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Abstract

Incorporating functionality to atomic force microscopy (AFM) to obtain
physical and chemical information has always been a strong focus in AFM re-
search. Modifying AFM probes with specific molecules permits accessibility
of chemical information via specific reactions and interactions. Fundamental
understanding of molecular processes at the solid/liquid interface with high
spatial resolution is essential to many emerging research areas. Nanoscale
electrochemical imaging has emerged as a complementary technique to ad-
vanced AFM techniques, providing information on electrochemical interfa-
cial processes. While this review presents a brief introduction to advanced
AFM imaging modes, such as multiparametric AFM and topography recog-
nition imaging, the main focus herein is on electrochemical imaging via
hybrid AFM-scanning electrochemical microscopy. Recent applications and
the challenges associated with such nanoelectrochemical imaging strategies
are presented.
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1. INTRODUCTION

Atomic force microscopy (AFM) is one of the most widespread scanning probe microscopy (SPM)
techniques. AFM is based on determining short- and long-range force interactions between the
AFM tip (i.e., the typical curvature radius of several nanometers) located at the end of a cantilever
and the sample surface. A feedback loop maintains either a constant cantilever deflection, where
short-range forces dominate, or a constant cantilever amplitude (i.e., dynamic mode).
Fundamental research on AFM technology remains active and addresses such areas as imaging
speed (i.e., video rate AFM), molecular recognition (i.e., identification of chemical structures
of single molecules), multifrequency imaging, as well as hybrid techniques with various spec-
troscopies, high-resolution optical microscopy, or complementary scanning probe techniques,
including scanning electrochemical microscopy (SECM) (1). AFM matured shortly after its
introduction in 1986 (2) into the most commonly used SPM technique due to its versatility, the
multitude of force interactions that can be studied (e.g., magnetic, electrostatic, and thermal
properties), and the wide variety of samples that can be studied independent of their surface
properties (e.g., softness, conductivity). Furthermore, AFM measurements can be performed in
vacuum, at ambient atmospheric conditions, and in solution, including (biological) buffers. The
early availability of well-defined microfabricated AFM cantilevers, with force constants ranging
from 0.01 N/m up to 100 N/m, has contributed to its widespread applications. However, the
“chemical blindness” of conventional AFM measurements always sparked significant interest
to overcome this limitation. To obtain chemical or electrochemical information, the AFM
probe, typically composed of silicon, silicon nitride, or silicon oxide tip, has to be modified.
Figure 1 presents an overview of functionalized AFM probes used under different experimental
conditions that all provide chemical information. Such modifications frequently entail the
covalent attachment of specific recognition or capture molecules to the AFM probe. Specific
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Schematic representation of various chemical atomic force microscopy (AFM) imaging approaches based on
modified AFM probes either by attaching functional groups and molecules or by integrating an electrode
into the AFM probe.
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force interactions between the tip-bound molecules and molecules at the sample surface can be
quantitatively determined. This approach is used for measuring binding forces, as first shown by
Gaub and coworkers for avidin/streptavidin (3). In the same year, Frisbie et al. (4) demonstrated
chemical imaging in ethanolic solution based on friction and adhesion changes between a
functionalized gold-coated AFM probe and a lithographically patterned sample surface. The
tip and sample were modified with self-assembled monolayers bearing carboxylic, methyl, or
amino groups at the end of the alkyl chain. Hydrogen bonding, dipole-dipole interactions, and
hydrophobic interactions between —COOH, —CHj;, and —NH; groups of the modified AFM
probe and the sample surface were monitored by contrast in the friction image. The measured
adhesive forces agreed well with theory (5).

Gross and coworkers at IBM (6) demonstrated atomic resolution of individual molecules with
carbon monoxide-modified probes in noncontact mode at high vacuum conditions. Chemical
structures of natural compounds such as cephalandole A could be finally determined by com-
bining the data of the AFM measurements with density functional theory simulations, nuclear
magnetic resonance, and mass spectrometry data (7). Molecular recognition imaging, which can
be performed in air or in a liquid environment, provides two-dimensional (2D) topographical
maps of specific molecular interactions using an appropriately modified AFM probe. It should
be noted that such molecular-specific imaging techniques are highly valuable (8-11); yet, they
have thus far only been applied by a fairly small group of researchers who are usually experts in
this field. In addition, most interfacial processes, relevant not only to biomedical research but
also to catalysis, corrosion science, and energy-related topics, involve electrochemical processes
at the solid/liquid interface. In particular, spatially resolved electrochemical information, which
may be correlated to structural features or interfacial changes due to degradation and structural
rearrangements during electrochemical reactions, is relevant in many emerging areas. Hence, this
review mainly focuses on advances in AFM-SECM technology, highlighting recent developments
and applications within a variety of research areas. Additionally, it briefly discusses multiparamet-
ric AFM imaging based on functionalized AFM probes, which is widely used in biophysics and
biomedically related research. In-depth information can be found in recently published review
articles (11-13).

