are
its long detection time (more than 3 h) and its stability (no more than 10 days).

A label-free biosensor was reported by Sheikhzadeh et al. [49] for the detection of
S. typhimurium. They used amino-modified aptamers attached to a copolymer poly
[pyrrole-co-3-carboxyl-pyrrole] film via EDC/NHS chemistry. The presence of
bacteria resulted in an increased R, value, as recorded by EIS. High sensitivity
(LOD = 3 CFU/mL) in a linear range 10°-10® CFU/mL has been achieved. The
aptasensor was verified in spiked filtered and diluted apple juice. A label-free
aptasensor for the detection of S. typhimurium was reported also by Dinshaw et al.
[51]. They used an SPCE modified with a diazonium salt layer grafted either
electrochemically or Zn-mediated. Amino-modified aptamers were immobilized on
the electrode’s surface using EDC/NHS chemistry. The electrochemically grafted
surface resulted in higher density of aptamers and an LOD of 6 CFU/mL with a
linear range from 10 to 10® CFU/mL, as determined by EIS. The aptasensor was
tested in spiked undiluted apple juice. However, a certain matrix effect has been
observed (see Table 3). Ranjbar et al. [55] developed a highly sensitive label-free
aptasensor for the detection of S. typhimurium based on nanoporous gold (NPG),
onto which the thiolated aptamers were chemisorbed. The size of the pores affected
the surface to volume ratio, which allowed for the regulation of target molecules’
binding density. After 40 min of incubation with various bacteria concentrations a
typical LOD of 1 CFU/mL in a dynamic range of 6.5 x 10>-10® CFU/mL was
obtained. The senor has been verified in spiked egg samples with 84.61-109.07%
recovery. The samples were pretreated in methanol and the proteins were removed
by centrifugation. The resulting diluted supernatant was used for bacteria detection.

An electrochemical sensor based on IDE modified with a biotinylated aptamer via
streptavidin for the detection of S. typhimurium was reported by Wang et al.
[57, 58]. They used nickel nanowires (NiNWs) to amplify the impedance signal
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(a phenomenon caused by the formation of bridges across microelectrodes) and to
separate the target bacterial complex with a magnetic field. This sensor’s LOD was
80 CFU/mL in a linear range 10°~10° CFU/mL. The selectivity of the aptasensor
was verified in the presence of several bacteria, such as E. coli, S. aureus, Bacillus,
and vibrio; its accuracy was 93% compared to the culture planting method in real
chicken samples.

As mentioned above, due to the serious effects of Salmonella on human health,
the sensitivity of detection should be extremely high: ideally 1 CFU/mL. A degree of
sensitivity close to this value (LOD 3 CFU/mL) was achieved using an EIS
aptasensor with aptamers immobilized on a surface of poly[pyrrole-co-3-carboxyl-
pyrrole] copolymer [49]. The sensor has been validated in apple juice. Various
approaches for Salmonella detection have also been reviewed recently by Awang
etal. [77].

3.1.3 Staphylococcus Aureus

S. aureus is a round-shaped, Gram-positive bacteria. It is both a commensal bacte-
rium that naturally colonizes the skin, nasal cavity and pharynx and a common
human pathogen responsible for many infections (e.g., bacteremia, infective endo-
carditis, osteoarticular infections, skin and soft tissue infections) [78, 79]. The
development of biosensors is important to the prevention of infections caused by
multi-drug-resistant S. aureus [80].

Abbaspour et al. [59] proposed a sandwich configuration for sensing S. aureus
using streptavidin-modified magnetic beads (MNBs) and silver nanoparticles
(AgNPs) functionalized with biotinylated and thiolated DNA aptamers. In this
approach, the aptamer was attached to MNBs via streptavidin-biotin interaction,
after which the bacteria sample was added to the solution, and the aptamer-
conjugated AgNPs were added to complete the sandwich complex. The separation
of MNB conjugates using an external magnet followed by the dissolution of the
AgNPs enabled the measurement of a current of Ag ions on an SPCE using
differential pulse anodic stripping voltammetry. The concentration of Ag* was
proportional to the concentration of S. aureus. The LOD achieved by this aptasensor
was as low as 1 CFU/mL in a linear range from 10 to 10° CFU/mL. The aptasensor
showed good selectivity with interfering bacteria and has been verified in tap and
river water samples compared to a standard method.

Reich et al. [60] developed a highly sensitive EIS-based aptasensor for the
detection of S. aureus. The DNA aptamers that specifically bind to protein A at
the bacteria’s surface were immobilized by chemisorption at the gold surface. The
binding of bacteria resulted in an increase of charge transfer resistance, R, which
was used for quantitative determination. The sensor detected bacteria with an LOD
of 10 CFU/mL.

An impedimetric aptasensor for S. aureus. has been reported by Ranjbar et al.
[55]. This sensor is based on a nanocomposite of gold nanoparticles, carbon
nanoparticles, and cellulose nanofibers (AuNPs/CNPs/CNFs) at the surface of a
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glassy carbon electrode (GCE). In this study, the thiolated DNA aptamers specific
for S. aureus were chemisorbed on AuNPs. The prepared nanocomposite layer
exhibited a high surface area. Using EIS, an LOD of 1 CFU/mL in a wide linear
range of 12-1.2 x 10* CFU/mL in 30 min response time has been reported. The
sensor was selective in the presence of various other bacteria and has distinguished
between live and dead bacteria. The sensor has been validated in a spiked blood
serum with 87.5-113.3% recovery. Cai et al. [61] proposed an interesting triple-helix
molecular switch for the detection of S. aureus. Using DPV as a detection technique,
they achieved high sensitivity in a dynamic range (303 x 10* CFU/mL) and low
LOD (8 CFU/mL). The same laboratory [62] reported an aptasensor based on a
nanomachine composed of a DNA walker and DNA nanoflowers. In this approach,
two groups of double-stranded DNA were immobilized on the surface of a gold
electrode. The binding of S. aureus with the aptamer resulted in the disintegration of
the long double strands, which released the DNA walker. In the presence of
exonuclease III (Exo III), the DNA walker moved along the electrode surface and
hydrolyzed the anchored short double strands. The involvement of circular DNA and
phi29 DNA polymerase started a rolling circle amplification (RCA) reaction. DNA
nanoflowers were formed at high DNA concentration in the solution, which pro-
vided binding sites for electroactive methylene blue (MB). At optimal conditions,
the DPV from MB enabled the detection of bacteria with an LOD of 9 CFU/mL in a
dynamic range of 60 to 6 x 10’ CFU/mL. The sensor has been verified in water and
diluted honey samples with good recovery.

Nguyen et al. [63] developed several aptamers sensitive to S. aureus using Cell-
SELEX. Bacteria detection was performed using a signal-on sandwich assay. In this
assay, the captured DNA aptamers were immobilized by chemisorption on the
surface of screen-printed gold electrodes (SPGE). After the addition of the bacteria,
DNA aptamers conjugated with horseradish peroxidase (HRP) were applied. The
bacteria were detected by chronoamperometry in the presence of TMB and H,0,.
The current was proportional to the bacterial concentration. The best detection limit
achieved with the most specific aptamers was 39 CFU/mL. The sensor has been
verified in spiked tap water.

Chen et al. [64] proposed a method for aptasensor-based S. aureus detection in
blood samples using a redox capacitor system. The redox capacitor is composed of
chitosan electrodeposited on glassy carbon electrode (GCE) and anodically grafted
catechol. This chitosan-catechol film is not conductive but redox active. It can
exchange the electrons with the redox mediators that are present in solution, for
example, ferrocene (Fc)—ruthenium (Ru**) [81]. It has been shown that negatively
charged bacteria that interacted with the aptamers immobilized at the chitosan-
catechol surface via amino-aldehyde bridge, reduced the oxidation peak of Fc that
served as the detection signal. Using this approach, it was possible to detect bacteria
within relatively a short time (25 min), and high sensitivity (LOD = 2 CFU/mL).
The sensor has been verified in spiked whole blood samples with good recovery
(90.5-100.1%), which is appropriate for clinical applications.

Tian et al. [65] have most recently proposed an interesting strategy for
the preparation of an aptasensor for S. aureus detection using a copper-based
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metal-organic framework encapsulated with Cu,O nanocrystals (ML-Cu20 @ Cu-
MOF). A high sensitivity of detection was demonstrated, with an LOD of 2.0 and
1.6 CFU/ mL using EIS and DPV methods, respectively, in a concentration range
from 10 to 1 x 10® CFU/mL. The sensor has been regenerated up to 8 times
(immersion into 0.1 M NaOH for 2 min). The sensor capacity for bacteria detection
was verified in several food samples (milk, honey, biscuit) with good recovery (see
Table 3).

As shown in Table 3, and for comparison of so far reported immunosensors (see
[13]) the best LOD = 1 CFU/mL has been achieved only by aptamer-based
biosensors.

3.1.4 Listeria Monocytogenes

L. monocytogenes is a rod-shaped, anaerobic, Gram-positive bacteria. This bacte-
rium can grow at low temperatures, but its optimal temperature is 37°C. It is resistant
to low pH and high salt concentrations. Listeria is a foodborne pathogen that causes
a disease called listeriosis. The most common human pathogenic species are
L. monocytogenes and L. ivanovii [82]. L. monocytogenes can contaminate milk
and dairy products, vegetables, meat, poultry, and seafood [83]. Several biosensors
have been developed for the detection of L. monocytogenes; some are based on the
detection of the AlyA gene using DNA hybridization [84, 85]. For whole bacteria
detection, Zhou et al. [66] developed a label-free electrochemical aptasensor based
on a porous anodic aluminum oxide (AAQ) with sputtered Au film on one side
membrane. Aldehyde-modified DNA aptamers specific to Listeria monocytogenes
were adsorbed on an AAO surface treated with a silane linker. A cathodic current
originating from a redox probe Fe(CN)s’~ was used as the detection signal. The
interaction of the bacteria with the aptamers reduced the current due to steric
blockage and charge repulsion. The effect of pore sizes in the AAO membrane
was also examined. The pore size of 20 nm was determined to be optimal for bacteria
detection. An LOD of 100 CFU/mL was reached in 10 min but in a narrow linear
range (100—1,250 CFU/mL). The selectivity of the sensor was analyzed at 108 CFU/
mL of control bacteria (S. aureus or E. coli). The aptasensor was verified in water
samples from a fish market and confirmed by a standard plate count method.

An aptasensor based on platinum interdigitated microelectrodes (Pt-IME) on
SiO, wafers was also used in the real-time detection of Listeria in hydroponic
media [67]. In this work, thiolated DNA aptamers specific for Listeria’s surface
proteins were immobilized via chemisorption at the electrode surface. Using the EIS
method, an LOD of 6 CFU/mL in a linear range from 10 to 10° CFU/mL was
reported. The sensor was connected to a smartphone through a potentiostat; it
indicated an LOD of 23 CFU/mL (linear range from 10* to 10° CFU/mL) in a steady
condition and 48 CFU/mL (linear range 10°~10* CFU/mL) in a flow system. Sensor
recovery in hydroponic media was 90%. The Pt-IME chip can be reused 20 times
after treatment with Piranha solution and subsequent aptamer functionalization. The
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aptasensor can be reused after washing with 2 N NaOH at 25°C with subsequent
rinsing in PBS for 10 min.

The aptasensors described above exhibit higher sensitivity to Listeria in compar-
ison with immunosensors (see [13]). In addition, the possibility of sensor regener-
ation and application in real samples has been convincingly demonstrated.

3.1.5 Other Bacteria

Several other bacteria have been also detected by aptasensors. For example, Zarei
et al. [68] developed a highly sensitive aptasensor for the detection of Shigella
dysenteriae (S. dysenteriae), which is responsible for gastrointestinal problems
with an infective dose of less than 10 bacteria. Thiolated DNA aptamers were
chemisorbed on AuNPs electrodeposited on a glassy carbon electrode (GCE) and
mercaptohexanol (MCH) for blocking non-specific interaction. It has been shown
that the charge transfer resistance (R.;) determined by EIS increased with bacteria
concentration in a linear logarithmic range between 10 and 10° CFU/mL. High
sensitivity with an LOD of 1 CFU/mL has been demonstrated. The interaction of
dead S. dysenteriae bacteria caused substantially lower changes of the R, values.
However, the reason of this effect has not been explained. The sensor has been
validated in spiked water, unpasteurized milk, and pasteurized milk with 93.26 to
132.95% recovery.

Wang et al. [57, 58] proposed a sandwich configuration for an electrochemical
aptasensor for the detection of the foodborne pathogen vibrio parahaemolyticus. In
this study, a metal-organic framework (Fe;04,@NMOF-Apt) labeled with an amino-
modified aptamer served as a capture probe; nanoconjugates of gold nanoparticles,
phenylboronic acid and ferrocene (Au@Fc-PBA) were used as an electroactive
label. NMOFs are porous crystalline nanostructures with high surface area, which
allows for greater aptamer surface density. The sandwich complex and labels were
magnetically adsorbed to the SPCE. The current that originated from the ferrocene
was measured using square wave voltammetry (SWV). The aptasensor exhibited
high sensitivity and low LOD (3 CFU/mL). The current vs. logarithm of the
bacteria’s concentration was linear in a wide range from 10 to 10° CFU/mL. The
sensor was rather stable. After 90 days storage the signal did not decrease less than
by 9%. The proposed regeneration method allowed the sensor to be reused up to
60 times. The sensor has been verified in spiked supernatant from shrimp samples
with 94—107% recovery.

Most recently, Sande et al. [69] reported a new Cell-SELEX-based aptamer that
selectively bound to the virulence factor Yersinia adhesin A (YadA) of Yersinia
enterocolitica. The most sensitive aptamer revealed binding to YadA which was
characterized by K, value of 11 nM. The selected aptamer has been used for the
development of electrochemical aptasensors. Thiol-modified aptamers were
chemisorbed on the surface of a gold screen-printed electrode. SWV was used to
detect YadA at the surface of E. coli YadA in the presence of 5 mM [Fe (CN)6]3_
and 5 mM [Fe (CN)¢]*~ redox probes in phosphate buffer, at a pH of 7.4. The
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electrochemical aptasensor enabled the detection of bacteria with an LOD of
7.0 x 10* in a range of up to 7.0 x 10’ CFU/mL.

3.2 Optical Aptasensors for the Detection of Bacteria
3.2.1 Overview of Applied Optical Transduction Principles

Optical transducers convert an optical signal into an electrical signal and are based
on the detection of changes in the properties of emitted, reflected, or transmitted light
induced by a biorecognition process [86]. The physical values that can be analyzed
in optical sensors are mostly absorbance, reflectance, fluorescence, Raman vibra-
tions, and surface plasmon resonance effects (SPR) [87, 88].

Optical biosensors can be differentiated by the presence or absence of a label. In
label-based detection, biomolecules are tagged with specific molecules, which are
chemically or physically attached to the analyte to detect the biomolecules’ presence
or activity (e.g., fluorescent molecules, nanoparticles). However, labels can
potentially alter the properties intrinsic to the biological molecule [89]. In contrast,
label-free detection methods rely on changes in physico-chemical properties on the
transducer’s surface to detect the presence or activity of the analyte without the need
to bind a tag. These methods can be used to monitor molecular events in real time
and under physiological conditions. They are also time- and cost-effective [90].

A special labeling method consists of the interaction between nucleic acids and
nanoclusters or nanoparticles. This interaction can change the state of aggregation or
dispersion of these nanosystems, causing color or fluorescence variations [91]. This
phenomenon is widely used in the design of colorimetric biosensors. Alternatively,
these devices may be designed without labeling, as in detection by SPR or optical
resonance. The addition of optical fibers allows for the capture of high-performance
and high-speed measurements for use under various conditions, such as the inves-
tigation of biomolecular events in situ or even in vivo [92].

Various types of optical aptasensors are used for bacteria detection. Fluorescent
aptasensors can be label-free: the conformational changes that aptamers can undergo
following interaction with the analyte can cause changes in their optical properties,
such as the emission of fluorescence associated with nitrogenous bases. These
emissions are affected by variations in the chemical environment, such as changes
in the distance between specific atomic groups or the presence of solvent or
analyte [93].

Alternatively, these aptasensors can be label-bound: the fluorescence is due to
specific fluorophores coupled to a nucleic acid. The fluorescent properties that
undergo variation are mostly intensity and decay time of the emitted fluorescence
[94]. However, the emission of fluorescence has several limits, among which the
most common is quenching, i.e., the damping of its intensity. This process underlies
the phenomenon of the Forster resonance energy transfer (FRET), which occurs
between a donor and an acceptor under some conditions, which can also
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advantageously be used for detection purpose. In this case an aptamer labeled by
fluorophore can undergo a conformational change following interaction with the
analyte, which results in a variation in the distance between the fluorophore and
quencher. Consequently, the absorption and emission of fluorescence varies with an
intensity proportional to distance [45]. The decay properties of the emitted fluores-
cence are also used in the design of optical biosensors, as the time required for the
fluorophore to pass from the excited state to the fundamental one varies due to the
interaction of the labeled aptamer with the fluorophore and the analyte. An advan-
tage of this type of analysis is its high sensitivity; however, as temporal measure-
ments occur in the order of nanoseconds, the main drawback is that complex,
expensive devices are required, such as lasers, modulators, mirrors, and optic
fibers [95].

Colorimetric techniques are used for detecting an analyte in a biological sample
by developing or changing the color of the solution following a recognition event.
Particularly advantageous are color changes occurring during analyte detection that
can be easily observed with the naked eye. However, in common colorimetric
assays, the detection is often only qualitative (i.e., the presence or absence of
analyte). In the case of biosensors that use these techniques, conversely, the detec-
tion is also quantitative: it is possible to determine concentrations, even in complex
biological samples like serum and blood. This method is mainly used in colorimetric
assays, or through the use of optical detectors that are part of the set-up of a
colorimetric biosensor [96].