2. MULTTIPARAMETRIC ATOMIC FORCE MICROSCOPY IMAGING VIA
FUNCTIONALIZED CANTILEVERS

Due to the high force sensitivity ranging from 10 to 10° pN (14), AFM is employed to record
force-distance (FD) curves, providing a breadth of information on tip-sample interaction, such
as adhesion, elasticity, and energy dissipation (15). In terms of proteins and polymers, informa-
tion on unfolding events may be obtained (16). Force-based imaging is considered to exceed the
performance of more conventional modes of AFM for measuring and mapping mechanical prop-
erties and biological interactions. Significant developments in instrumentation have improved
acquisition speed, enabling force-based imaging AFM modes, e.g., quantitative nanomechanical
mapping, as marketed by the Bruker Corporation as PeakForce Tapping™ (PFT) mode (17),
which is similar to pulsed-force mode (18) and force-volume imaging (19, 20). FD-based imaging
is also termed multiparametric AFM (13). Multiparametric imaging employs AFM tips function-
alized with a specific chemical group, e.g., a ligand or antibody, to map specific interactions with
the biological sample. When the modified probe is brought to the sample surface, a specific bind-
ing event may occur. When the AFM tip is retracted, it reflects an increasing force to this bond
(e.g., ligand-receptor bond) that dissociates at a critical force. This provides information on the
localization of the receptor but also on binding constants, which can be measured in real time
with topography. Examples of different applications include mapping specific binding sites (21),
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correlating the structure and assembly of soluble proteins (22), measuring the kinetics and thermo-
dynamics of ligand-receptor interactions (23), monitoring assembly and binding events of viruses
(24), and determining cell adhesion (25). As an example, Dufréne and coworkers (26) demonstrated
FD-based AFM imaging to correlate the structure of filamentous bacteriophages extruding from
living bacteria with their biophysical properties. Using a nickel-functionalized AFM tip to detect
histidine tags, they showed that the structure, adhesion, and elasticity of infected bacteria can be
mapped and that the sites of assembly and extrusion form soft nanodomains surrounded by stiff
cell wall material.

2.1. Functionalization of Atomic Force Microscopy Probes

Given the high force sensitivity of AFM, binding forces between single entities can be quan-
titatively determined. Specifically, functionalized probes are required for using FD curves to
detect molecular interactions. Statistically meaningful force measurements require well-defined
and reproducible modification of the AFM probe. AFM probes can be easily modified through
silanization in the case of silicon, silicon nitride, and silicon oxide probes. The modification
process is usually a multistep process dependent on the AFM probe material. For example, to
functionalize silicon or silicon-nitride AFM probes, the tip is first silanized with a short-chain
silane such as (3-aminopropyl)triethoxysilane, which is then typically cross-linked with a func-
tional and relatively long polyethylene glycol (PEG) linker, to which the ligand of interest can be
attached (see Figure 24) (27). PEG is commonly used because of its conformational flexibility.
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(@) Modification steps for covalent attachment of biomolecules. (5) Schematic view of separating the maxima and minima of the
oscillation amplitude. (¢) Topographic (7) and recognition (i7) image of a VEGF and TNF-« mixture; the areas marked in green reflect
spots with proteins (7), which can be identified as two protein molecules in the recognition image (i7); (iii ) the anti-VEGF
aptamer-blocked recognition image with the green marked area corresponds to TNF-o. Panel ¢ adapted with permission from
Reference 28. Copyright 2015, American Chemical Society. Abbreviations: AFM, atomic force microscopy; PEG, polyethylene glycol;
TNF-«, tumor necrosis factor-alpha; TREC, topography and recognition imaging; VEGF, vascular endothelial growth factor.
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For multiplex molecular interactions, the AFM probes are also functionalized with a heterofunc-
tional three-arm linker to conjugate two different molecules using a catalyst-free click reaction
(28).