Colorimetric aptasensors commonly consist of aptamers conjugated with an
enzymatic probe capable of metabolizing a chromogenic substrate and releasing a
colored product. In this set-up, a sandwich configuration is very common. The
aptamer specific for an analyte is immobilized on a surface or on nanoparticles to
anchor the analyte and move it away from the rest of the sample, while another pool
of this aptamer is labeled with an enzyme that produces color in the presence of a
chromogenic substrate. The first aptamer is incubated with the analyte and then
incubated again with the second aptamer, which produces a color whose intensity is
proportional to the concentration of the analyte and can be captured and measured by
a photodiode [97].

Aptasensors based on metal nanoparticles are more common. These nanoparticles
are capable of changing color when the surroundings vary near their surface (e.g.,
when the nanoparticles pass from a monodisperse state to an aggregate state). A
fundamental property of these materials is an effect called localized surface plasmon
resonance (LSPR). The electromagnetic radiation interacts with a nanoparticle, the
conducting electrons begin to absorb energy and oscillate, generating a plasma. This
movement is confined to the volume of a nanoparticle; the plasma is localized and
superficial, and it oscillates with a certain frequency. When this frequency is the
same as the incident light, the plasma resonates, and consequently the associated
electromagnetic field is amplified. These physical characteristics depend on the
shape and size of the nanoparticle, the distance between them, and on the surround-
ing environment. Due to LSPR the metal nanoparticles strongly absorb visible light
and have colors such as red, purple, or orange, depending on the size and the
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environment. For example, the dispersed gold nanoparticles (AuNPs) adsorb the
light in a blue-green region of the spectra. Therefore, the sample has a red color. If
the AuNPs are modified for example by DNA aptamers specific to bacteria, addition
of the bacteria resulted in their aggregation and shift of the color to the blue part of
the spectra due to the dependence of absorbance on the size of nanoparticles [98, 99].

Many optical aptasensors are based on the SPR. This technology is increasingly
associated with other spectroscopic techniques (Raman, absorbance, or fluores-
cence) and is used in combination with technologies based on optical fibers
[100, 101]. SPR is similar to the previously described LSPR. It occurs when
electromagnetic radiation hits the surface covered by thin metallic film. At a certain
angle, the energy associated with the light beam moves the surface electrons with a
wave that propagates parallel to the metal surface, creating a plasmon [102].

SPR aptasensors are designed by binding nucleic acids to the surface of the metal.
The sensing surface is incubated with the biological sample and, when the analyte
interacts with the aptamer, a variation in the refractive index near the metal surface
occurs, which can be detected by measuring the variation of the incident angle of the
light radiation. During an SPR experiment, the resonance unit parameter (RU) is
recorded, in which 1 RU is equivalent to a critical angle shift of 107% which
corresponds to 1 pg/mm? of mass linked to the surface [103].

Waveguide interferometry is equipped with an optical fiber made of polymeric
material or glass inside which light can propagate by total reflection. Like SPR, this
technique measures changes in the refractive index on the sensor surface. However,
the aptamer is bonded to the fiber surface and radiation propagates along this
surface’s entire length. During an interferometric reading, the phase change is
converted into intensity and correlated with the concentration of the analyte — very
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often by detecting an interference spectrum. With this type of sensor, the incident
light generates an evanescent field that penetrates the sample to a lesser extent, and
thus the disturbance due to spurious changes in the refractive index is reduced,
increasing the signal-to-noise ratio [104]. The general scheme of various optical
aptasensors is presented in Fig. 4.

3.2.2 Examples of Sensorial Bacteria Detection Applying Optical
Transduction

In recent years, significant progress has been made in the development and con-
struction of optical biosensors for bacteria detection. The employment of aptamers as
bioreceptors has greatly increased in biosensor development. For example,
nanoparticles can be conjugated with aptamers specific for bacteria. Once the
aptamer-nanoparticle bioconjugate recognizes and binds to bacteria, detecting or
sorting techniques such as flow cytometry can be used [105]. In a fluorescence-based
detection the aptamers have a hairpin structure in which the 3’ end is bonded to a
fluorophore, while the 5’ end is bound to a quencher capable of absorbing the
electromagnetic energy after the excitation of the fluorophore at the 3" end according
to the FRET principle. In work by Bruno and Carrillo [106] this approach has been
applied to the detection of Bacillus anthracis spores. When the aptamer binds to the
target, a conformational rearrangement of the aptamer occurs, moving the quencher
away from the fluorophore. In this case, FRET cannot occur, and consequently the
excitation of the fluorophore causes an easily detectable emission signal. This
method was found to have a detection limit of 3 x 10* spores per mL. Spore detection
has useful applications in fields ranging from food safety to counter-bioterrorism; as
such, further efforts to improve these systems are highly desirable.

An interesting study was performed by Liu et al. [107], who developed an optical
method for the sensitive detection of Escherichia coli based on liquid crystals and
their rearrangement in the presence of organic molecules such as hexadecyl trimethyl
ammonium bromide. When this molecule is bound to an aptamer, it cannot self-
assemble. The binding of the nucleic acid to the bacterium causes the release of the
organic molecule, which assembles itself and causes in turn an optical transition
from light to dark. This method was found to have a detection limit of 27 CFU/mL.

Another type of fluorescent aptasensor using DNA-silver nanoclusters
(DNA-AgNCs) and polypyrrole nanoparticles (PPyNPs) was developed by Zhang
et al. [108] for the detection of staphylococcal enterotoxin A, which is the cause of
one of the major food poisonings produced by Staphylococcus aureus (S. aureus).
The DNA-AgNCs nanoclusters were formed by DNA aptamers in the presence of
AgNO; and served as an energy donor, while PPyNPs have been used as a quencher.
Following the binding of the aptamer with the enterotoxin the DNA-AgNCs were
dissociated from PPyNPs and the fluorescence was restored. This method is highly
sensitive: the study quantified a detection limit of approximately 0.34 ng/mL in milk
samples.
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Fu et al. [109] designed a rapid and sensitive fluorescent aptasensor for Salmo-
nella typhimurium (S. typhimurium). They incorporated magnetic spheres, aptamers,
and gold nanoparticles to create a fluorescence quenching sandwich system. Fluo-
rescent silver nanoclusters linked to DNA were also used. In both systems, the
binding of the aptamer to the bacterium caused the release of the nanoparticles or
nanoclusters; changes in fluorescence intensity were related to the bacterial concen-
tration. A detection limit of 98 CFU/mL was achieved.

The fluorescence technique has also been adopted for the development of
aptamer-based assay to detect S. typhimurium in food. The method is based on
biotinylated DNA aptamers and streptavidin-conjugated silica fluorescence
nanoparticles (SA-FSiNPs). The sample containing bacteria has been incubated
with DNA aptamers. Addition of SA-FSiNPs strongly bonds to the surface of
bacteria. The fluorescence microscope allowed the imaging of the fluorescently
labeled bacteria and thus qualitatively detects the bacterial contamination [110].

In a study by Duan et al. [111], a fluorescent aptasensor was designed for the
detection of S. typhimurium. The aptamer was labeled with 5-carboxyfluorescein
(FAM) and suspended in a solution with graphene oxide (GO), as GO behaves as an
energy acceptor during FRET. In the presence of bacteria, the FAM-aptamer sepa-
rated from the GO to bind to the pathogen surface. Without bacteria, the
FAM-aptamer remained adsorbed on the GO, which quenched the fluorescence
due to FRET. Fluorescence intensity therefore correlated with the bacteria’s con-
centration. The sensor achieved a detection limit of 100 CFU/mL.

Yang et al. [112] used Cell-SELEX for the development of DNA aptamer specific
to Salmonella Paratyphi A. The most selective aptamer has been characterized by
Ky = 47 = 3 nM. These aptamers were used for the detection of bacteria using
single-walled carbon nanotubes (SWCNTSs). A specific oligonucleotide sequence
that served as DNAzyme has been used as an extended part of the aptamer. This
aptamer probe has been wrapped around the SWCNTSs. In the presence of bacteria
the aptamers were dissociated from SWCNTs. The extended aptamer part responsi-
ble for DNAzyme has been folded into guanine quadruplex. Then they added hemin
that self-assembled with the quadruplex. This hemin-quadruplex served as a perox-
idase mimicking system. The DNAzyme acted as a catalyst for the generation of
chemiluminescence through the oxidation of luminol in the presence of H>O,. The
proposed assay was able to detect bacteria with an LOD of 10> CFU/mL.

In addition to applications involving fluorescent probes, colorimetric assays
based on aptamers have been developed, with the advantage of quick and easy
analyte detection. For example, Gupta et al. [28] developed a colorimetric assay that
allowed the detection of E. coli by the naked eye. In this assay, the gold nanoparticles
(AuNPs) were modified by graphene oxide (GO) to increase the aptamer loading
capacity. Without bacteria, the AuNPs-GO were dispersed in a solution. Addition of
E. coli resulted in nanoparticle aggregation due to the bridging of nanoparticles
caused by bacteria-aptamer interactions. The originally red color of the sample has
been changed to blue due to the localized plasmon resonance effect. The AuNPs-GO
allowed the detection of bacteria with an LOD of 10? CFU/mL, while those without



Trends in Development of Aptamer-Based Biosensor Technology for. . . 365

GO revealed an LOD of 10° CFU/mL, confirming the enhanced density of aptamers
at the AuNPs-GO surface.

In colorimetric assays, a common method for immobilizing aptamers on surfaces
takes advantage of the strong affinity between avidin and biotin. For example, Yuan
et al. [113] developed a colorimetric-based assay to detect S. typhimurium. This
assay involved biotinylated DNA aptamers that were immobilized on the
streptavidin adsorbed at the microliter plates. After the addition of the sample
containing bacteria the thiol-modified DNA aptamers chemisorbed at AuNPs were
added and allowed to interact with bacteria. After the addition of a silver enhance-
ment solution based on AgNO; (in order to be deposited on the AuNPs), the
absorbance detected by the microplate reader has been observed at 630 nm, which
was proportional to the bacteria concentration.

Antibodies and aptamers have been used together in a sandwich configuration for
microbial detection. For example, an enzyme-linked antibody-aptamer sandwich
(ELAAS) biosensor has been used to quickly detect and quantify S. typhimurium.
After the immobilized aptamers bind to a target bacteria molecule, the system is
incubated with labeled antibodies, where the label is usually an enzyme. Subse-
quently, a detection method is used depending on the type of antibody label, and the
pathogen is then titrated and quantitatively measured. A study by Duan et al. [114]
altered this method by using aptamers, which were immobilized onto gold (AuNPs)
and magnetic nanoparticles (MNPs). AuNPs served as a probe for colorimetric
measurements, while MNPs were used for bacteria preconcentration. During incu-
bation with S. typhimurium, the binding of aptamers to the target created a MNPs-
aptamer-pathogen-aptamer-AuNPs sandwich. The use of MNPs allowed the sand-
wiches to be magnetically removed from the solution. When the bacteria were
present in the solution, a color change was observed due to aggregation of AuNPs
and the LSPR effect. This method achieved a detection limit of 10 CFU/mL.

One category of label-free optical aptasensors uses SPR or LSPR technologies.
SPR is also useful in the aptamer selection process (SELEX) as it is able to determine
the binding constant between nucleic acid and the target. Khateb et al. [115] used the
LSPR method based on metal nanostructures with aptamers to detect S. aureus in
milk samples with a detection limit of 10° CFU/mL.

SPR technology can be suitably modified to allow for ultra-sensitive and rapid
quantification of analytes, facilitating point-of-care testing and diagnosis. In the field
of bacterial contamination monitoring, Shin et al. [116] have developed an SPR
sensor for the detection of Vibrio fischeri with a detection limit of around 40 CFU/
mL. This technology was also used by Dursun et al. [117] to develop an SPR
aptasensor for the detection of Brucella melitensis (B. melitensis) in milk. The
aptamers were selected using the standard SELEX procedure and their affinity
constants were characterized. Finally, two aptamers were chosen and then
immobilized on magnetic nanoparticles and on the SPR sensors. The nanoparticles
extracted the bacteria from the milk samples, while the SPR aptasensor was used for
detection. A detection limit of 27 CFU/mL was demonstrated with this method.

Another optical technique that can detect low concentrations of bacterial contam-
ination is interferometry. This method was used to design a sensor specific for
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Lactobacillus, a bacterium that is not commonly pathogenic but can cause opportu-
nistic infections such as endocarditis. This sensor involves a capture probe that is
functionalized on porous silicon. The concentration of bacteria is determined by
analyzing the change in the reflexivity spectrum [118]. A further evolution of this
technology came with the introduction of optical fibers. The fibers act as guides for
light waves, which propagate within them by total internal reflection with extremely
low losses They are suitable for incorporation into smaller and less expensive
platforms in point-of-care systems, and are capable of carrying out more sensitive
and faster analyses [119].

Table 4 summarizes the optical aptasensors published for the detection of various
bacteria since 2016 to the present day. Earlier studies have been reviewed in several
papers (e.g., [131]). In some cases, optical aptasensors have demonstrated high
bacteria sensitivity (less than 3 CFU/mL, see Table 4). Optical methods of bacteria
detection are thus able to achieve a level of sensitivity close to that of electrochem-
ical approaches (see Table 3). However, optical sensors were verified in real food
samples only in a very limited number of cases.

3.3 Acoustic Aptasensors for the Detection of Bacteria

Acoustic wave sensors are a type of mechanical transducer that detects changes in
force or mass. These sensors are obtained using biologically functionalized piezo-
electric materials that convert an electrical signal into an acoustic signal. When the
piezoelectric crystal is excited by an alternating electric field, it behaves as a
harmonic oscillator at a particular frequency, called the resonant frequency. The
value of the resonant frequency depends on the physical characteristics of the
oscillator, such as dimensions, geometry, and the piezoelectric material used; it
also depends on the contact medium and the material adsorbed on the surface.
Therefore, when the crystal is electrically brought into resonance, it is possible to
record some acoustic parameters such as the oscillation frequency and its damping
due to the interaction with the analyte on the sensor surface [132]. Within this
category, one can distinguish devices that employ bulk acoustic waves (BAW),
such as quartz crystal microbalances (QCM), or devices based on surface acoustic
waves (SAW). Alternative to QCM is electromagnetic piezoelectric acoustic sensor
(EMPAS) that works at ultra-high frequencies (up to 1.06 GHz), while QCM uses
the frequency range typically 5-20 MHz.

Acoustic aptasensors based on QCM, EMPAS, and SAW have been developed
for detecting bacterial pathogens — mostly based on the mass sensitivity of the
devices. QCM aptasensor studies for monitoring and/or detecting bacteria have
been particularly successful. Functionalizing QCM discs requires modifying the
gold electrodes using Au-S chemistry. For example, thiol molecules can provide
both linking and antifouling properties, such as in our recent work, where the dithiol
molecule 3-dithiothreitol propanoic acid was shown to bind to aptamers while also
facilitating an antifouling layer against human serum [30].
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Bayramoglu et al. [133] designed a QCM aptasensor for detecting B. melitensis in
milk. The system used aptamer-functionalized magnetic nanoparticles to isolate the
bacteria from milk with the use of a magnet. Afterward, the new concentrated
solution with captured bacteria was processed to separate the bacteria from the
magnetic nanoparticles. The bacteria were then quantitatively measured via QCM
involving discs functionalized with the same aptamer. This method achieved a low
detection limit of 100 CFU/mL. Yu et al. [19] selected DNA aptamers specific for
E. coli O157:H7 using Cell-SELEX method. Using these aptamers they developed a
QCM sensor that allowed to monitor bacteria with a detection limit of about
10° CFU/mL.

In addition to analyte detection, QCM can also be used to more precisely select
new aptamers. Wang et al. [7] reported an efficient method of selecting DNA
aptamers for S. typhimurium using a combined QCM-Cell SELEX method. In this
method after each round of the SELEX the pool of aptamers were added to the
surface of QCM crystal with immobilized bacteria. The binding of aptamers has
been characterized by the decay of the resonant frequency. The bounded aptamers
were eluted from the QCM surface and used for the next round of selection. After
8 rounds of selection and 2 rounds of counter-selection, an aptamer with high
binding affinity (K4 = 59.5 nM) was identified. This aptamer was used to design a
QCM sensor for the detection of bacteria with an LOD of 10°> CFU/mL.

Aptasensors capable of detecting pathogenic bacteria can thus be designed not
only to achieve very low detection limits, but also to study the specificity of these
nucleic bioreceptors. Oravczova et al. [134] developed an acoustic aptasensor for the
detection of Listeria innocua. They also studied the specificity of the aptamer for this
bacterium and determined that the frequency shift was specific to the bacteria, as
negligible variation occurred for another pathogen, E. coli. The aptasensor had a
detection limit of 1.6 x 10° CFU/mL.

An evolution of the aptasensors based on piezoelectric transduction was the
advent of SAW, which further improved the sensitivity of mass detection (Fig. 5).
For example, Xu and Yuan [135] compared QCM and SAW sensors for the
quantitative detection of S. aureus. QCM had a detection limit of 2 x 10° to
2 x 10° CFU/mL, while the SAW sensor achieved a much lower limit of
2 x 10° CFU/mL.

Acoustic detection techniques can also be combined with other methods that
allow the analyte to be enriched in a solution before its detection. Zhang et al. [136]
used dielectrophoresis to enrich E. coli close to the microelectrodes that made up a
SAW module. Using this method, they achieved a detection limit of 100 CFU/mL
with a sensor response time of approximately 30 s. They also tested specificity using
S. aureus and showed that this gram-positive bacterium did not cause a significant
change in the SAW response.

To our knowledge, there is currently only one study that has used an EMPAS
aptasensor for bacteria detection. Our research group studied E. coli detection in
milk, where quartz crystals were functionalized with an antifouling aptamer layer.
The EMPAS system achieved a highly sensitive detection limit of 8 CFU/mL in
cow’s milk, which is significantly lower than the safe limit of E. coli in milk. The
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Fig. 5 Acoustic aptasensors based on gold electrodes and piezoelectric transducers: (a) quartz
crystal microbalance (QCM) detection of bacteria by frequency and dissipation variation of the disc.
Addition of bacteria (arrow) results in their binding to the aptamers, which is typically accompanied
by a decrease in resonant frequency and increase in dissipation; (b) surface acoustic wave biosensor
(SAW) detection of bacteria by means of aptamers bound in the area between two pairs of
interdigitated electrodes, recording variations of the acoustic intensity (decibels) vs. frequency;
(¢) cross-section of the electromagnetic piezoelectric acoustic sensor (EMPAS) showing the copper
coil that generates a secondary electric field in the piezoelectric quartz crystal. The crystal is
functionalized via silanol groups, linking the aptamers that bind target bacteria, which the sensor
detects by a frequency shift. Arrow shows the addition of E. coli in a concentration of 10’ CFU/mL

sensor’s selectivity was also tested by exposing it to S. aureus and P. aeruginosa,
which had negligible frequency shifts compared to measurements with E. coli
[137]. Table 5 summarizes the findings of studies in acoustic bacterial aptasensor
development published since 2015. Works published prior to 2015 are discussed in a
paper by Ozalp et al. [139]. As noted in Table 5, the highest degree of bacterial
sensitivity was achieved by our EMPAS system for E. coli detection.

4 Conclusion

In this chapter, we demonstrated several approaches for bacteria detection using
aptamer-based biosensors and various techniques such as electrochemical, optical,
and acoustic methods. As is evident from this review, the advantages of aptamers are
obvious. Immune- and aptasensors are comparable in terms of sensitivity, but
nucleic acid aptamers have several advantages: they are more stable, their prepara-
tion is more reproducible, and it is possible to reuse these sensors following
relatively simple regeneration processes [10]. At the same time, the disadvantage
of the aptasensor is the sensitivity of aptamer folding to the environment that differs
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from those used in selection procedure. Moreover, the components present in real
samples, for example, sugars or proteins in milk, can affect the binding properties of
the aptamers. In this respect, the antibodies are most robust and usually not so
sensitive to the surrounding water solution. Therefore, further effort is required for
the stabilization of the 3D structure of aptamers to make them less sensitive to
solvent composition.

The comparison of various detection techniques demonstrated that electrochem-
ical methods are the most widely used. This can be explained by several factors:
sensor preparation is a simple process, screen-printed electrodes are inexpensive and
readily available in the market, as are advanced potentiostats. The sensitivity of
electrochemical and optical methods is comparable. Acoustic bacterial sensors are
generally less sensitive, but they have several advantages over other methods. They
do not require the labels, and binding events are easily evaluated through the
measurement of frequency changes. There is, however, still a gap in terms of
application between acoustic bacterial sensors and other methods, as few studies
have examined their effectiveness in real food samples. This gap is significant, as
species present in food samples (such as proteins in milk) influence signals via the
matrix effect. Current studies in acoustic aptasensor development are thus focused
on methods of aptamer immobilization using specially synthesized antifouling
linkers [30]. Moreover, rather wide range of the concentration of bacteria demon-
strated in various papers is linear only in a logarithmic scale. The typical S-shaped
binding curve is usually not presented. In addition, the detection of 1-10 CFU/mL is
complicated by the fact that few bacteria are not reaching the sensing surface and
thus, strategies have been developed to enhance the interaction probability (e.g., by
magnetic beads, turbulent flow conditions, etc.). Thus, additional pre-concentration
steps are required to improve the limit of detection of very low bacteria concentra-
tions in real samples.
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Abstract Rapid diagnosis and treatment of infectious illnesses are crucial for
clinical outcomes and public health. Biosensing developments enhance diagnostics
at the point of care. This is superior to traditional procedures, which need centralized
lab facilities, specialized personnel, and large equipment. The emerging coronavirus
epidemic threatens global health and economic security. Increasing viral surveil-
lance and regulatory actions against disease transmission necessitate rapid, sensitive
testing tools for viruses. Due to their sensitivity and specificity, biosensors offer a
possible reliable and quantifiable viral detection method. Current advances in
genetic engineering, such as genetic alteration and material engineering, have
provided several opportunities to enhance biosensors’ sensitivity, selectivity, and
recognition efficiency. This chapter explains biosensing techniques, biosensor
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varieties, and signal amplification technologies. Challenges and potential develop-
ments for viral microorganisms based on biosensors and signal amplification were
also investigated.

Graphical Abstract
Electrochemical
Nanomaterials
Magnetic
. Optical
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Biosensors

Signal Amplification

Keywords Biosensor, Diagnostics, Nanocage, Nanomaterial, Nanozyme, Signal
amplification, Virus detection

1 Introduction

In light of the ongoing COVID-19 epidemic, infectious illness has risen to the
forefront of world attention. It is vital to comprehend the global burden of these
diseases to enhance population-wide outcomes and treat patients individually.
Inequality in access to healthcare resources, particularly diagnostics, impedes getting
this information [1]. Thus, much effort has been directed toward developing tech-
nologies to increase diagnostics accessibility equality, particularly in settings with
limited resources. Nanotechnology-enabled biosensors, which provide quantitative
target readings with affordable, basic equipment, are an essential field of study for
developing such platforms.

There are rapidly developing technologies to perform early screening of pathogenic
viruses since this would significantly lower the incidence of viral infections. Electro-
chemical biosensors offer sensitive and specific sensing by combining biorecognition
components, or biomolecules that precisely identify and bind an analyte with electro-
chemical readout [2]. The glucose meter has revolutionized healthcare and made a
dramatic difference in the lives of patients with diabetes. A measurable electrical signal
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is produced when the enzyme reduces an electroactive mediator which is subsequently
oxidized at an electrode surface [3]. Signal amplification methods, including but not
limited to biological components like enzymes, are crucial for laboratory and point-of-
care (POC) diagnostics since they increase the device’s precision and accuracy while
simultaneously decreasing the limit of detection (LOD) [4].

Viruses are quite small just 20-500 nm in size and come in various shapes and
sizes, but they are responsible for significant harm to human health [S]. Viruses
including the influenza virus, SARS coronavirus, Ebola virus, Zika virus (ZIKV),
Middle East respiratory syndrome coronavirus (MERS-CoV), and SARS
coronavirus-2 have been responsible for certain recent epidemics [6]. Compared to
other microorganisms, viruses present unique challenges in identification and
bioimaging due to their nanoscale size. Influenza and other viruses pose severe
threats to human health due to their ability to spread quickly and easily [7]. The
inadequate detection tools are one of the reasons why health consequences are
arising from viral infections. Numerous primary approaches exist for viral identifi-
cation, each optimized for a specific type of virus. Time-consuming lab-based
approaches involving complex analytical instrumentation are the norm regarding
viral detection. While traditional lab-based approaches can identify viruses with a
high degree of precision, they have several downsides [8]. These include the
requirement for skilled individuals, the high cost of consumables, the length of the
process, and the difficulty of preparing samples. As a result, it is crucial to create fast,
accurate, and cost-effective tests for detecting viruses. Thus, nanomaterial- and
bio-recognition-unit-based biosensors for detecting viruses have great promise.
Colorimetric, fluorometric, surface-enhanced Raman scattering (SERS), and lateral
flow immunoassay (LFIA) biosensors made from nanoscale materials are only a few
of the many that have been proposed for viral detection [9].

In recent years, nanoscience and nanotechnology have been effective diagnostic
and detection tools for infectious viruses [10]. As a result, nanomaterial-based
biosensors have emerged as one of the most relevant topics in viral detection and
diagnosis. Nanomaterials have distinctive optical, electrical, magnetic, and mechan-
ical characteristics, which is a significant benefit of using them [11, 12]. In addition
to their excellent sensitivity and selectivity, nanomaterials-based sensors are also
widely used in bioimaging applications. Sensors based on nanomaterials can also
respond quickly while maintaining a low detection limit [13]. New designs of
biosensors based on various nanomaterials, such as quantum dots (QDs) [14], carbon
nanomaterials [15], gold nanoparticles (AuNPs) [16], upconversion nanomaterials
(UCNPs) [17], magnetic nanoparticles (MNPs) [18], and organic molecule-based
nanostructures [19], have emerged as a result of recent research.

Here, we highlight new signal amplification methods for enhancing electrochem-
ical sensors for infectious illness diagnostics. These techniques may be classified
into a) signal-based amplification and b) target-based amplification. We define
target-based amplification as an approach that increases the number of detectable
targets, whereas signal-based amplification modifies the transducer to boost the
detectable signal. Based on current technology for diagnosing infectious diseases,
we believe that signal-based amplification methodologies will allow electrochemical
POC devices to be used in various contexts for such diseases.
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2 Biosensing Principles

Several biosensors have been developed due to the development and use of sensors
in numerous fields. Currently, biosensors may be categorized based on their
biorecognition element and transducer. Regarding the biosensitive element, enzyme,
DNA, tissue, and immunosensor biosensors may be distinguished [20]. Based on the
transducers employed, biosensors may be categorized as electrochemical, optical,
piezoelectric, thermal, and acoustic [21]. Parallel to the development of microfluidic
technology, a novel type of microfluidic biosensor with benefits in automation and
miniaturization has been created. In recent years, electrochemical biosensors, optical
biosensors, and microfluidic biosensors have garnered great interest and have
become a hot research topic using aptamers or antibodies as recognition elements.
Different approaches can be employed to detect viruses, which include targeting the
whole virus, specific proteins, or using nucleic acids.

2.1 Electrochemical Biosensors for Virus Detection

An electrochemical biosensor is a common type of sensing device that converts
biological activities into electrical signals [22]. The field of electrochemical bio-
sensors is pivotal because it has the most established history, the broadest variety of
applications, and the highest vitality of all biosensor subfields. The electrochemical
biosensor generally works by biologically modifying the surface of particular
electrodes to fix biological recognition components. The target molecules in the
solution will be recognized by the biologically sensitive components that are per-
manently affixed and will trigger a binding response. Attaining quantitative or semi-
quantitative detection is accomplished by converting the binding response into an
electrical signal at an electrode [23]. There are various categories of electrochemical
biosensors, but the two most utilized approaches for detecting viruses are ampero-
metric and impedimetric because of their high sensitivity.

2.1.1 Impedimetric Biosensors

Impedance immunosensors are used to measure the change in impedance at the
interface. This can be performed by evaluating the whole impedance or analyzing the
resistive part (mostly the charge transfer resistance), or the capacity before and after
the target molecule binds [24]. EIS has been shown to be a useful and effective
method because small changes caused by how the solution interacts with the
electrode can be easily tracked in real-time without needing labels [25-28]. Imped-
ance spectroscopy allows for a comprehensive description of the system by resistive
and capacitive (and diffusional) impedance elements; however, care has to be taken
in analytical applications to discriminate non-specific binding — as for all label-free
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approaches. Another aspect of impedance measurements is the composition of the
solution. In most cases, a redox species (such as ferri-/ferrocyanide) is added to have
a defined charge transfer process. However, this is not necessary for general, and
impedance analysis in a buffer solution is feasible; capacitive measurements
completely avoid such additions. Typically, impedance measurement is carried out
at the sensing electrode’s equilibrium potential to minimize the degree of conversion
during the measurement. This approach ensures that only a small amount of con-
version occurs during the measurement. Alternatively, one can detect impedance
during a forced oxidation or reduction process. Here a constant dc potential is
additionally applied to the ac signal.

Baek et al. aimed to identify noroviruses, the viruses responsible for acute food-
borne gastroenteritis [29]. Figure la shows the schematic diagram of the electro-
chemical biosensor coated with peptides for detecting norovirus. The study exam-
ined eight different peptides coated on gold electrodes to identify norovirus, and it
was found that the norovirus-binding peptide had a high degree of specificity for the
virus. The detection process involved the addition of ferri-/ferrocyanide to the
solution. The biosensor demonstrated an LOD of 1.7 copies/mL, which was three
times lower than previous methods, and the signal intensity increased with increas-
ing amounts of norovirus.

To detect influenza virus A (IVA), Hassen et al. presented an electrochemical
impedance spectroscopy (EIS)-based electrochemical sensor [27]. Their sensor,
consisting of a gold electrode with a conjugated particular antibody, can detect
IVA in the presence of bovine serum albumin (BSA), fetal bovine serum (FBS),
and hepatitis B virus (HBV). Electrochemical measurements were performed in a
5 mM solution of redox couple [Fe(CN)s]* ">~ prepared in phosphate-buffered
saline (PBS) solution. The sensor’s high performance in detecting [VA was demon-
strated by its low LOD of 8 ng/mL, which was not influenced by the presence of
nontarget proteins at substantial levels. Trung group identified the Japanese enceph-
alitis virus (JEV) using EIS and without any label [32]. The authors first electro-
chemically synthesized nanowires (NWs) on the surface of a Pt microelectrode, then
bound a particular antibody there. This innovative manufacturing approach achieved
a very low LOD with reasonable specificity against various irrelevant compounds
without using any redox species.

Intriguingly, Lai et al. created a single-use, carbon NP-modified screen printed
carbon electrode (SPCE) strip to quickly detect Japanese encephalitis virus (JEV)
[33]. The antibodies were anchored to the surface using amide bonds between the
amino groups of carbon NPs and the carboxylic group of JEV. It takes 10 min for the
sensor to perform EIS readings. This biosensor has the potential for clinical use since
it is disposable and eliminates the risk of cross-contamination. A polyaniline-coated
glassy carbon electrode (GCE) synthesized with a particular anti-HEV antibody
coupled to nitrogen- and sulfur-codoped graphene quantum dots (AbN,S-GQDs)
and gold-embedded polyaniline nanowires were produced by the Park group as
shown in Fig. 1b for detecting hepatitis E virus (HEV) (AuNP-PAni) [30]. Using a
pulse-induced mechanism, the scientists improved impedimetric responses to a level
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that allowed for an LOD of 0.8 fg/mL while maintaining a high degree of selectivity
and specificity.

Zhang et al. recently published a detection method for SARS-CoV-2 that utilized
a simple and fast saliva-based sensor [31]. The sensor was created by binding the
novel dimeric DNA aptamer DSAINS, which detects spike proteins, onto gold
electrodes for EIS measurements (Fig. 1c). This study was one of the few with a
large enough sample size to report on false-positive and false-negative results, and
the authors found an extremely low LOD of 1,000 virus particles per milliliter in
diluted saliva with 100% specificity for false positives and 80.5% sensitivity for
actual positive cases. This sensor was capable of detecting the wild-type virus, as
well as the Alpha and Delta variants, indicating the feasibility of a quick and reliable
SARS-CoV-2 test.

Using boron-doped polycrystalline diamond electrodes functionalized with a
biotin-streptavidin linker complex and biotinylated anti-SARS-CoV-2S1 antibodies,
the Becker group also created an EIS sensor for SARS-CoV-2 detection using the
changes to the electrode’s charge transfer resistance (Rct) [34]. The electrolyte
solution used in this study consisted of 1 mM potassium ferricyanide (III) [K;Fe
(CN)¢] in PBS. This sensor exhibited exceptional sensitivity and had a low limit of
detection (LOD) of 1 fg/mL, making it a promising candidate among the various
SARS-CoV-2 detection technologies available.

Various researchers have suggested different methods for enhancing the sensi-
tivity of EIS-based detection, such as modifying the electrode surface, using inter-
digitated electrodes, or combining both cyclic voltammetry (CV) and EIS
measurements for detection signals. Interdigitated gold microelectrodes (IDEs) are
a type of electrode that feature closely spaced electrodes that allow for the more
sensitive detection of surface events. One study, for instance, utilized a
functionalized interdigitated gold microelectrode array to create an EIS-based EI
for detecting the Zika virus (ZIKV) [30, 35]. In this case, the anti-ZIKV envelope
antibody and the ZIKV protein combine to create an immunocomplex. For quick
measurements of ZIKV, this sensor’s high sensitivity, excellent selectivity, and
stability make it a valuable resource. For the detection of Hantavirus Araucaria
virus, Martins and coworkers have described a novel sensor that can do both CV and
EIS measurements [36]. The authors mounted antibodies onto a commercial 3D
conductive filament made of carbon black and poly (lactic acid) to identify Hanta-
virus Araucaria nucleoproteins with high selectivity and sensitivity.

2.1.2 Amperometric Biosensors

With amperometry, the analyte’s oxidation or reduction processes provide a current
response proportional to the analyte’s concentration when diffusion conditions are
controlled [37]. When detecting a signal, an electrode is positioned at a specific
voltage to facilitate the flow of electrons to or from the electrode. Researchers have
successfully combined immune technology with amperometric biosensors, leading
to reduced detection times and limits. As a result, these biosensors are particularly
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valuable for rapidly and accurately detecting pathogens in food and other com-
pounds with multiple targets.

Using AuNPs, carbon nanotubes (CNTs), and other nanomaterials, the Sedghi
group created a new nanocomposite film for the detection of the HIV-1 p24 antigen
(Fig. 2a) [38]. An immunoassay format was employed to detect HIV-1 p24 Ag using
a horseradish peroxidase streptavidin-labeled biotinylated polyclonal antibody to
HIV-1 p24 (HRP-streptavidin-biotin-antip24 Ab) as a tracer and hydrogen peroxide
as enzyme substrate. The analytical procedure for the immunosensor was based on
the formation of the immunocomplex between the polyclonal HIV-1 p24 Ab and the
HIV-1 p24 Ag which causes a decrease of the reduction current. Together, the large
surface area of the electrodes and the bound p24 antibody allows for a sensitive
amperometric immunosensor with a low LOD (6.4 pg/mL) and a short response time
(18 s).