Alternatively, the AFM probe can be coated with a thin (several nanometers thick) gold layer,
which can then be easily modified with an alkanethiol monolayer that is terminated by specific
functional groups for linking the ligand of interest (29-32). Bifunctional AFM-SECM probes with
the electrochemical area at the tip apex have been similarly modified with PEG groups bearing a
redox molecule as the functional group (33).

2.2. Topography and Recognition Imaging

Topography and recognition imaging (TREC) is a force spectroscopy-based imaging technique
that simultaneously performs dynamic force mapping and topographical imaging (34). The AFM
tip is modified with recognition molecules by smart linker chemistry and then scanned in dynamic
mode across the sample surface. This brings the ligand through a long spacer into contact with
the surface containing the respective cognate receptors, leading to ligand-receptor bonding. The
relatively long spacer acts as a nanospring so that nonspecific force interactions with the body
of the AFM probe are omitted. In principle, the oscillation characteristics of the AFM probe
contain the topographical information in the deflection signal minima, reflecting the decrease in
amplitude when the probe gets in contact with the sample surface. In case of a binding event, the
oscillation amplitude maxima are modulated, as the oscillating tip cannot return to its original
position due to the acting binding force. Using appropriate electronic circuits and software as
offered by Keysight Technologies (Pico TREC™) allows the maxima and minima of the oscillation
amplitude to be separated and independently evaluated, as shown in Figure 25, resulting in the
topography and recognition images, respectively.

Simultaneously obtained recognition and topography maps are superimposed to obtain ex-
tremely accurate maps of the protein locations in the topographic images. Using a magnetically
driven cantilever (35), Raab et al. (36) showed TREC imaging by covalently linking antibodies
to a PEG-modified AFM tip to obtain a 2D map of a lysozyme immobilized on a mica surface.
Molecular recognition imaging has been employed to map the interactions between aptamer and
protein (37), peptide and protein (38), antigen and antibody (39), and RNA or DNA strands with
cells (37, 38); it also maps antibody and chromatin binding (40) and aptamer-histone proteins
(41).

3. ATOMIC FORCE MICROSCOPY-SCANNING ELECTROCHEMICAL
MICROSCOPY

SECM is a noninvasive and noncontact electrochemical SPM technique introduced by Bard and
coworkers (42), from which laterally resolved information on surface processes and at liquid/liquid
interfaces can be obtained. This technique has led to applications in multidisciplinary research
areas ranging from biomedical research to materials science, corrosion, and catalysis, as well as
in energy-related topics, such as photocatalysis, fuel cells, and battery research (43). Recently,
SECM has experienced a quantum leap toward nanoscale imaging (44, 45), yet it demands a
well-defined and well-controlled distance of the nanosized SECM probe to the sample surface
to avoid erroneous information. Several approaches have been successfully developed to achieve
constant-distance SECM; these include shear force mode positioning of the probe (46, 47),
SECM combined with SPM techniques that facilitate positioning of the nanosized electrode
(e.g., combined AFM-SECM), scanning ion conductance microscopy (SICM)-SECM using
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AFM imaging modes for measurements in ambient conditions and in solution. (a, /eft to right) In contact
mode, there is permanent contact of the AFM tip with the sample surface. In dynamic mode (also known as
intermittent contact mode, tapping mode, or acoustically driven mode), the AFM cantilever is oscillated at a
frequency below its resonance frequency, and the tip is in brief contact at the lower oscillation part with the
sample surface. With PeakForce Tapping, a force curve is recorded at each pixel. The feedback loop enables
control of the applied force at low values (down to 10 pN). In force spectroscopy, force-distance curves are
recorded that contain information on physical sample properties. () SECM imaging experiments are
predominantly performed in feedback mode with an artificial redox mediator added to solution. In mode,
redox-active molecules generated at the surface are collected at the SECM probe; alternatively,
tip-generated species can be detected on a conductive sample surface. AC mode is based on superimposing
an AC voltage signal to a small DC voltage at the SECM tip; the measured current magnitude and phase
angle response are dependent on the nature of the sample surface. In redox competition mode, the SECM
probe and the sample compete for the same electroactive species. The tip current is reduced if areas of high
activity on the sample are scanned. Abbreviations: AC, alternate current; AFM, atomic force microscopy;
DC, direct current; R, solution resistance; SECM, scanning electrochemical microscopy.

bifunctional theta pipette-based probes (48), or alternatively, pipettes modified with a ring
electrode (49). Recently, scanning electrochemical cell microscopy (SECCM), which has been
described in depth in several recent reviews, has emerged as a powerful tool for electrochemical
imaging with high spatial and temporal resolution (45, 50).