Recent work by the Dutra lab has resulted in a low-cost EI sensor capable of
detecting Dengue virus nonstructural proteins (DENV) (Fig. 2b) [39]. Researchers
used poly(allylamine) on carboxylated CNTs to fix anti-NS1 antibodies on an
electrode surface, then used amperometry to quantify the antibodies’ reactions.
Electrochemical responses of the immunoassay are claimed to be based on a direct
electron transfer of HRP conjugated to anti-NS1 antibodies. The novel sensor is
highly reproducible, sensitive, and selective, allowing for an LOD of 0.035 pg/mL.

Mandli et al. [40] developed an indirect competitive immunosensor for detecting
the hepatitis A virus (HAV) antigen using a carbon nanopowder paste electrode. The
sensor works by immobilizing the target HAV antigen on the sensor surface and then
using a capture antibody and a secondary antibody labeled with peroxidase to detect
it. The amperometric current generated from adding hydrogen peroxide and hydro-
quinone as redox mediators is then used to determine the concentration of the
antigen (Fig. 2c). One advantage of this sensor is its ability to tolerate complicated
matrices, making it suitable for detecting HAV in water samples. This is an impor-
tant feature since water samples can often contain various interfering substances that
can affect measurement accuracy. The use of a secondary antibody labeled with
peroxidase also enhances the sensitivity of the sensor, allowing it to detect low
concentrations of HAV. Overall, this study demonstrates the potential of carbon
nanopowder paste electrodes as a platform for developing sensitive and selective
immunosensors for various applications, including the detection of viral pathogens
in environmental samples.

2.2 Optical Biosensors for Virus Detection

Colorimetry, fluorescence, surface-enhanced Raman spectroscopy, and surface
plasmon resonance spectroscopy are the four most appealing optical biosensors for
viral detection based on the underlying principle utilized. Out of these, colorimetric
and fluorescent biosensors are the most popular choices because their results can be
interpreted simply and have a high sensitivity level.
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2.2.1 Colorimetric Biosensor

The color changes generated by the interaction between analytes of varying concen-
trations and experimental reagents are employed in colorimetric analysis, an analyt-
ical method for quantitatively detecting analytes [41]. There have been two distinct
areas in colorimetric analytical technology: visual colorimetry and photometric
colorimetry. In visual colorimetry, the concentration of the target is determined
mostly by visually inspecting the color produced by the detecting reaction. The
measurements are often easily performed and do not need instrumentation. However,
the accuracy of this analytical approach is poor since experiments relying on visual
observations depend on the individual person. As a result, throughout time, visual
colorimetry has been adapted into a photometric colorimetry technique. Absorbance
measurements are taken at various concentrations of a standard solution to create a
standard curve. The measured material’s absorbance can then be used for quantita-
tive analysis. By removing the room for human mistakes, photometric colorimetry
provides far more reliable findings in experiments than visual colorimetry. Its
primary detecting devices of photoelectric colorimetry now rely on a spectropho-
tometer, ultraviolet-visible spectrophotometer, and microplate reader.

As the most practical optical sensors used to detect infectious viruses, those based
on antibodies are becoming popular. Polyclonal, monoclonal, and recombinant
antibodies have often been wused in immunodiagnostics and biomarker
detection [42].

A classical method for detecting analytes is lateral flow assays that rely on the
accumulation of AuNPs in the detection zone to generate a color signal, as described
by [43]. This approach has been modified to use enzymes as labels, but it requires a
substrate to generate a color, necessitating modifying the test strip. Kogaki et al. [44]
applied this method to detect virus particles; for instance, they utilized the virus’s
recombinant N protein antigen to detect SARS-CoV quickly. The detection zone of
an immunochromatographic (ICT) device was built on a nitrocellulose strip. The
SARS-CoV N protein and an anti-mouse IgG were immobilized on a control and test
line. Alkaline phosphatase (AP) was used as an enzyme, and the blue color forma-
tion was used as the signal. The base of the ICT device contained two wells, one for
the sample and one for the buffer. When the sample was added to the sample well,
the AP-antibody-antigen complex flowed across the membrane through capillary
action. The complex accumulated at the test line, causing it to turn blue if there was
an antibody to SARS-CoV in the blood sample. A positive result displayed two
colored lines, with one indicating device functionality and the other representing the
existence of an antibody to SARS-CoV. The result was deemed unacceptable if the
color was limited to the test line or no lines were visible.

Recently, Li et al. developed a point-of-care immunoassay kit based on a lateral
flow test with gold nanoparticles to detect IgM and IgG antibodies in human blood
concurrently in less than 15 min (Fig. 3a) [48]. The data show promise, demonstrat-
ing improved sensitivity and specificity in the fast detection of antibodies. After
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successful trials, it has been approved for use in healthcare settings and research labs,
making it a potent weapon in the battle against SARS-CoV-2.

Metal nanoparticles also allow the generation of a color by exploiting their
enzyme-like behavior. This is a valuable alternative to surface plasmon effects and
will be explained in Sect. 3.3.2.

2.2.2 Fluorescence Biosensor

A biosensor based on the fluorescent characteristics of substances is referred to as a
fluorescence biosensor. At this time, the procedures of (a) fluorescence spectroscopy
and (b) fluorescence energy resonance transfer are the ones that are utilized the most
frequently [49]. After absorbing light energy when subjected to UV irradiation,
various substances will emit at different wavelengths, and the emission intensity
will be proportional to the substance’s concentration [50]. Within the fluorescence
resonance energy transfer methodology, the energy of an excited fluorescent mate-
rial is radiationless transferred to another molecule at a close distance, which starts to
emit light. This can be evaluated qualitatively and quantitatively. However, several
preconditions must be fulfilled for this energy transfer [47, 51, 52]. In fluorescence
spectroscopy, fluorescent dyes and nanomaterials with fluorescent properties, such
as quantum dots (QDs), are frequently utilized [53-55].

A fiber optical biosensor based on localized surface plasmon coupled fluores-
cence (LSPCF) was later developed to improve detection (Fig. 3a). Here a concen-
tration of 0.1 pg/mL of GST-N in PBS was sufficient for detection. When human
serum was diluted by a factor of 10, the LOD was found to be 0.1 pg/mL, which is on
par with the LOD in raw serum (1 pg/mL). LSPCF, by employing the same
monoclonal antibodies, improved detection sensitivity by a factor of
104 [45, 56]. LSPCF has consistently proven to be the most advantageous approach
regarding detection limit and cost-effectiveness for detecting SARS-CoV N protein
in blood samples.

The plasmon effects present on metal nanoparticles and the light absorption by
semiconductor nanoparticles can be exploited for an enhanced detection capability
often combining optical and electrochemical detection. For example, CdSeTeS
quantum dots (QDs) have been utilized to generate optical and electrochemical
signals. Additionally, AuNP—magnetic nanoparticle—carbon nanotube (AuNP—
MNP—-CNT) nanocomposites are used to enhance signals and magnetically separate
the virus from interference (Fig. 3b) [46]. The QDs exhibit virus concentration-
dependent fluorescence enhancement due to localized surface plasmon resonance
(LSPR) of AuNPs when the target virus is present. In terms of electrochemical
signals, Cd ions released from acid degradation of QDs in solution exhibit a virus
concentration-dependent increase in current peak on an electrode with improved
electrochemical properties from deposition of these nanocomposites. Both
nanomaterials are bound to specific antibodies for influenza virus A (IFV/A) in a
sandwich structure for virus detection. This approach successfully detects the virus
from these two signals even in the presence of a human serum matrix, with a
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detection limit of 2.16 fg/mL for optical detection and 13.66 fg/mL for electrochem-
ical detection.

Chowdhury et al. [47] utilized the physical significance of LSPR to establish an
ultrasensitive biosensing system using CdSe QD-peptideAuNP nanoconjugates.
Several CdSe QD-peptide-AuNP nanoconjugates have been designed by varying
the length of the peptide chain, size, and concentration of AuNPs to investigate the
resulting changes in fluorescence intensities (Fig. 3c). The experimental separation
distance between the terminal nanoduos was validated through theoretical simula-
tion. The strong quenching effect of QDs fluorescence was observed due to the close
interaction of CdSe QDs and AuNP, which gradually showed fluorescence enhance-
ment with the increment of distance. Two systems were chosen for the application
and successfully applied for sensing NoV and influenza virus, respectively, using
two different-sized peptides, following opposite sensing mechanisms. Excellent
linearity was observed with virus concentration in both cases, with LODs of
124 fg/mL for NoV-LP and 14.6 fg/mL for the influenza virus. We believe that
the thorough investigation of this study can provide useful directions in the emerging
field of LSPR-based biosensing.

3 Signal Amplification Technology in Virus Biosensors

3.1 Magnetic Separation

Magnetic separation is a technique used to separate magnetic materials from
non-magnetic ones. This technique has been extensively used in various fields,
including biology and medicine, to isolate and purify specific cells, proteins, and
nucleic acids. In recent years, magnetic separation has also been employed in
detecting viral particles in biological samples, for medical diagnostics, environmen-
tal monitoring, and food safety. Magnetic separation-based virus sensing typically
involves the use of magnetic nanoparticles (MNPs) that are functionalized with
specific ligands that bind to viral particles. These particles can then be separated
from the sample using an external magnetic field and be detected by various
methods. For example, biosensors based on magnetic nanoparticles (MNPs) can
detect respiratory viruses [57]. Alternatively, it was shown by Zhao et al. [18] found
that carboxyl polymer-coated magnetic NPs (pcMNPs) were effective for COVID-
19 detection by extracting the RNA.

Magnetic separation can also be coupled with other amplification technologies.
Tian et al. show that MNPs-based biosensors may be employed for the detection of
nucleic acids by utilizing iron oxide NPs (IONPs) and homogenous circle-to-circle
amplification (HC2CA) [58]. Under the influence of an external magnetic field, both
isolated and coupled IONPs exhibit the expected optical characteristics (absorption
or scattering). However, when IONP detection probes are paired with HC2CA,
combined IONPs are generated (ssDNA). Accordingly, the states of IONPs may
be used to assess opto-magnetic characteristics. Since SARS-CoV-2 and SARS-CoV
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gene sequences are so similar, this technique was proven to be highly specific. It was
also used to identify SARS-CoV-2 RdRp sequences using synthetic complementary
DNA [58].

The nanosystem based on carboxyl polymer-coated magnetic NPs (pcMNPs)
demonstrated several beneficial properties, such as breaking down viruses and
binding to RNA in a single step. This resulted in a pcMNPs-RNA complex that
could be directly used in subsequent RT-PCR reactions. Additionally, the pcMNPs
facilitated RT-PCR biosensing with a sensitivity of detecting 10 copies and a
linearity range of 10~10° copies of SARS-CoV-2 pseudovirus particles by identify-
ing the ORFlab and N gene of the viral RNA. Overall, this study highlights the
potential of the pcMNPs-based RNA extraction approach as a viable alternative for
addressing challenges in the timely diagnosis of SARS-CoV-2 through RT-PCR
techniques [59].

3.2  Amplification of Analyte

Electrochemical biosensors’ speed and quantitative accuracy make them a natural
addition to well-established methods of amplifying nucleic acids. Here isothermal
protocols are particularly beneficial since they can work without complicated tem-
perature control systems and are also comparatively fast [60]. Isothermal amplifica-
tion with modified primers and electrochemical detection was used in an assay to
detect Leishmania DNA in blood samples, as described by the Merkoci group
[60]. Multiplex amplification with primers for Leishmania and endogenous control
was performed using 14 x 107> M of magnesium, 300 x 10~° M of Leishmania
primers, 150 x 107° M of 18 s primers, 5 pL of DNA, and 37°C of reaction
temperature during 10 min without agitation. The forward primer was linked to a
AuNP to increase the signal by catalyzing the hydrogen evolution process. In
contrast, the reverse primer was labeled with a magnetic bead to facilitate the
purification and immobilization of the amplicon on the electrode. A potential
technique for point-of-care testing on a clinical sample with little sample preparation,
the complete operation took less than 20 min at a constant temperature of 37°C. The
detection limit was around one parasite per milliliter of blood. The detection of
SARS-CoV-2 may also be done effectively using an enzyme-linked immunoassay
(ELISA) kit that employs a colloidal gold-immuno-chromatographic (GICA) tech-
nique based on RT-PCR.

3.3 Nanomaterial-Based Signal Amplification

Materials with at least one dimension in the nano-range, often below 100 nm, are
collectively referred to as nanomaterials [61]. This includes nanowires, nanorods,
nanosheets, and even bulk nanostructured materials like graphene. A new generation
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of biosensors with improved sensitivity, specificity, stability, and cheap cost may be
developed using nanoparticles due to their unique features, which constitute an
opportunity and availability above traditional bulk state materials [62]. But there
are still problems with using nanomaterials as biosensors, such as (a) with high
quality and good repeatability; (b) with high stability and biocompatibility in
complicated systems.

Signal amplification through the use of nanomaterials in biosensors is predicated
on the following features: (a) Many nanomaterials have good conductivity, show fast
charge transfer and a high surface area which results in higher signals and shorter
response times when used in electrochemical biosensors; (b) nanomaterials may
possess distinct optical properties which allow the detection of relatively small
amounts; (c) nanomaterials can possess similar properties such as enzymes and
thus, the catalytic activity can be used for significant signal enhancement; and
(d) nanomaterials can load a large number of signal molecules to achieve signal
amplification [63]. Because of these benefits, nanomaterials are increasingly being
employed in domains such as ensuring the quality and safety of food, aiding in
medical diagnostics, and analyzing and testing pharmaceuticals, among others.
Nanoparticles like colloidal gold, quantum dots, and so on are the most common
types of zero-dimensional nanomaterial [64]. Nanorods, nanowires, and nanotubes
are the three most common types of one-dimensional nanomaterials. The graphene
film is a prototypical example of a two-dimensional nanomaterial with a thin film
structure. Flower-like, circularly porous, and dendritic shapes are three-dimensional
nanomaterials’ most common architectural features [65].

Organic-inorganic hybrid nanoflowers (NFs) are flower-shaped nanomaterials
generated by self-assembling inorganic salt ions and organic ligands. In 2012, Ge
et al. [66] created nanoflowers for the first time. Proteins such as bovine serum
albumin, BSA, etc., served as organic ligands, whereas copper phosphate served as
an inorganic salt ion. Since then, there has been an explosion of research and reports
on nanoflowers, revealing new insights into their peculiar characteristics. Currently,
available nanoflowers range in size from 0.5 to 2 pm, with a significant specific
surface area capable of loading many signal molecules. Meanwhile, it has been
established that nanoflowers can enhance biomolecular performance. The enhance-
ment of the catalytic activity of biological enzymes is a frequent function. Therefore,
nanoflowers have enormous potential as a signal-amplification medium in
biosensors.

3.3.1 Optical Properties of Nanoparticles

The exceptional physicochemical features of gold nanostructures have led to their
widespread use in medicine. Numerous biosensors utilize AuNPs to enable colori-
metric detection of SARS-CoV-2. Research has demonstrated that biosensors uti-
lizing AuNPs can effectively detect viruses through various mechanisms, offering
the advantage of clear signal strength [16, 67]. One successful approach involves
thiol-modified antisense oligonucleotides with AuNP capping for detecting the
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nucleocapsid phosphor protein gene (N-gene) in RNA obtained from oropharyngeal
swabs.

The ability to visually detect positive cases of COVID-19 without the need for
advanced instrumental techniques is highly desirable. A colorimetric assay based on
AuNPs capped with specially designed thiol-modified antisense oligonucleotides
(ASOs) specific to the N-gene (nucleocapsid phosphoprotein) of SARS-CoV-2 was
developed (Fig. 4a) [67]. This assay can diagnose positive COVID-19 cases in as
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little as 10 min from isolated RNA samples. The thiol-modified ASO-capped AuNPs
selectively agglomerate in the presence of the target RNA sequence of SARS-CoV-
2, resulting in a change in surface plasmon resonance. The addition of RNaseH leads
to the cleavage of the RNA strand from the RNA-DNA hybrid, causing visually
detectable precipitation from the solution by further agglomeration among the
AuNPs. The assay’s selectivity was confirmed in the presence of MERS-CoV viral
RNA, with a limit of detection of 0.18 ng/pL of RNA with SARS-CoV-2 viral load.

The RdRp gene of SARS-CoV-2 may be detected using a lateral flow biosensor in
human nasopharyngeal samples. Furthermore, it was discovered that human blood
samples could be used in a lateral flow immunoassay (LFIA) using AuNPs to
simultaneously detect immunoglobulin M (IgM) and IgG antibodies of SARS-
CoV-2 [48]. The test had a sensitivity of 88.66% and a specificity of 90.63%.
Anti-human-IgG, anti-human-IgM, and anti-rabbit-IgG (control) were immobilized
at specific locations along three test lines on a nitrocellulose (NC) membrane used to
construct a test strip for this investigation. The conjugation pad was then sprayed
with a mixture of AuNP-COVID-19 recombinant antigen conjugate and AuNP-
rabbit IgG. It allows the detection of SARS-CoV-2 at many time points [69]. More-
over, sensitivity was 87.3% when using an ELISA kit and 82.4% when using a
combined GICA-IgM and GICA-IgG (IgM and IgG antibodies) detection. In addi-
tion, GICA and ELISA were completely selective for normal patients [59]. Because
of this, it serves as an effective method for identifying COVID-19.

The mini-emulsion polymerization process was used to create a biosensor based
on lanthanide-doped polystyrene nanoparticles (LNPs) that can detect anti-SARS-
CoV-2 IgG in human serum within 10 min (Fig. 4b) [68]. Unique properties, such as
wide and crisp emission bands and extended luminescence lifetimes, are responsible
for the exceptional optical features of lanthanide-doped NPs, which aid in very
sensitive detection [70]. In addition, lanthanide-doped NPs were used to construct
an LFIA-based biosensor for POC identification of viruses using luminescence
[71]. In addition, the lanthanide-doped NPs were coupled via an EDC/NHS chemical
reaction of rabbit IgG (R-IgG) and mouse anti-human IgG antibody (MH-IgG) to
create fluorescent probes. The SARS-CoV-2 specific IgG, which can trap the
recombinant nucleocapsid protein, was then immobilized utilizing a nitrocellulose
membrane as a mold. Since there is currently no anti-SARS-CoV-2 IgG standard, it
has been demonstrated that the LFIA does not provide accurate findings. Therefore,
more research into LFIA for the diagnosis of COVID-19 is required [59, 68].

3.3.2 Exploitation of Catalytic Properties of Nanomaterials

Catalytic signal amplification has become an indispensable technique in bioanalysis,
where colorimetric, fluorescent, and electrochemical detection methods, such as
ELISA, are well-established [72, 73]. Proteins and RNAs having catalytic activity
are called enzymes and ribozymes, and they are generated by living organisms to
catalyze various chemical processes [74, 75]. Unfortunately, enzyme-based assays
have several drawbacks that cannot be overcome by improving their activity or
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specificity, including poor stability, high manufacturing costs, and storage compli-
cations [76]. None of these features is suitable for use in extreme or out-of-the-way
places.

Multiple nanozymes have been demonstrated to possess properties similar to
natural enzymes [77-81]. Although substrate specificity cannot be provided, they
show good and excellent turnover rates, which allows their application in detection
assays and sensors. Biomedical applications are broadened by the discovery and
comprehension of nanozyme systems, allowing for the creation of biosensors and
contrast agents to treat a wide range of diseases [82].

Initially, nanozymes were employed as substitutes for natural enzymes in
biosensing and colorimetric research. In a groundbreaking study, Gao et al. [83]
reported the use of magnetic Fe;O4 nanoparticles as peroxidase-mimicking
nanomaterials. In this setup, nanoparticles are used to capture and extract target
analytes from the sample matrix, and their signal is amplified for a colorimetric
immunoassay. Conventional biomarker detection methods, such as ELISA, typically
rely on HRP for TMB oxidation to initiate color development and aid in result
quantification. HRP is only applicable within a narrow pH, temperature, and con-
centration range as a protein-based enzyme due to its instability in harsh conditions
and expensive price [72]. So, metal and metal oxide nanoparticle-based nanozymes
are a terrific alternative since they can work in a broader range of temperatures and
pH levels, concentrate more when necessary, and even have better catalytic effi-
ciency in some situations [84].

As already mentioned under Sect. 3.1. the magnetic separation capabilities of
magnetic particles can be advantageously combined with other principles. For
example, Fe;O,4 nanoparticles due to their ferromagnetic features, which substan-
tially assist the sample preconcentration and washing procedures due to their
ferromagnetic features, were among the first nanocatalysts utilized for signal ampli-
fication in a biological experiment. Because of their versatility, new approaches to
electrochemical biosensing have been made possible.

To screen for the Ebola virus efficiently, Duan et al. [85] developed an
immunochromatographic strip with an anti-EBOV antibody-tagged Fe;O, MNP
probe, with detection limits as low as 1 ng/mL of EBOV glycoprotein. This study
amplified the signal on the strip for better EBOV glycoprotein detection by 100-fold
compared to the standard colloidal gold strip, thanks to the prominent peroxidase
(POD)-like catalytic activity of Fe;04. This activity is similar to natural enzymes and
catalyzes POD substrates to produce a color reaction. Fe;0,4 nanoparticles showed
promise as a simple, quick, and accurate diagnostic tool with a broad detection range
when used with specific antibodies to detect various illnesses.

Furthermore, several creative scientists have used a gold-and-metal combination
to improve viral detection. The rubella virus was detected using an antibody-
conjugated platinum-coated gold (Au@Pt NRs) nanozyme probe developed
(Fig. 5a) [86, 88]. Specifically, rod-shaped gold has been shown to enhance the
POD-like activity of Pt for color signal generation. Antigen-conjugated Au@Pt NRs
maintained POD-like activity between 25°C and 85°C between pH 3 and 9. Their
detection limit was 10 ng/mL, which is 1,000 times lower than commercial ELISA.
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Because of this, antigen-conjugated Au@Pt NRs are preferable to antibody-
conjugated HRP because they are more stable, robust, and economical. As such, it
may serve as a suitable replacement. Increased sensitivity in an enzyme-linked
immunosorbent assay using an antigen-conjugated Au@Pt NR was achieved thanks
to the enhanced catalytic capabilities of this nanozyme probe.

Interestingly, metal-based nanomaterials, primarily AuNP, demonstrated
POD-mimetic capabilities that work as an enzyme mimic, enabling superior, more
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Fig. 6 (a) Working principle for the quantification of influenza viruses using MagLISA-based
colorimetric diagnostics kit [90] and (b) TMB-NPs@PLGA-based signal amplification platform
[91]

precise analytical methods [89]. For example, the quick and sensitive detection of
murine norovirus by a colorimetric AuNP nanozyme aptasensor is shown in Fig. 5b
[87]. Tyrosine-functionalized AuNPs’ POD enzyme-mimicking ability and the
antivirus aptamer’s selectivity, sensor probes may be made that change blue in the
presence of the virus, with a detection limit of 200 viruses/mL.

Various other nanozymes than AuNP have also been created for viral immuno-
assay detection. Oh et al. [90] developed a colorimetric test based on AuNPs and
silica-coated magnetic nanobeads (MagNB), calling magnetic nanozyme-conjugated
immunosorbent assay (MagLISA) to detect influenza A virus quantities as low as
44.2 fg/mL (Fig. 6a). In this research, AuNPs played a crucial role as the nanozyme
to execute POD-like activity-driven color signal production. MagNBs are a cluster of
30 nm Fe;0,4 nanoparticles linked to gold nanozymes; their enhanced magnetism
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and sustained superparamagnetic characteristics facilitated magnetic separation and
enrichment of biomarkers. To specifically attach to the influenza A virus, this probe
was embellished with an anti-hemagglutinin monoclonal antibody. Therefore,
MagLISA established a new benchmark for influenza virus screening using
enzyme-linked immunosorbent assay-based technology, with a detection limit of
5.0 g/mL, measured by the naked human eye, and 44.2 fg/mL as measured by a
microplate reader.

Khoris et al. [91] developed a poly(lactic-co-glycolic acid) (PLGA)-based
nanocarrier ~ loaded  with  chromogen  substrate  (Fig. 6b), TMB
(TMB-NPs@PLGA), coupled with virus-specific antibodies to concentrate signal
molecules inside a single nanocarrier, achieved magnified signal upon viral detec-
tion. After being incubated with the influenza virus, the TMB-NPs@PLGA
nanocarrier generated an antibody-conjugated immunocomplex sandwich structure.
TMB-NPs loaded with POD-like activity are released upon the addition of dimethyl
sulfoxide, at which point the substrate solution comprising H,O, and copper
nanoflower nanozyme (CuNF) begins active oxidation of the TMB-NPs. Because
of this, the presence of viruses may be detected by the solution’s distinctive blue
color. Viral quantities as low as 32.37 and 54.97 fg/mL could be detected in the
buffer and serum, respectively.

Nanozymes have also been used for COVID-19 detection. It was used in a novel
way by Liu et al. [92] to develop SARS-CoV-2 spike antigen detection chemilumi-
nescence paper tests that could be applied anywhere. This research developed a
paper test using the principle of an antibody sandwich lateral flow immunoassay and
the Co-Fe@hemin-POD-like nanozyme. First, Co-Fe@hemin nanozyme chemilu-
minescence probes labeled with a receptor binding domain of SARS-CoV-2 spike
protein (S-RBD) antibody (S-dAb) were dispersed onto the conjugate pad. Along
with the lateral flow of the sample, nanozyme probes combined with S-RBD and
antibody of S-RBD (S-cAb) form the sandwich immunocomplexes. The nanozyme
probes exhibit excellent peroxidase activity and can catalyze the conversion of
luminol substrate in the presence of H,O, under alkaline conditions, generating
chemiluminescence signals. It was particularly impressive that Co-Fe@hemin, with
its catalytic activity of 69.915 U/mg, outperformed both Co-Fe NPs (9.836 U/mg)
and Fe;04 NPs (5.40 U/mg) in the TMB chromogenic reaction.

In 2006, Gao and coworkers (2006) reported employing OsO, nanoparticles to
catalyze the breakdown of hydrazine to detect microRNA in an electrocatalytic
amplification. Since indium tin oxide (ITO) electrodes are resistant to hydrazine at
low potentials, they have been employed to obtain low and reproducible background
levels, allowing for an 80 fM detection limit during RNA extraction from a buffer
solution following a 60-min hybridization stage.

Support materials for catalytically active nanoparticles should optimize the ratio
of catalytic sites to total mass, allowing for maximum activity with little waste
[93, 94]. Pt nanoparticles supported by TiO, nanospheres (Fig. 7a, b) [94], Pt or
Pd nanoparticles supported by metal-organic frameworks (MOFs) [95, 96], Pt
nanoparticles supported by graphene [97], or fullerene-CeO, composites
[98]. Fe304/CeO, composites decorated with AuNPs [99] are just some of the
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systems recently reported in the literature for miRNA and DNA detection using
supported catalysts for signal amplification. Due to increased active surface area and
synergistic interactions with the support materials, these methods exhibit higher
performance compared to associated bare catalyst nanoparticle systems. However,
the scalability of composite nanomaterial platforms is constrained by the necessity of
numerous synthetic stages. In light of this, metal-organic frameworks (MOFs) have
been proposed as valuable electrocatalysts for biosensing because of their easy
one-step synthesis [100]. Their metal centers provide the catalytic activity of the
MOF nanomaterials, and their surface is amenable to functionalization with bio-
molecules via organic ligands. Electrochemical signal amplification is a promising
use for MOFs, which have recently progressed in catalysis and magnetic separation
[101]. Several studies have shown that streptavidin-functionalized MOFs mimic the
activity of the peroxidase enzyme, making them useful for DNA detection either as
an indirect label (binding to an aptamer when the target DNA is absent) or a direct
label (binding to a biotinylated strand of the complementary DNA) [102].

3.3.3 Nanocarrier-Based Signal Amplification

Using nanomaterials as the payload for redox reporters is one of the simplest
methods for amplifying electrochemical signals. It has widespread application in
nucleic acid detection [103, 104]. While nanocarrier approaches were among the
initial tactics for enhancing biosensing signals, they have only witnessed modest
improvement over the previous 5 years [105]. A cobalt-porphyrin redox marker-
based DNA biosensor was described by Kaur et al. [105]. When the organometallic
compounds were loaded onto AuNPs, the detection limit (3.8 aM) of short DNA
sequences in the buffer was found to be increased by a factor of 1,000
[105, 106]. Recent years have seen numerous reports of different nanoparticle-
marker systems, such as AuNPs labeled with methylene blue [107, 108] or ferrocene
[107], Fe;04 nanoparticles labeled with thionine [109] or ferrocene, thionine-labeled
multi-walled carbon nanotubes [110], polymer nanoparticles labeled with Cu?* ions
[111], and Cd**-labeled titanium phosphate. Redox reporters come in the form of
ions (e.g., Cd2+, Pb2+) [112], organometals (e.g., ferrocene) [113], and small mol-
ecules (e.g., methylene blue, 3,3’,5,5'-tetramethylbenzidine) [114]. More recently,
adaptable nanoporous MOFs have shown good loading capacities for a range of
redox reporters.

Several different types of interactions, such as covalent bonds, electrostatic
interactions, nanopore intercalation, physisorption, and gold-thiol interactions, reg-
ulate the loading process of redox indicators onto nanoparticles. Loading nanopar-
ticle labels with multiple signal probes permits a ratiometric signal analysis by
employing a dual-probe method to determine the ratio of the probe signal in relation
to a reference. With a ferrocene-labeled hairpin probe on the electrode surface and
methylene blue on the nanoparticle tag, non-specific adsorption events of the
nanoparticle labels on the electrode may be compensated for from the signal ratio,
making detection of the target analyte more reliable.
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More generally, current research has centered on the surface engineering of
nanoparticle labels to boost redox indicator loading capacity. For example, one
can functionalize AuNPs with dsDNA or ssDNA to enhance the number of potential
binding sites for RuHex or methylene blue labels, respectively [115]. Following
target identification, AuNPs can form aggregates through hybridization, providing
additional binding sites for RuHex. Compared to using a single AuNP label, this
method has increased detection limits by 32 [116].

Recently, Gooding and colleagues recently disclosed a novel method for miRNA
identification [117]. Here, a sample solution containing target miRNAs was com-
bined with gold-coated magnetic nanoparticles coupled with ssDNA labeled with
methylene blue. To detect hybridized targets, a magnetic field was used to bring
nanoparticles into contact with the electrode, creating a superlattice whose structure
is sensitive to the presence of dSDNA. Due to the presence of stiff hybridized probes
(dsDNA), the recorded signal was attenuated by using AuNPs as the electrode
material. In this case, the nanoparticles are not only a nanocarrier for redox reporters
but also enhance charge transport characteristics and signal transduction [117]. Tar-
gets as low as 10 aM were detected in whole blood using this approach, which has a
remarkably wide linear range of approximately 7 orders of magnitude. Extracting
target miRNAs from blood samples using magnetic core-shell nanoparticles requires
a 30-min hybridization process, followed by a 5-min electrochemical measurement
phase.

Liposomes are a type of carrier that can hold a significant quantity of signaling
molecules, such as enzymes, fluorophores, and redox molecules. Chowdhury et al.
[118] presented a fluorometric method to detect norovirus (NoV) by a newly
developed fluorophore-labeled liposome and magnetically modified Fe;O0, com-
bined system. Homogeneously distributed amine functionalized liposomes have
been constructed and filled with a strong fluorophore of Calcein (Fig. 8a). Simulta-
neously, 3-aminopropyltriethoxysilane (APTES) functionalized Fe;0,4 nanoparticles
were also synthesized by standard silanization process, and these two separately
synthesized nanoparticles were functionalized with antibodies to provide specificity.
The Fe;0,4 and Calcein-liposome systems have been applied for the NoV detection,
which was magnetically separated from the analyte medium and then externally
burst out to release the fluorophores from the core of the liposome. Ganganboina
et al. [119] demonstrated a dual-modality sensing platform for ultrasensitive virus
detection based on V,0s5 nanoparticles-encapsulated liposomes (VONP-LPs). The
sensing performance relies on intrinsic peroxidase and electrochemical redox prop-
erties of V,05 nanoparticles (V,05 NPs). The target-specific antibody-conjugated
VONP-LPs and MNPs enrich the virus by magnetic separation. The separated
VONP-LPs bound viruses are hydrolyzed to release the encapsulated V,05 NPs
(Fig. 8b). These released nanoparticles from captured liposomes act as peroxidase
mimics and electrochemical redox indicators resulting in noticeable colorimetric and
robust electrochemical dual signals. Utilizing the superiority of dual-modality sen-
sors with two quantitative analysis forms, norovirus-like particles (NoV-LPs) can be
detected by electrochemical signals with a wide linear range and low detection limit.
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4 Conclusions and Future Trends

Viral diseases pose a severe risk to the economy, the environment, and human
health. The early detection of pathogenic virus is crucial to ensuring their absence.
This study surveys recent detection developments, mainly focusing on biosensors
and signal amplification techniques. Biosensors and signal amplification methods
were compared and contrasted to provide a comprehensive resource for quickly and
accurately detecting viral diseases. Furthermore, the detection time and sensitivity of
the biosensors and signal amplification methods discussed in this article have been
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impacted by various variables (such as human operation, detecting equipment, and
environmental interference). Several approaches have fulfilled the analytical require-
ments for sensitivity and detection limits. However, a multistep approach is fre-
quently required, and the biosensor is often only a portion of the experiment. More
research is needed to combine the great practicability of lateral flow tests with
accurate quantification.

Many scientists have worked hard to date to create new and improved methods of
sensitive detection of the harmful virus. However, there are significant obstacles to
screening for harmful viruses due to the often-low concentration of viruses in the
screening samples. It is, therefore, crucial for the quick and sensitive identification of
viruses that large-volume and complicated food samples be preprocessed. Using
biosensors and signal amplification technologies, the next big thing in viral detection
is the development of effective viral separation and enrichment technology for use
with massive samples.