In contrast to these electrochemical scanning probe techniques, the method of adding electro-
chemical functionality to the AFM probe provides superior spatial resolution in terms of surface
topology and (nano)mechanical information inherent to AFM, whereas the integrated SECM
functionality gives nanoscale electrochemical information that is directly and inherently corre-
lated to the sample topography. In addition, the distance between sample and electrode can be
precisely determined with the accurate positioning of the AFM tip. The core advantage of com-
bined AFM-SECM is that the well-established imaging modes of each technique, as schematically
shown in Figure 3, are readily combined and may be tailored toward the targeted application and
desired surface information.
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Initial AFM-SECM measurements were demonstrated in AFM contact mode and SECM feed-
back mode by Macpherson & Unwin (51). To bypass electrical shorting problems when conductive
substrates (i.e. electrodes) were imaged, they implemented a two-pass technique: For each scanned
line, the sample topography was mapped in the first pass, and electrochemical data were collected
in the second pass (52). This so-called lift mode remains popular for combined measurements
using AFM-SECM probes with the electroactive area at the tip apex. In contrast, probes with the
electroactive area located at a certain distance recessed from the tip apex (i.e., the AFM tip itself
remains insulating) may be used for simultaneously recording both sets of information indepen-
dent of the nature of the sample surface (53). Dynamic AFM modes are required when imaging
soft samples such as hydrophilic polymers or biological specimens (e.g., cells, microbes). Recently,
combined measurements have also been demonstrated in PFT (17), which provide information on
nanomechanical properties and can be further combined with electrochemical information (54).
In respect to SECM measurements, experiments have been performed in generation-collection
mode for surface patterning (55), pitting experiments (56), corrosion studies (57), and growth and
dissolution studies (58, 59). In addition, experiments in alternating current (AC) mode have been
performed (60, 61); this method has some similarity to electrochemical impedance spectroscopy,
as the magnitude of the tip current and the phase angle are obtained by their dependence on the
AC potential applied to the AFM-SECM probe. An advantage of AC-mode imaging is that a re-
dox mediator is not required. However, it should be noted that typical experiments are performed
using micrometer-sized electrodes to achieve sufficient signal contrast. For that purpose, batch-
fabricated AFM-SECM probes bearing a microsized ring platinum electrode were used in these
experiments (62). Although combined AFM-SECM measurements have not yet been performed
in the redox competition mode of SECM (63), this technique may have significant potential for
future applications in catalysis. It should be noted that force spectroscopy combined with the
simultaneously recorded current distance curves provides the basis for a quantitative evaluation
of physical and electrochemical parameters, such as adhesion forces, and the determination of
apparent electron-transfer rate constants.

Instrumentally speaking, AFM-SECM is rather straightforward, as an external (bi)potentiostat
may be used to control the electrochemical experiment. The electrochemical data can then be fed in
via an available analog-to-digital conversion channel provided by any AFM controller. Mounting
and electrical contact of the AFM-SECM probe require modification of the AFM chip holder.
Special care is required for the insulation of the conductive area, as the entire AFM chip will be
immersed in solution during AFM-SECM experiments. However, most post-applied insulating
varnishes or UV curable glues have limited stability at extreme pH. In addition, electrochemical
control with an external (bi)potentiostat requires fairly long cable connections to the AFM-SECM
probe, resulting in unfavorable signal-to-noise ratios due to parasitic couplings. To avoid this, AFM
chip mounts with integrated amplifiers promise significant improvements in the signal-to-noise
ratio. Almost all commercial AFM systems use an optical readout mechanism for detecting the
movement of the cantilever (e.g., deflection, friction), which can also be used for AFM-SECM
probes. Recently, tuning fork—based noncontact AFM was successfully used for AFM-SECM
experiments (64). The high stiffness of the tuning fork allows noncontact operation with small
oscillation of the tip (<1 nm).