The fast progress of the biological sciences, information sciences, and materials
sciences all point to exciting new possibilities for the future of biosensors as a
multidisciplinary high-tech subject. To begin, biosensors may eventually get smaller
and more complete. Medical diagnostics, food safety, and environmental surveil-
lance sectors are just a few potential future applications of biosensors. In the future,
biosensors will get even smaller because of developments in nanotechnology. The
second is that in the near future, biosensors will be fully and intimately connected
with computers, allowing for the collection and processing of data to be performed
automatically, leading to more reliable scientific findings. Additionally, microfluidic
technology will progressively enter the field of biosensors to accomplish the inte-
gration and integration of detecting systems. We anticipate increased biosensor
efficacy due to the future refinement of essential technologies, including signal
enrichment and processing, as well as the ongoing growth of a wide range of
academic fields.
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Abstract Illicit drugs are harmful substances, threatening both health and safety of
societies in all corners of the world. Several policies have been developed over time
to deal with this illicit drug problem, including supply reduction and harm reduction
policies. Both policies require on-site detection tools to succeed, i.e. sensors that can
identify illicit drugs in samples at the point-of-care. Electrochemical sensors are
highly suited for this task, due to their short analysis times, low cost, high accuracy,
portability and orthogonality with current technologies. In this chapter, we evaluate
the latest trend in electrochemical sensing of illicit drugs, with a focus on detection
of illicit drugs in seizures and body fluids. Furthermore, we will also provide an
outlook on the potential of electrochemistry in wearable sensors for this purpose.
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1 Importance of Illicit Drug Detection and Monitoring
in Society

1.1 Detection in Drug Seizures

licit drugs are harmful substances, threatening both health and safety of societies in
all corners of the world. Numerous statistics highlight the health-related risks,
carefully listed each year in reports published by instances such as the United
Nations Office on Drugs and Crime (UNODC) and European Monitoring Centre
for Drugs and Drug Addiction (EMCDDA) [1, 2]. As an illustration, over half a
million people died due to drugs in 2019, with drug use disorders resulting in
18 million years of healthy life lost [1]. Worryingly, statistics point out that these
numbers are on the rise year after year, seemingly unaffected by the COVID-19
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pandemic [3]. The aforementioned numbers are also reflected in the number of drug
seizures, i.e. drug confiscations made by law enforcement personnel. In 2022,
customs in Antwerp, one of the major entry ports for illicit drugs in Western Europe,
seized a staggering 110 tons of cocaine [4]. Aside from the health risks, and
sometimes overlooked, illicit drugs also bring safety hazards to our society. Think
about violence between gangs that want control over the drug trade in an area, or the
fact that drug use pushes people into poverty, making them more vulnerable to illicit
practices [1].

In general, cannabis is the most used drug with 183 million consumers each year.
This is followed by opioids and amphetamines with around 36 million users each
year. Methylenedioxymethamphetamine (MDMA), opiates, and cocaine are next in
line with approximately 20 million users each worldwide [5]. Specifically for
Europe, cocaine is the second most used drug. Furthermore, new drugs and drug
classes appear rapidly in a constant fight to beat the current legislation. Some
important classes in this “designer drug” category are synthetic drugs such as
cathinones, cannabinoids, and opioids [6].

Drugs appear in many forms and colors, often different forms of appearance exist
for the same illicit drug. The most common appearance forms are resin, crystal,
powder, liquid, pill, or blotter. Furthermore, due to their inherent illicit nature, many
illicit drug’s appearances are masked or altered by criminal organizations to circum-
vent detection by law enforcement. Additionally, licit cutting agents and adulterants,
such as paracetamol or caffein, are sometimes added to illicit drugs to increase
profits, mimic desired effects, or counter negative side effects.

The variety of effects induced by illicit drugs is enormous, and it is these effects
that are sought after by the user. They can be categorized as stimulants, depressants,
opioids, psychedelics, cannabinoids, dissociatives, and empathogens. Some drugs
have no risk of dependence, others create mental dependence, and some even create
physical dependence within the user [7].

It may be clear that illicit drugs are harmful, and it is no surprise that countless
efforts have been done to deal with this problem. The classic approach to deal with
illicit drugs is by attempting to limit the supply. Law enforcement is typically in
charge of this task, and a common phrase is “the war on drugs.” [8] Another
approach, although less well known, is harm reduction. Here, it is acknowledged
that people will use drugs, independent of legal status or price, and the objective is to
limit the health-related risks of illicit drug use [9]. Determining the optimal approach
is a task for policy makers. Nevertheless, it is clear that we as scientists can make a
contribution by providing tools that allow both approaches to succeed in their goals.

One important example of such a tool is portable detection devices. They allow a
user, typically a non-expert in science, to analyze a sample on the presence of an
illicit drug, in a short time frame and on-site. If necessary, the suspicious sample is
then sent to a laboratory for confirmation analysis by a gold-standard technique such
as gas chromatography-mass spectrometry (GC-MS) or gas chromatography-flame
ionization detection (GC-FID). Currently, the most frequently used on-site detection
technologies are colorimetric tests and portable spectroscopic techniques.
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Colorimetric tests target one specific drug or drug class. A change in color when
coming into contact with the target confirms the presence of the drug (class) in the
analyzed sample. A wide variety of tests exist, such as the Scott test for cocaine,
Marquis test for MDMA, and the Mandelin reagent for ketamine. Overall, colori-
metric tests are popular, especially in law enforcement, due to their high portability,
ease of use, and low cost. However, their accuracy, sensitivity, and specificity are
rather low, as shown by Shanmugam et al., commonly hindered by cutting agents,
adulterants, and a difficult visual interpretation [10]. Another validation study was
performed by de Jong et al., describing a sensitivity of 68% for the cocaine Scott
color test [11]. It may be clear that colorimetric tests are prone to false positives and
negatives when cutting agents or adulterants are present, which is very often
the case.

Portable spectroscopic techniques, such as portable Fourier-transformed infrared
(FTIR) and Raman devices, allow the recording of a spectrum which is then
compared with a large internal library of spectra to find a match. FTIR devices can
be considered portable; however, they remain quite bulky and their portability is
hardly comparable to color tests or portable Raman devices. Attenuated total reflec-
tion FTIR (ATR-FTIR) is commonly used since it allows direct FTIR analysis
without difficult sampling procedures, i.e. the sample (powder, liquid, crystal, etc.)
simply needs to be placed below an ATR crystal. Nevertheless, a stable benchtop is
required, and preferably lab conditions. This positions the technology between a
pure on-site sensor and a lab-based sensor. Intrinsically, the ATR-FTIR technology
has the potential to reach high accuracies, owing to a combination of good repro-
ducibility and spectral features that are unique for individual compounds. However,
the spectra interpretation strongly depends on the detection algorithm that is used.
Since the detection algorithm is commonly a matching algorithm that compares the
recorded spectrum with a database of spectra, the accuracy greatly depends on the
quality of the database (TICTAC library for illicit drug detection). Furthermore, this
task is greatly complicated in illicit drug detection by the often complex mixtures
encountered in the field. Portable Raman devices have the same operating principle
as ATR-FTIR, a Raman spectrum is recorded, and a library search algorithm is
employed to find a match between the recorded spectrum and a spectrum in the
TICTAC library. Contrary to ATR-FTIR, the portable Raman is highly portable,
with a weight of approximately 1.5 kg. Additionally, the Raman device uses a laser
for its spectrum recording, which allows for non-invasive sampling. Nevertheless,
the same burdens as for ATR-FTIR affect the accuracy, and additionally, fluores-
cence has a negative impact on the accuracy as well, particularly if colored samples
are involved. The latter brings down the overall accuracy considerably since many
illicit drug samples are colored, be it for commercial purposes (e.g., ecstasy pills) or
smuggling purposes (e.g., cocaine or heroin samples).
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1.2 Detection in Body Fluids

It is widely known that drug abuse can have severe health consequences and can lead
to death. In 2019, over half a million people died from overdoses and drug use
disorders [12]. In both the United States of America (USA) and Europe, opioids were
the main contributor to overdose deaths [13, 14]. In the USA, the Health and Human
Services declared a national opioid epidemic, urging the country to tackle this crisis
in 2017 [15]. As described above, one possible approach to overcome the opioid
crisis, and the issue of illicit drug abuse in general is harm reduction. A pivotal aspect
of this approach is the rehabilitation of drug users. While traditionally the analysis of
illicit drugs in body fluids was performed to establish the cause of death in suspected
overdoses and poisonings [16], it is nowadays also performed in rehabilitation
centers. Additionally, testing body fluids for illicit drugs can play an important
role in several aspects of forensic casework. The use of cocaine, opiates, and
hallucinogens can induce violence, requiring police officers to test suspects on
drug use [17]. Additionally, victims of sexual assault may be screened for the
presence of date-rape drugs, such as benzodiazepines, ketamine, and gamma-
hydroxybutyrate (GHB) [18]. Finally, roadside drug testing may be performed in
suspected cases of driving under the influence of a drug.

Depending on the purpose of the drug test, several different body fluids can be
analyzed. Post-mortem investigations, to establish the cause of death, usually
involve the use of blood, urine, or vitreous humor [19]. Blood analysis may also
be used in hospitals in case of suspected overdose where the patient is unable to
speak. In rehabilitation centers, urine drug testing is employed to monitor patients in
order to ensure they abstain from using [20]. Here, the advantage of urine testing is
that it offers a wider detection window than blood and can be collected more easily.
Even though in toxicological analysis, blood is the gold standard, it only allows for
the detection of drugs and their metabolites for 2448 h [18]. As sexual assault
victims often take a longer time to report the attack, urine testing or hair analysis,
which offers longer time frames for the detection, can be used [18]. Additionally, the
collection of blood samples is more difficult outside the hospital. In recent years, oral
fluid has become the preferred matrix of choice for roadside drug testing over urine
[21]. Oral fluid provides a better indication of impairment as this matrix might reflect
recent drug use. Moreover, oral fluid collection can easily be performed on-site
under the supervision of a police officer without privacy concerns, contrary to the
collection of urine. The use of oral fluid as a matrix makes the testing procedure
easier for law enforcement, which drastically increases the number of performed
roadside controls.

Similar to the detection of drugs in seizures, the gold-standard techniques for
analytical toxicology continue to be liquid chromatography or gas chromatography
(LC- or GC-MS) [22]. Unfortunately, these techniques are time-consuming (hours),
expensive (starting at €100,000 for the entire system), and do not allow for on-site
drug detection. However, in many cases, on-site drug detection in body fluids could
aid in rapid decision making or prove more practical. Currently, the most widely
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used on-site detection technique in biofluids is the lateral flow immunoassay (LFA)
[23]. While LFAs are indeed practical for the detection on-site, they also exhibit
some drawbacks: (i) lack of specificity from cross-reactivity with similar chemicals;
(ii) time-consuming (>5 min); (iii) expensive (ca €25); and (iv) short shelf-lives due
to the use of bioreceptors [24].

2 Current Trends in Electrochemical Sensing
of Illicit Drugs

2.1 Electrochemical Sensors for Illicit Drug Detection
in Seizures

Today, the majority of electrochemical sensors employ voltammetric techniques to
gather the analytical output. Normally, a voltammetric profile is obtained by scan-
ning a potential on the working electrode in a conventional three-electrode system.
When there is the presence of the illicit drug in the sample, and thus at the surface of
the working electrode, and the oxidation potential corresponding to the illicit drug is
reached at the electrode, a current flows and an oxidation or reduction peak is
depicted on the user interface [25]. This profile is characteristic for each electroactive
illicit drug and adulterant (i.e., it depends on the structure and functionalities of the
molecule) which allows for the discrimination between compounds and its quanti-
fication, as the peak intensity is dependent on the concentration of the analyte.
Interestingly, the pH of the buffer solution has an impact on the electrochemical
profile, e.g. the illicit drug MDMA has one anodic signal (around +1.10 V) inapH 5
buffer, and three anodic signals (around +0.80 V, +0.95 V & +1.20 V) in a pH 12
buffer (Fig. 1) [10]. The origin of these oxidation peaks can be related to the presence
of specific functional groups in the structure of the compounds. Van Echelpoel et al.
investigated the electrochemical profile of MDMA and related the signal visible in
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Fig. 1 Electrochemical profiles of the illicit drugs cocaine, heroin, MDMA, amphetamine, and
methamphetamine in pH 12 and pH 5 buffer, recorded at unmodified screen-printed electrodes. The
chemical structures of the illicit drugs are depicted on the right side of the figure
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the pH 5 buffer to the oxidation of the methylenedioxy group [26]. The additional
signals, visible in the pH 12 buffer, are related to oxidation of the secondary amine of
MDMA. Absence of an electroactive functional group can lead to a chemical profile
without oxidation signals, as is exemplified by amphetamine. Besides this concen-
tration and pH influence, compounds present together sometimes influence each
other’s electrochemical signals. As an example, the local anesthetic benzocaine is
known to shift the signal of cocaine to lower potentials in a pH 12 buffer [27]. Over-
all, the aforementioned behavior leads to a complex picture of electrochemical
profiles that hold a wealth of information on the measured analyte(s). Building a
library of peak potentials or electrochemical profiles and linking this library with
advanced chemometric tools allows for the qualitative and/or quantitative determi-
nation of illicit drugs in unknown samples.

Typically, the operation of an electrochemical illicit drug sensor has several
characteristic steps. First, a few milligrams of the suspicious samples is dissolved
in a few milliliters of buffer solution. As discussed before, drugs appear in different
forms (e.g., powder, liquid, etc.), and thus slightly different sampling procedures
have to be developed to bring the illicit drug sample into the solution. Some unusual
samples, such as in blotter or even impregnated in clothing, require additional
sampling steps [28]. Additionally, if the illicit drug has low solubility in aqueous
solutions (e.g., heroin), a small amount of organic solvent such as ethanol should be
added to dissolve the sample. In general, low detection limits (uM) can be reached
with electrochemical sensors, requiring thus little sample amount for identification.
Further information on the strategies are described in the following sections. The
buffer solution contains supporting electrolytes and ensures a constant pH. The type
of buffer solution (e.g., phosphate buffer saline, acetate buffer, etc.) and pH of the
buffer influence the electrochemical output, making it an important asset to allow
diversification between target analytes. Choosing a favorable buffer is an important
step in developing a successful electrochemical illicit drug sensor. Typically, a
buffer solution has a stability of 3—6 months, which is something to consider when
researching illicit drugs, as well as when bringing the technology to the market.

Second, a few droplets of the resulting solution are placed on the surface of a
screen-printed electrode (SPE). The low cost and ease-of-use character of SPEs are
some of the major contributors to the success of electrochemical sensors. A three-
electrode configuration with a working, counter, and reference electrode is generally
employed. Figure 2 shows different components of an SPE, on the left, the typical
three-electrode system is shown, and on the right the different layers. The type of
substrate (e.g., plastic, ceramic, or paper) and conductive ink influence the electro-
chemical output of the measurement. The reference electrode is usually made with
silver ink, whereas the auxiliary/counter and working electrode are made from
carbon-based inks [29]. The electrodes are printed on a substrate and covered with
dielectric ink. Various types of conductive materials can be employed at the working
electrode such as platinum [30]. Importantly, the nature of the screen-printed ink
(which might vary depending on the supplier) can affect the electrochemical perfor-
mance of the sensor. This favorably creates several additional variables that allow for
optimization toward a specific target drug. At the same time, good control over the
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Fig. 2 Overview of the three-electrode system (a) and different layers (b) of a screen-printed
electrode

quality of the SPE production process, short and long term, is required to ensure
good reproducibility and reliability of the electrochemical illicit drug sensor. This is
an important aspect to consider when designing strategies for real applications in the
field.

Interestingly, the surface of the working electrode of the SPE can be modified
with a large variety of compounds, altering the electrochemical output, improving
detection limits, and in general facilitating an improved detection performance
[31]. The improved detection performance is a major asset; however, the long
incubation times and complex manufacturing process should not be overlooked,
especially when considering bringing the technology to the market (higher cost and
cumbersome quality control). Depending on the type of modification, a distinction
can be made between chemical sensors (e.g., modified with polymers, ionic liquids,
or nanoparticles) and biosensors (Fig. 3) (modified with enzymes, antibodies, or
nucleic acids). Polymers, and molecularly imprinted polymers (MIPs) in particular,
are artificial highly cross-linked polymeric receptors that are engineered toward the
binding of specific analytes, in this case, illicit drugs [32]. Due to their high
selectivity and excellent LOD in the pg L™ '-range, these sensors tend to be able to
detect the illicit drugs in biofluids as well [33]. Akhoundian et al. employed a
combination of nano-sized MIPS with multi-walled carbon nanotubes (MWCNTs)
to perform ultra-trace detection of methamphetamine in biological samples
[34]. Nanoparticles are another type of modification that is commonly employed,
Zhang et al., for example, used Pt nanoparticles for the simultaneous detection of
morphine and MDMA in biological samples [35]. Gold nanoparticles (modified
exfoliated graphite electrode) are also employed, Masemola et al. successfully
detected cocaine, heroin, amphetamine, 6-acetylmorphine, and methylphenidate
using this strategy [36]. Furthermore, several other types of modifications can be
used, such as graphene and multi-walled carbon nanotubes [37] aptamers [38] and
ionic liquids [39].
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Fig. 3 Workflow of
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2.1.1 Voltammetric Techniques

The SPE itself is inserted in a potentiostat that controls the electrochemical mea-
surement. Typically, one of the following electrochemical techniques is used in
electrochemical illicit drug sensors: cyclic voltammetry (CV) [40], square-wave
voltammetry (SWV) [41], cyclic SWV [42], or differential pulse voltammetry
(DPV) [43]. CV is usually employed to understand the electrochemical behavior
of the analyte on the sensor (e.g., study the reversibility of the redox process). SWV
and DPV are voltammetric techniques normally used for analytical purposes.
Clearly, the electrochemical output will differ based on the employed technique
and set of electrochemical parameters, again providing an opportunity to optimize
the sensor toward a specific target drug. The choice of technique and parameters will
depend on, e.g., the need for reductive and oxidative scan, time of response, or
complexity of the voltammetric scan leading to higher or lower sensitivities and
enhanced limit of detections (LODs). SWV and DPV are usually employed for the
electrochemical detection of illicit drugs due to their low background currents (low
contribution of the non-faradaic currents in the output signal) thus exhibiting higher
sensitivities and better LODs. These features are mainly caused by the wave form of
the applied voltammetric scan. The potentiostat is typically connected to a measuring
device (computer, tablet, or smartphone) via cable or Bluetooth, which contains
software that allows control over the measurement (parameters).
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2.1.2 Software

The identification software can be integrated with the measurement software to
perform an analysis of the electrochemical output data [41]. Such identification
software makes the sensor accessible to non-expert end-users. Typically, some
preprocessing steps (e.g., baseline correction) are employed, followed by pattern
recognition approaches, although electrochemical fingerprint-based peak recogni-
tion approaches are also used [44]. Integrating the measurement and identification
software into a user-friendly (mobile) application makes the technology fully usable
by the non-expert target audience and as such bridges the gap between lab and
real use.