SECM functionality only recently became commercially available as an add-on to AFM in-
struments from Keysight Technologies (65) and the Bruker Corporation (66). Similar to TREC,
AFM-SECM was to date mainly used by a small group of experienced researchers. Whether this
technique will also find more widespread application in routine scenarios is certainly dependent
on the availability, reproducibility, and integrity of bifunctional probes. In the next section, probe
designs along with their specific advantages and disadvantages are discussed.
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3.1. Atomic Force Microscopy-Scanning Electrochemical Microscopy
Probe Design

The reliability of the recorded data and the achievable resolution in AFM-SECM experiments are
predominantly determined by the bifunctional AFM-SECM probe. Several designs of probes have
been developed and can be divided in two main groups: (#) AFM-SECM probes with a conductive
apex, i.e., mostly a conically electrode; and (/) AFM-SECM probes where the electrode is located
at a certain distance (dependent on the active electrode size) recessed from the nonconductive
tip apex. AFM-SECM probes can also be categorized by the fabrication method, as probes are
either fabricated manually based on etching and bending wires (cantilever-shaped electrodes)
(51, 67) or produced using standard microfabrication techniques (53, 68-70), including standard
deposition processes, electron beam lithography, and focused ion beam milling. Shin et al. (62)
presented a standard batch fabrication process, which can be entirely performed at a wafer-batch
level; however, the integrated platinum ring electrodes have diameters in the micrometer region.
Figure 4 schematically shows the different probe designs along with scanning electron microscope
(SEM) images visualizing various designs.

Despite the preferred design for the targeted application, pinhole-free insulation of the AFM-
SECM (except for the submicrosized or nanosized electroactive area) and the insulation of the
electrical connecting part are the most critical features for avoiding any leakage currents that may
lead to erroneous electrochemical information. Microfabricated probes are mostly insulated with
layers of silicon nitride or mixed layers of silicon oxide and silicon nitride deposited via plasma-
enhanced chemical vapor deposition. One issue for soft silicon nitride cantilevers is tensile stress,
which may lead to an undesirable bending of the cantilever. However, controlling the thickness
and sequence of the layers along with optimizing deposition conditions allows the deposition
of an insulation layer with a total thickness of 1-1.5 pm with a maximum of 1-2° bending of
the cantilever. Alternatively, Parylene C has been used for insulating microfabricated (72) and
commercially available conductive AFM probes (73). Parylene C forms stress-free, conformal,
pinhole-free films with high dielectric strength and approved biocompatibility. In addition, the
change in force constant of the Parylene C—coated cantilever is minimal, which is required for
sensitive force measurements and is less compared to silicon nitride, where the coating results
in a change of almost 1 N/m. Furthermore, intrinsic oxygen-terminated diamond may be an
interesting material, especially if the electrode material is boron-doped diamond for targeted
applications in a harsh chemical environment. The insulation of bench top—fabricated cantilever-
shaped etched microwires is obtained with epoxy (74) but mostly via so-called electrophoretic
paints (51). These can be electrodeposited and may shrink during the heat-induced cross-linking
process, thereby exposing a conical electrode at the tip apex. In contrast to nanoelectrodes based
on pipettes, where graphitic carbon is the predominant electrode material, gold and platinum
are the preferred electrode materials for AFM-SECM probes independent of the probe design.
Eifert etal. (75, 76) also optimized and thoroughly studied boron-doped diamond as an electrode
material for AFM-SECM probes, which is interesting given the large potential window and the
physical and chemical inertness. Focused ion beam—induced deposition of carbon/platinum has
been employed either to enlarge the electroactive area of the tip-integrated electrode (77) or to
fabricate a conical electrode at the tip apex (78). Next to a conical electrode shape, a disc, ring,
and frame shape have been realized, depending on the fabrication process. Disc electrodes have
been fabricated down to a dimension of an approximately 50-nm electrode radius, which enables
high-resolution electrochemical imaging (79).