SPEs as a point of test for illicit drugs have been used for the direct detection of
cocaine [28], heroin [45], ketamine [46], MDMA [47], synthetic cathinones [48, 49],
and many other illicit drugs [50, 51]. Here, a single drug is targeted, and it typically
suffices to measure at a single SPE to get enough electrochemical information to
identify the targeted drug. However, when expanding an electrochemical sensor to
target multiple illicit drugs, a single SPE might not allow diversification between the
targeted drugs and electroactive adulterants (e.g., overlapping signals). Relief is
provided here by means of array approaches, that is, the combination of multiple,
(different) SPEs, coupled with specific algorithms [52, 53]. It is important that the
same sample is recorded under different conditions, providing diverse electrochem-
ical profiles, resulting in an increased opportunity to diversify between the target
compounds. These different conditions can be provided by employing different
buffers [54, 55], electrode modifications [53, 56] or by employing electrode pre-
treatments [32, 41]. Van Echelpoel et al. reported a very nice demonstration of the
array possibilities with a dual SPE array that allows simultaneous electrochemical
detection of cocaine, heroin, ketamine, and MDMA in seizures. They developed
dedicated software that interprets the combined EFs (coined a superfingerprint),
recorded at two different electrodes with different measuring conditions (PBS7
buffer with formalin derivatization and PBS12 buffer) [54].

Overall, since there is no ideal technique available, there is an opportunity for
electrochemistry to enter the on-site illicit drug detection field and make a difference.
Electrochemical sensors have proven to reach good accuracies, with short analysis
times while remaining inexpensive [25].

2.2 Electrochemical Sensors for Drug Detection in Body
Fluids

Due to their high selectivity and sensitivity, versatility, portability, and simplicity of
use, electrochemical sensors could show a promising alternative to LFAs for on-site
testing in body fluids. The detection of illicit drugs in body fluids comes with new
challenges compared to the detection in seizures, of which the first is the lower limits
of detection required. For roadside drug testing purposes, analytical cut-off values
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are in the low ng/mL range (low nM range) [57]. This requires increased efforts from
the electrochemist to further enhance the electrochemical signals from the illicit drug
detection. Different strategies to reach low LOD for illicit drugs in body fluids have
been reported in the literature [23, 58]. Several studies involved the use of antibodies
[59], aptamers [38], and MIPs [60].

Concerning the recognition elements mostly used for the analysis of biofluids,
antibodies have been widely explored due to their high specificity toward the analyte
of interest. Hence, the detection of cocaine abuse by employing antibodies selective
to benzoylecgonine (i.e., a metabolite after cocaine intake) has been reported
[61]. Depending on the region of an antigen that binds with an antibody, which is
called the epitope, antibodies can be divided into two categories [62]. Monoclonal
antibodies bind only one epitope and are thus more specific, resulting in decreased
chances of cross-selectivity. Polyclonal antibodies, on the other hand, can interact
with more than one epitopes. As a result, polyclonal antibodies may be more suitable
when detecting a class of drugs instead of one specific drug. In electrochemical
immunosensors, the antibodies are immobilized onto the surface of the working
electrode. When these antibodies bind the target analyte, a stable complex is formed
and the electrical signal generated during this binding event is measured. This signal
usually originates from a catalytic reaction of an enzyme labeled as a signal tracer
with the detection antibody [63].

Drug Antibody Matrix | LOD (uM) | Reference
Cocaine scFv anti-cocaine GNC92H2 OF, S, |[12x 1073 [64]
Sw, U
Monoclonal anti-BZE (clone OF?, 0.41 [61]
2, ABCOC-0402) u?
Monoclonal anti-BZE (clone IP3G2) |OF,U 3.3 x10°° |[59]
Polyclonal sheep anti-cocaine OF, S, |OF: [65]
(PAS10174) §] 3.0x107*
S:
2.1x107*
U:
12x107*
Heroin Morphine antibody S 1763 x 107 | [66]
Monoclonal morphine antibody OF,U |OF: [67, 68]
24x107*
U:
32%x10°°
Amphetamine Amphetamine antibody from Syva U 2.5 [69]
EMIT 1II kit
Methamphetamine | Monoclonal anti-methamphetamine U 1.3 [70]
Anti-methamphetamine B 75%x 1073 [71, 72]
s* 1.6 x 10~
8 pmol
Methamphetamine antibody (Arista OF?, 88 [73]
biologicals) U, §*

(continued)
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Drug Antibody Matrix | LOD (uM) | Reference
Methamphetamine antibody ABMET- | OF PBS: [74]
0400 (Arista biologicals) 3.8x1073
OF:
4.8 x107°
MDMA Antibody raised against OF,U |OF: [75]
methylenedioxy moiety of MDA-BSA 53x107°
conjugate U:
9.8 x 10~*
THC Monoclonal anti-THC U 23 %1075 |[68]
Ketamine Ketamine antibody H 5.73 pglg [76]
Anti-ketamine (Hangzhou Clongene P PBS: [77]
Biotech Co., Ltd.) 2.8x 107"
Ketamine antibody (Fankel Co. Ltd.) |S g.41 x 10~ |[78]

Abbreviations: B = blood; BZE = benzoylecgonine; H = hair; LOD = limit of detection;
MDMA = 3,4-methylenedioxymethampetamine; OF = oral fluid; P = plasma; PBS = phos-
phate-buffered saline; S = serum; scFv = [X]; Sw = sweat; THC = tetrahydrocannabinol;
U = urine

* Synthetic biofluids

Aptamers have recently been a promising recognition element due to their higher
stability than antibodies [79]. Additionally, it is possible to regenerate aptamers
without loss of selectivity and integrity [80]. To achieve immobilization of the
aptamer at the working electrode, thiol groups are often added to an aptamer so
that it can bind a gold surface. Importantly, aptamers allow their easy modification
with redox probes which can provide direct output during the interaction with the
analyte of interest [81]. Upon binding of the target analyte, a conformational change
of the aptamer takes place which brings the redox probe closer or further away from
the electrode surface [80]. This change in distance between the redox probe and the
electrode surface results in a change of the redox current. However, it is essential to
characterize the chemical interaction between the aptamer and the target before using
the aptamer as the recognition element [82]. In this direction, aptamers have been
used for the detection of cocaine [83], including their embodiment in gold
nanoclusters to enhance the analytical properties [84].

Drug Aptamer Matrix |LOD (uM) | Reference
Cocaine 5'-C¢-NH,-AGACAAGGAAA- S 0.5%x 107 [85-90]
ATCCTTCAATGAAGTGGG-TCG- OF?, to
SH,-3’ u? 150 x 10~
6
1.5x107°
5'-CCATAGGGAGACAAGG- S 273 x 10~ | [83, 91]
ATAAATCCTTCAATGAAG- 6
TGGGTCTCCC-3' 136 x 107°
CoS: 5'-HO-(CH2)6-S-S-(CH,)¢- S 0.02 [92]
TTCGTTCTTCAAT-GAAGTGG-

(continued)
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Drug Aptamer Matrix | LOD (uM) | Reference
GACGACA-3’
CoB: 5'-GGGAGTCAAGAA-CGAA-
biotin-3’
SH-C2: 5’-HS-(CH2)¢-TTTTT- OF, P, |0.1 [93]
GGGAGTCAAGAACGAA-3’ S, U

Cl: 5-TTCGTTCTTCAATG-
AGTGGGACGACA-3’

5'-ferrocene-GACAAGGAAA- S 32x107° | [94]
ATCCTTCAATGAAGTGGG-TC-3’
5’-GGCGACAAGGAAAATC- S 15%107° |[95]
CTTCAACGAAGTGGGTCG-CC-3’
5'-GGGAGACAAGGATAAA- S 0.3 [96]
TCCTTCAATGAAGTGGGT-

CTCCC- (CH,);-SH-3’

5'-GGGAGACAAGGATAAA- S 0.3 %102 |[97]
TCCTTCAATGAAGTGGGT-

CTCCC- (CH,)s-SH-3’

Heroin -

Amphetamine 5’-(HS)-(CH,)s-ACGGTTGC- U 0.51 x 10™ | [98]
AAGTGGGACTCTGGTAGG- 3
CTGG-GTTAATTTGG-3’

Methamphetamine | 5’-SH-C4-AGGAATTCAGAT- u? 3.13x 107 | [99]
CTCCCTGCAGGTGGTGTTT- 3
TTTTTGTGTGCTGTGTTTTT-

GTGATGCATGCTCGAGGA-
GCTCAGGATCCCG-3'
5'-CGGTTGCAAGTGGGACT- 50% OF: [100]
CTGGTAGGCTGGGTTAATT- OF, S, |20x 1073
TG-3’ U S:
30x 1072
U:
50 x 107

MDMA -

THC HOC-S-S-5'-TGTCACATCTA- OF PBS: [101]
CACTGCTCGAAGGTCTTTC- 1x1073
GTATTTGCATTCCTCTCTTC- OF:
TTCATTTCGAGCAATTCAG- 5%x107°
ACAGCGTTCCC-3'

Ketamine -

Abbreviations: B = Dblood; LOD = Ilimit of detection, MDMA = 34-

methylenedioxymethampetamine; OF = oral fluid; P = plasma; PBS = phosphate-buffered saline;
S = serum; THC = tetrahydrocannabinol; U = urine
 Synthetic biofluids

Finally, MIPs are an interesting approach as they are based on synthetic recog-
nition elements, usually highly stable, with the potential to be included in the
conductive ink to manufacture sensors at large scale. MIPs have been designed for
the detection of ketamine and incorporated in a modified SPE for the analysis of
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serum and saliva samples. Importantly, the research article described a very low
LOD of only 400 fM [102].

The second challenge is the detection of metabolites. In several cases, the
detection of the parent drug will not suffice for the determination of drug use. For
example, the illicit drug heroin is quickly metabolized in the human body to
6-monoacetylmorphine (6-MAM) and morphine [103]. Therefore, the measurement
of these metabolites is pivotal in the analysis of heroin in body fluids. Several studies
have been performed on the voltammetric detection of the metabolites of cocaine
[104], morphine [105], heroin [106], codeine [107], and amphetamine-type stimu-
lants (ATS) [108]. However, these studies focus on the detection in buffer solution
and not in the biofluid matrices.

This brings us to the third, and perhaps the largest, challenge which is the matrix
effects that the body fluids may have on the electrochemical signals for the illicit
drugs. Blood consists of approximately 55% blood plasma and 45% blood cells,
such as red blood cells, white blood cells, and platelets [109]. In blood analysis, three
different types of blood matrices can be used: whole blood, plasma, and serum. Both
plasma and serum are obtained from whole blood. Both plasma and serum are
acquired after the removal of cells, but while serum is obtained from blood after it
has coagulated (or clotted), plasma is what remains after the addition of an antico-
agulant [110]. More than 90% of the plasma matrix consists of water, with the other
10% made up of dissolved compounds [109]. These compounds include proteins,
sugars, hormones, vitamins, and nitrogen-containing substances such as creatinine,
uric acid, and urea [111]. According to Sviridov and Hortin, urine is a more complex
matrix than serum and plasma in regard to matrix effects as it has a more variable
composition [112]. Urine can contain proteins, uric acid, phenylacetylglutamine, and
hippuric acids. Importantly, the amount of fluid that a person drinks and their diet
can have a significant effect on the concentrations present. Oral fluid is a complex
heterogeneous mixture containing over 1,000 different proteins, electrolytes, and
small organic compounds and is rich in antioxidants [113—115]. Additionally, it can
contain exogenous compounds present in food, drinks, or the use of therapeutic
drugs.

The composition of the biofluids must be well understood as compounds present
in these matrices can be electroactive and overlap with the electrochemical signals
for the illicit drugs and their metabolites targeted in drug tests. Unfortunately, little
research is performed on which components in body fluids are electroactive under
the experimental conditions used for illicit drug detection. The importance of this
type of research was highlighted by two studies that have shown that the presence of
uric acid and albumin in the oral fluid matrix may result in peaks around +0.1 V and
+0.5 V v. Ag/AgCl, respectively [116, 117]. The electrochemical signal for albumin
overlapped with the potential window of the drug 4-chloro-alpha-
pyrrolidinovalerophenone (CI-PVP), thus hindering its detection at SDS/SPE. For
a more detailed review of the use of cyclic voltammetry in biological samples for
clinical settings, the reader is referred to the work of Wang et al. [118]. A possible
solution to overcome the overlapping of signals from the matrix would be to remove
the interfering compounds before analysis through filtration or centrifugation.
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However, this could be challenging during on-site testing. Therefore, another option
would be the use of data treatment methods such as digital filters or principal
component analysis (PCA) [44, 119]. Besides the overlapping with drug signals,
compounds present in the biomatrices might also cause the suppression of the drug
signal. For example, the presence of the cutting agent levamisole has been demon-
strated to suppress the cocaine signal [120]. To tackle this issue, De Jong et al.
proposed a dual pH strategy. By measuring the cocaine signal at both pH 7 and
pH 12 it was possible to detect cocaine in presence of this interferent. The use of such
strategies may also prove useful in case components of the biofluid matrices are
found to suppress the electrochemical drug signals. Suppression of the signals for
illicit drugs can also be caused by biofouling. It is well known that the presence of
proteins in biomatrices leads to biofouling of electrochemical sensors, due to the
non-specific adsorption on the electrode’s surface [121]. This can lead to a lowered
performance of electrochemical sensors and loss in sensitivity and specificity for the
target analyte. The effect of albumin biofouling has been studied for the electro-
chemical detection of cocaine [117]. Here, it was shown that increased amounts of
the protein resulted in lower signals for the illicit drug. Multiple strategies to mitigate
the biofouling effects have been discussed in the review by Russo et al. including
(i) antifouling coatings, (ii) hydrogels, (iii) nanoengineered surfaces, and
(iv) nanoporous membranes [121].

To overcome the biofouling issue, a lubricin coating has been deposited on SPE
to avoid protein adsorption and allow the detection of clonazepam in saliva
[122]. This approach is interesting as it allows small molecules to diffuse to the
electrode’s surface while blocking proteins to adsorb, thus keeping a similar analyt-
ical performance as in regular buffer solutions. Besides, the use of reduced graphene
oxide enabled the nanomolar detection of the drug of abuse.

In summary, antibodies offer high selectivity and specificity but are expensive
which hinders the multiplexing capability. Aptamers are a good alternative to
antibodies offering lower costs but potentially lower specificity. However, validation
of the binding capacity of the aptamer to the target analyte is required [123]. Alter-
natively, the design of MIPs is interesting for electrode modification with promising
low LOD, but special attention needs to be considered in the selectivity. Finally, the
functionalization of the electrode with nanomaterials and surfactants along with
electrochemical pretreatments might offer a simpler and more straightforward way
to detect illicit drugs in biofluids [116, 117]. Nevertheless, a suitable study of
interferents, avoidance of biofouling, and proper LOD are challenges that still
need to be overcome.

2.3 Wearable Electrochemical (Bio)sensors for Drug
Detection

Electrochemical (bio)sensors can be easily miniaturized while maintaining excellent
analytical performance for the desired application as has been shown in the use of
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SPEs for illicit drug detection. Apart from the easy portability at the point of test
provided by the planar configuration of the SPE (i.e., strip), the materials used for the
fabrication of electrochemical (bio)sensors can be deposited on wearable substrates
or embedded onto wearable platforms [124]. The seamless integration of electro-
chemical (bio)sensors in regular textiles or cloth is recently being explored for the
detection of illicit drugs in powders for the detection of drug seizures or also in
biofluids (e.g., saliva, interstitial fluid) [125].

The most used wearable platform for illicit drug detection in seizures is the glove
[126]. This sensing concept called “lab-on-a-glove” is an interesting approach for
law enforcement, as this garment is regularly used during daily activities, thus
making it widely available in real scenarios and easy to introduce during their
routine. For the purpose of the fabrication of glove-based sensors, tailor-made
materials such as stress-enduring inks made of conductive nanomaterials and inher-
ently stretchable polymers have been developed [127], which offer stretchability and
resilience to the printed electrodes without affecting the tactile ability and user
protection. Moreover, customized designs can be printed on each fingertip allowing
multiplexed analysis of different analytes. Glove-based wearables allow for an
electrochemical direct detection of illicit drugs dissolved in solution by dipping
the fingertip and in powders by performing a “swiping method” where the sampling
and the electrochemical steps are carried out in the thumb and index fingertip,
respectively [128]. The swiping method consists of first swiping on the suspicious
powder with a mixing step with a gel-based electrolyte on the index finger to close
the electrochemical cell. Glove-based electrochemical sensors were primarily
reported for the detection of cocaine among their cutting agents [128]. Later, a
glove-based sensor has been also reported for the detection of fentanyl
[129]. These reports used the same principle of voltammetric profile to identify the
target analyte among other potential interferences following the same strategy of
regular SPE. Indeed, the manufacturing process used on the glove-based electro-
chemical sensors is by employing the screen-printing technique with a high potential
for scalability.

Apart from drug seizures, wearable electrochemical (bio)sensors have been
reported for the monitoring of illicit drug consumption. For this purpose,
microneedle-based electrochemical sensors have been reported for the monitoring
of fentanyl in interstitial fluid [130]. Interstitial fluid exhibits a correlation with blood
levels of several analytes which makes it relevant for physicians and toxicologists
while preserving the non-invasiveness character [131]. This application can be
interesting to detect overdose cases with corresponding reversal interventions and
to follow up on recovery patients with addictions. Another interesting application is
the monitoring of drug consumption through saliva, a well-known biofluid for drug
testing at the roadside. In this direction, a wearable ring platform was designed to
accommodate saliva analysis for THC and alcohol. Still, the limitation is on the
sampling pretreatment, thus an incorporated strategy to remove debris and
interferents from the saliva matrix needs to be integrated with the whole analytical
system [132]. Last but not least, sweat has the potential to be a biofluid for the
detection of illicit drug consumption. Currently, sweat has been tested for this
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purpose, although using laboratory-based analysis to confirm the drug’s presence
[133]. Hence, wearable electrochemical sensors in epidermal patches for the in situ
detection of the drug in sweat would be highly valuable for on-site testing. To induce
active perspiration, an iontophoretic system needs to be coupled prior to the analysis
by the sensor. In this direction, a set of electrodes (anode and cathode for the
iontophoretic system and a regular SPE setup) were printed for the non-invasive
monitoring of alcohol consumption [134]. This design can be easily extrapolated to
the detection of illicit drugs following the voltammetric profiling approach.