Bench-top fabrication does not require cleanroom facilities, which makes this approach attrac-
tive for researchers. However, controlling and maintaining relevant parameters such as force con-
stant and tip curvature radius among individually fabricated probes remain challenging compared
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to microfabricated probes, in which the fabrication process inherently determines the physical
parameters at a batch level. Variation of the exposed spherical and conical electrodes with radii
ranging from 150 to 550 nm was reported by Abbou et al. (67), which was improved to 20-100 nm
as later reported by the same group (80). Macpherson & Unwin (51) reported effective tip radii
ranging from 50 nm to 2.5 pum within a batch of 50 fabricated tips.
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Figure 4 (Figure appears on preceding page)

(@) Scheme and SEM images of AFM-SECM probes with recessed electrodes. (i) Gold frame electrode,

(i7) recessed disc electrode, (7i7) gold disc nanoelectrode, and (7v) tip-integrated platinum ring electrode. The
recessed location of the nanoelectrode (i7i) is achieved by exposure of the electroactive area by focused ion
beam milling at a certain angle that generates a tilt of the truncated pyramid. Adapted with permission from
Reference 71. Copyright 2010, Elsevier. (b, i—iii ) AFM-SECM probes with the electrode at the tip apex.

(i) Triangular-shaped electrode. Adapted with permission from Reference 68. Copyright 2005, American
Chemical Society. (7i) AFM tip-integrated conical platinum electrode. Adapted with permission from
Reference 69. Copyright 2006, American Chemical Society. (ii7) Focused ion beam—fabricated disc
electrode. Adapted with permission from Reference 64. Copyright 2017, American Chemical Society.

(b, 7v—v) Bench top—fabricated probes. (7v) Cantilever-shaped conical platinum electrode. Adapted with
permission from Reference 51. Copyright 2000, American Chemical Society. (v) Spherical gold electrode
formed via a controlled arc discharge technique. Adapted with permission from Reference 67. Copyright
2002, American Chemical Society. Abbreviations: AFM, atomic force microscopy; SECM, scanning
electrochemical microscopy; SEM, scanning electron microscope.

Finally, AFM-SECM probes are commercially available today with a conical platinum electrode
at the AFM tip apex, as a needle-type platinum probe, and as probes with a nonconductive AFM
tip and a gold electrode located at a defined distance from the tip.

3.2. Electrode Modification

The electroactive area of the AFM-SECM probe is modified when direct electrochemical detection
of specific molecules is difficult (e.g., detection of biomedically relevant molecules in complex sam-
ples). With probe designs bearing the electroactive area at the tip apex, contact between the sample
surface and the probe may affect coatings, thus leading to unreliable electrochemical information.
Surface modifications also improve the achievable electrochemical resolution of combined AFM-
SECM measurements, for example, for mapping nanosized objects in feedback mode. Ideally, the
achievable spatial resolution of both techniques is on the same order of magnitude. However, in
respect to SECM, there is a fundamental limitation to the spatial resolution in feedback-mode
operation associated with the electron transfer kinetics. Sizeable turnover rates of the redox-
active molecules are required to generate sufficient contrast in the electrochemical response (81).
An elegant approach to overcome such limitations was introduced by Demaille and coworkers
(82) by tethering redox-active molecules (e.g., ferrocene moieties) to the tip, thereby confining
the diffusional dispersion. Anne et al. (33) introduced a mode called tip-attached redox mediator
(Tarm)/AFM-SECM. Redox-active molecules are tethered to the electrode surface of the AFM-
SECM probe using a flexible PEG cross-linker similar to the procedures described for modifying
TREC AFM probes. The conductive features on the sample surface could be probed indepen-
dently of their turnover rate of the redox-active molecule with a lateral resolution of 20-40 nm.

Miniaturized biosensors exhibit high molecular specificity as well as high sensitivity. Thus far,
only AFM-SECM probes with recessed electrodes have been modified with enzyme-containing
layers. The enzymes are entrapped within, for example, an electrochemically deposited membrane,
thus confining the site of immobilization to the electrode surface. For this purpose, electrophoretic
paints or polyphenoxazines are suitable matrices preserving the activity of the enzymes and en-
suring a sufficient amount of molecules to be entrapped (83-86).

Kueng et al. (87) modified the gold frame electrode of an AFM-SECM probe with glucose
oxidase using an anodic electrophoretic paint. The calibration of the tip-integrated biosensor
toward glucose showed a linear range of up to 2 mM of glucose. The resulting biosensor AFM-
SECM probe was tested by imaging the diffusion of glucose through an artificial membrane,
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comprising pores with diameters of approximately 200 nm simultaneously with the topography
in dynamic mode. Alternatively, enzymes can be immobilized on the electrode surface using self-
assembled thiol monolayers with reactive headgroups, as demonstrated by the same researchers
with the immobilization of horseradish peroxidase (88).