Many opportunities are still ahead for the detection and monitoring of illicit drugs
by wearable electrochemical systems. However, the challenges for the use of
wearable electrochemical (bio)sensors rely on: (i) the full wearability of the device
with seamless integration on the body; (ii) minimal user interaction which limits the
sampling preparation for enhanced selectivity; and (iii) the incorporation of a
miniaturized potentiostat easy to wear. Importantly, these challenges can be, respec-
tively, addressed by: (i) using conformal substrates of polymeric nature which
provide excellent adhesion of the conductive inks; (ii) modification of the working
electrode with electrocatalytic materials or bioreceptors toward the analyte of inter-
est; and (iii) the employment of flexible printed circuit boards as the electrochemical
readers which can be reused. Overall, wearable electrochemical devices are an
advent in sensing technology with countless opportunities. In contrast, the
end-user case needs to be carefully studied in advance to know when a wearable
system is needed (e.g., continuous monitoring) or when a low-cost point-of-test
device is sufficient for a rapid decision-making process on-site.

3 Challenges

It should come as no surprise that electrochemical illicit drug sensors, just as every
other sensing technology, have several challenges to overcome: (i) accuracy,
(ii) validation with a large set of samples, (iii) affordability, easy to use, and short
time of analysis, (iv) ability for multidrug detection, and (v) secure data processing
and tailored data display for forensic applications. Some of these challenges are
associated with the technology itself, whereas others are linked to the field and
(complexity of the) market that is targeted.

Overall, the grand objective is to develop sensors that address the needs of
society. Scientists, in general, will mainly use their time and energy to develop a
sensor that ticks off scientific objectives such as high accuracy, excellent reproduc-
ibility, low LOD, short analysis time, etc. By trying to tick all these boxes, a
disconnect might occur between the “scientific” solution and a realistic application
of the technology in the real world. Indeed, keeping the target market in mind, other
aspects such as secure data handling and transmission, low cost, and portability are
important as well. There is often a trade-off between all these aspects, improving one
might compromise another. Nevertheless, the objective should be to develop sensors
that perform well in all areas. In the coming section, we will discuss the challenges of
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electrochemical illicit drug sensors, with a special focus on bringing the advance-
ments in the research field to fruition in a real-world application.

The accuracy of an illicit drug sensor is typically expressed as the amount of true
positive and negative analysis, divided by the total amount of analysis (including
true positive and negative and false positive and negative). As such, good accuracy is
obtained by developing a sensor that allows differentiation between target com-
pounds and non-target compounds via a different electrochemical output, and by
developing a data analysis approach that is capable of diversifying between these
different electrochemical outputs. Electrochemical output after an electrochemical
measurement is typically quite scarce in information, that is, a pure compound
usually has a maximum of three signals to work with. On the upside, this typically
provides the researcher with a good insight into the data since it is much more
straightforward to interpret a voltammogram and understand the origin of each
signal in comparison with, e.g., an NMR or Raman spectrum. However, the flip
side is that there is often not as much information in the data to work with, which can
make the unique identification of a target compound cumbersome. In addition,
cutting agents and adulterants that are added to the drugs for profit can suppress or
shift the signals of an illicit drug in a voltammogram and add their own signals to the
voltammogram. These different factors make it challenging, not impossible, to reach
good accuracies with electrochemical illicit drug sensors. On the flip side, the
possibility to identify cutting agents and adulterants grants the technology an edge
over the competitive technologies, i.e. by facilitating drug profiling. Besides the
previously discussed electrode modifications, which allow a more target-specific
electrochemical profile, the electrochemist has another powerful tool: chemometrics.
This chemical discipline uses mathematical and statistical methods to maximally
extract (electro)chemical information from (electro)chemical data. Linking
chemometric tools to electrochemical illicit drug research has time and again proven
successful to push accuracies to higher levels [52, 53]. Especially for applied illicit
drug research, it seems unthinkable not to use chemometrics. Nevertheless, this is far
from the standard, and it is a challenge for electrochemical illicit drug research to
make more use of the tools provided by chemometrics.

Due to the constant emergence of NPS, there is an unrelenting supply of new
drugs to develop electrochemical detection strategies. Research papers describing
such novel strategies for NPS appear relatively fast after an NPS rises to the forefront
[48, 49, 60]. This highlights one of the qualities of electrochemical illicit drug
research: its versatility and ability to quickly adapt to novel compounds. Typically,
these research papers describe that the targeted drug has an electrochemical signal
that can be used for detection. However, only a small amount of confiscated samples
is included to prove that indeed, the drug can be detected with the new approach,
followed by a statement in the conclusion that law enforcement agencies (LEAs) will
greatly benefit from the new methodology. Importantly, LEAs are not too interested
in these studies as long as no follow-up validation studies are performed with a larger
number of confiscated samples, a substantial part of which should consist of negative
samples. Only then will the new method be effectively validated, and LEAs will
become familiar with electrochemical technology at the same time. From time to
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time, validation studies of this kind are carried out, but this still happens far too
infrequently.

Similarly, it is a common sight in electrochemical illicit drug research, manu-
scripts that describe a certain type of modified electrode with great selectivity toward
a target drug, obtaining great accuracies. Although very interesting and innovative
from a research point of view, these modifications don’t make the road to a real
application shorter. Challenging reproducibility, long incubation times, and an
increased price are factors to be reckoned with. Little information can be found on
modified electrode applications that made it out of academic research into a com-
mercial application that is used in real life. This is not a statement to say it is
impossible, but a critical look at the potential of a modification to make it to such
a stage would be beneficial for the research field. After all, the research field itself
will blossom if at some point a commercial electrochemical illicit drug sensor is used
by end-users.

Furthermore, as already mentioned previously, most electrochemical illicit drug
research focuses on the detection of a single drug or single drug class. This is a
drawback compared to other techniques, e.g., portable Raman or NIR [135-137],
that can detect all illicit drug classes at once. Multiplexing, that is combining the
electrochemical output of an array of SPEs, will open up electrochemical illicit drug
detection to the simultaneous detection of multiple drug classes. It is expected that
the field will evolve in this direction in the coming years as new fabrication
technologies and nanomaterials use is converging. Similar to the single drug sensors,
sufficient attention should be paid to the feasibility of these multidrug sensors for use
in real scenarios. Aspects such as portability, easy sampling, short analysis time, and
low cost should be kept in mind during development besides the typical parameters
such as reaching high accuracies.

A final challenge for electrochemical illicit drug sensors is the specific end-user
requirements. Ultimately, the sensors will be used by law enforcement, bringing
with them some very specific needs concerning data security and transmission.
Preferably, the employed methodology and data analysis algorithms should be
protected to give the drug cartels and dealers as little opportunity as possible to
circumvent or sabotage the detection strategy. Furthermore, a report is preferably
generated after a measurement to facilitate the follow-up steps. It is important then to
decide if this report is stored locally or cloud-based, same for the generated data
during the measurement. These are important questions to ask when bringing an
electrochemical illicit drug sensor to the market, and the answers and solutions
should be as close as possible to the specific end-user requirements.

To summarize, electrochemistry and biosensors have the potential to deliver tools
that meet the end-user requirements: high accuracy, portable, low cost, short analysis
time, excellent reproducibility, safe data handling and transmission, and easy to use
by non-experts. For some end-users, it is sufficient to develop single drug sensors
that target one specific drug. The current state of the art is close to delivering sensors
for this purpose to the field if the previously mentioned challenges (modifications,
chemometrics, etc.) are properly addressed. However, some end-users require simul-
taneous detection of multiple drugs at once. Substantial research is necessary for this
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purpose, but electrochemistry clearly has the capability to eventually deliver sensors
for this purpose as well, as indicated by several proof-of-concept studies reported in
the chapter.

4 Prospects

4.1 Vision of Illicit Drug Detection in Seizures

Currently, the law enforcement process of drug analysis consists of two parts. First a
presumptive test is performed, often in the form of a color test, to determine
the presence or absence of an illicit drug. These tests can be executed on-site or in
the laboratory. If the results of this test are positive, they need to be confirmed in the
laboratory using gold-standard techniques such as GC- or LC-MS. While the
presumptive tests are generally fast and can be performed by non-trained personnel,
the confirmatory tests are more time-consuming and require the analyst to be
educated in the use of the technique. Improving the accuracy of the on-site tests
would lead to a lower amount of confirmatory tests in the laboratory thereby
reducing the workload of law enforcement. Especially if this improved accuracy
is, in part, achieved through correct identifications in difficult matrices that pose
problems for the currently established detection technologies. The absence of matrix
effects as such becomes a major asset that will make the novel technology attractive
to end-user for point-of-care usage. Next to a lower workload, more accurate on-site
tests will facilitate better and faster decision-making at the point of care. Important is
that electrochemical sensors couple this improved accuracy to the assets — easy to
use, fast, wide sampling concentration range, and low cost — that make color tests so
attractive to law enforcement. After all, improved accuracy is needed, but the new
technology will only be adopted if the end-user sees the benefit of the technology
and prefers to use it over (or next to) the existing technologies. Developing an
elegant sampling method for the electrochemical sensors is thus of utmost impor-
tance since this will be a crucial factor for end-users that determines if they will use
the technology. Overall, if all these desired specifications can be stringed together in
a single product, and this is possible for electrochemical sensors, the result will truly
be an asset for law enforcement.

Specifically for forensic institutes, due to increasing numbers of cases and the
emergence of novel psychotic substances such as NPS which result in more complex
analysis, forensic chemistry laboratories have problems overcoming backlogs. In
order to replace confirmatory laboratory testing, it is important to consider that at
least two techniques should be used for on-site detection, as in the forensic field it is
not acceptable to solely rely upon one technique. Two techniques that are promising
for on-site detection, besides electrochemistry, are portable NIR [136] and portable
Raman spectroscopy [135]. Due to the orthogonality of electrochemistry with these
two techniques, the combination with electrochemistry is an attractive possibility for
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the decentralization of the forensic laboratory. Additionally, electrochemistry may
be used to overcome the challenges of NIR and Raman spectroscopy regarding
colored samples and mixtures for on-site detection.

Contrary to law enforcement, harm reduction is not aware of the latest develop-
ments in electrochemical drug detection, few in harm reduction are even aware of the
existence of electrochemical drug sensors. Harm reduction studies are performed on
point-of-care drug detection, however typically with color tests and portable spec-
troscopic techniques. Therefore, the first step would be to make the electrochemical
technology aware of the field of harm reduction, e.g., through collaborations or
demonstrations. These should then lead to the next stage to a better understanding of
the needs and requirements of this group of end-users. It is envisioned that electro-
chemical sensors can contribute to several harm reduction initiatives. Pill testing
services at, e.g., festivals are an obvious candidate, but also studies on the currently
used cutting agents might be relevant. A possibility would be to, e.g., screen heroin
samples in drug consumption rooms on the presence of fentanyl (analogs) to monitor
the latter’s prevalence.

4.2 Vision of Illicit Drug Detection in Body Fluids

Due to the high costs of lateral flow immunoassays and their associated problems
regarding cross-reactivity, there is an opportunity for electrochemical sensors to take
over part of the global drugs screening market. This market was $5.3 billion last year
and is rapidly expanding to reach an expected $11.6 billion by 2026, at a compound
annual growth rate of 16.8%. However, to reach the market electrochemical sensors
for illicit drug detection in body fluids should first be able to overcome the chal-
lenges of low LODs required (low nM levels), the detection of metabolites, and
matrix effects as described above. Importantly, for the application of electrochemical
sensors for detection in body fluids, user-friendly consumables need to be developed
to allow point-of-care detection. Here, the desired application and, as a consequence
of that, the appropriate biological matrix need to be considered. The detection of
different body fluids will require different consumables for collection and possibly
for sample preparation. The integration of collection devices for body fluids with
electrochemical sensors is necessary to assure hygienic handling of the samples. It is
pivotal that this sample preparation is kept as simple as possible, which requires that
steps such as centrifugation are avoided. To this end, platforms allowing the
straightforward removal of interferences from the biological matrix will need to be
designed and established. While the current state of the art is mostly concerned with
the detection aspect of developing sensors for illicit drugs in body fluids, collabo-
ration with product designers will be necessary for electrochemical sensors to reach
this market.
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4.3 Vision of Wearable Illicit Drug Detection

The recent gadgets based on glove- or ring-based platforms have demonstrated the
great potential of wearable electrochemical sensors for on-site and rapid screening of
illicit drugs and cutting agents in street samples and biofluids. However, further
developments and new features such as in situ sampling pretreatments and minia-
turized electrochemical readers are still necessary for a full user experience. Inno-
vative wearable electrochemical systems can address the limitations of currently
used portable analytical systems while maintaining the reliability of benchtop
standard techniques. In this way, LEAs will be only willing to adopt wearable and
portable devices for an accurate and rapid decision-making process in the field if the
new tools comply with current analytical standards or even improve the performance
of the analysis. Although the wearability of the device is not an essential feature for
LEAs, it might be useful for the operation in some cases such as road testing of drugs
of abuse users. In these cases, a wearable device on the subject at the test would
avoid direct contact with the agent, thus preventing interaction with contaminated
samples from the subject (particularly interesting in outbreaks such as the COVID-
19 pandemic) [138]. Another important aspect is to incorporate wearable electro-
chemical sensors in regularly used garments by the agents (e.g., gloves). The use of
common tools or gadgets will increase the end-user adherence to the new system
while providing an easy-to-use device.

Interstitial fluid and sweat are promising biofluids for drug monitoring. Hence,
wearable electrochemical sensors can offer groundbreaking illicit drug detection
activities, including remote monitoring of individuals on probation or for rapid
detection of an overdose in first-responder settings. Moreover, these wearable
systems have the potential to be integrated as a feedback-controlled wearable
closed-loop device for autonomous mitigation of drug overdose, thus avoiding
death in emergency settings. The same technology offers easy translation to clinical
decision-making processes during therapeutic drug monitoring, thus showing the
potential for a broader market. In this direction, wearable electrochemical sensors for
drug monitoring are capable of providing time-resolved data on drug concentrations,
which can unravel any fluctuation of the therapeutic concentration and identify
drug—drug interactions through the analysis of unusual behavior in the drug phar-
macokinetics [125]. This feature will enable personalized drug dosing toward
enhanced healthcare. Besides, wearable electrochemical sensors can improve patient
compliance with medication by sending alert messages to wearers and caregivers
regarding the frequency of medication intake.

These wearable devices manage sensitive data, thus high-security standards are
required for the processing and transmission of the data. Importantly, drug seizure
information needs to be encrypted to prevent sensitive data (e.g., location and drug
composition) to reach criminal organizations (e.g., through a data breach).

The embodiment of regular electrochemical sensors in wearable platforms can
pave the way to rapid and user-friendly analysis in the field thus increasing the safety
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and security of our society. However, high analytical standards and affordable prices
on these devices need to be complied with for early adoption by end-users.

5 Conclusions

The progression of electrochemical sensors for illicit drug detection has been
discussed. First, the need for the detection and monitoring of illicit drugs in our
society has been pointed out. Sensors and devices able to rapidly detect illicit drugs
in powder or another type of form in the field facilitate the identification of illegal
trading and confiscation of cargo before reaching drug consumers. This is an
important step for LEAs to block the spreading of drug abuse in society. Moreover,
electrochemical sensors can also be applied in the detection of the consumption of
illicit drugs by users which brings dangerous situations in daily activities (e.g., at the
workplace, driving under the influence of drugs, etc.). These sensors can detect the
illicit drug in several matrices, ranging from non-invasive biofluids such as saliva or
sweat to invasive matrices such as blood or serum. The ability to quickly identify
drug consumption can be an ideal situation for first responders when dealing with
intoxication. Thus, electrochemical sensors can be beneficial in daily situations:
(1) fast confiscation of illicit drugs; (ii) detection of drug consumption; (iii) identi-
fication of intoxications; and (iv) analysis of the purity of the illicit drug for harm
reduction purposes.

Despite the advances in nanomaterials and sensing strategies, there are some
challenges that still researchers need to address such as: (i) accuracy to avoid false
positives and false negatives; (ii) detection of multiple drugs in a single analysis; (iii)
low limit of detection in biofluids; and (iv) user-friendliness, meaning low to none
sample preparation being able to be performed by non-trained personnel; among
others. The most used designs for on-site detection and monitoring of illicit drugs are
based on point-of-care detection, and more recently, wearable sensors seamlessly
integrated with the body. Each design can be advantageous in different situations.
For example, a point-of-care test to quickly identify a suspicious sample for confis-
cation is used by LEAs, or a wearable device to monitor illicit drug intake in an
individual on probation. Interestingly, the integration of data treatment and cloud-
based software with the electrochemical sensors is a necessary step to bring the
technology to a fruitful outcome truly valuable for end-users.

Unfortunately, the use of illicit drugs is still increasing which translates into the
necessity to bring highly accurate and user-friendly devices that assist in rapid
on-site detection. Fortunately, electrochemical (bio-)sensors can be part of such
devices and contribute to the fight against drugs by providing cost-effective tools
to LEAs and first responders.
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