Conductive colloidal AFM-SECM probes represent a novel design that was recently introduced
by Knittel etal. (89) and applied to single-cell force spectroscopy. An insulated tipless AFM-SECM
probe with a small conductive recessed disc electrode at the end of the cantilever was modified
with a gold-coated colloid, which was glued to the disc electrode. The colloidal probe could then
be further modified via, for example, conductive polymer layers. Such probes are highly suitable
for force spectroscopic measurements that study the effect of electrical signals on cellular and
molecular interactions.

3.3. Theoretical Considerations

SECM is predominantly performed using disc-shaped microelectrodes, and well-established theo-
retical models are available predicting the current response in feedback and generation-collection
mode. Thus so far, only a few studies have been dedicated to predicting the theoretical AFM-
SECM probe response, which may be related to the more complex geometry of such probes.
Finite element method (FEM) (68) and boundary element method (BEM) simulations (90) were
used to model the response of triangular microelectrodes and frame-shaped recessed electrodes,
respectively. BEM was also used to model theoretical approach curves and the current response
of disc-shaped electrodes recessed from the tip apex that exhibit different geometries (91). Eifert
etal. (76) developed an advanced software-controlled focused ion beam-based patterning process
for semiautomated fabrication of AFM-SECM probes. As the milling process occurs from the top,
the insulation material influences the overall probe geometry. Consequently, a tilt angle of the
electrode toward either the outer or inner side is obtained, which influences the current response.
Numerical simulations of the mass transport toward such tilted electrodes were performed using
FEM modeling, via a commercial software package (COMSOL Multiphysics) (76). A top-mill-
fabricated SixNy-coated probe with an inward-tilted electrode showed a significantly reduced
diffusive flux toward the electrode, which could be experimentally confirmed by a decreased cur-
rent response. Denuault and coworkers (92) used an FEM solver to model the response of a
conically shaped electrode located at the center of a flat tip apex.

4. SELECTED APPLICATION AREAS

Almost two decades after the first reports on combined AFM-SECM, the technique has not quite
reached the level of maturity required for routine measurements comparable to those obtained
through conventional AFM. The high costs of the probes compared to standard AFM probes and
their relatively recent commercialization may explain their limited usage. Furthermore, AFM
probes, either conventional or bifunctional, are considered consumables. Hence, depending on
the nature of the investigated samples, contamination or wear over a finite lifetime is unavoidable.
In this respect, diamond-coated probes, which may also be functionalized with an electrode (93),
are a particularly interesting strategy to overcome this limitation. Although it is evident that com-
mercial suppliers have an interest in such probes (i.e., expensive probes) as consumables, reducing
the costs of AFM-SECM probes would give the field a significant boost. Many publications
concerning AFM-SECM are related to novel probe designs, instrumental improvements, and
the application of various imaging modes such as electrochemical PFT. These applications are
usually on model substrates, including structured conductive/nonconductive surfaces, artificial
membranes, carbon materials such as highly ordered pyrolytic graphite (HOPG) and carbon
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nanotubes, microelectrodes, and microelectrode arrays. In a positive trend, recent research
has shown applications in or close to real-world sample scenarios, thus providing fundamental
understanding of high practical value on interfacial processes at the nanoscale.

4.1. Corrosion and Energy-Related Materials

Investigation of corrosion processes was an early focus of AFM-SECM measurements. Localized
corrosion processes on aluminum alloys have been studied in chloride- and iodide-containing
solutions at micrometer electrochemical resolution, whereas morphological changes could be
mapped (74, 94). Gaining fundamental insight into corrosion processes requires spatially resolved
information on morphological changes associated with electrochemical processes occurring at the
metal/liquid interface. Metallic corrosion involves micrometer- to nanometer-sized defects, which
may form microgalvanic cells, and hence, initiate the onset of corrosion processes at the micro-
and nanoscales known as pitting corrosion.

Izquierdo et al. (56, 59, 95, 96) recently showed a series of applications of AFM-SECM related
to corrosion science. For example, they demonstrated the formation of corrosion pits on iron
surfaces, which were protected by an iron nitrate layer. The recessed AFM tip-integrated frame
electrode induced a local change in pH due to water splitting at the tip, which generated defects
in the projection layer. As experiments were performed in a chloride-containing solution, the
iron surface was attacked by the aggressive media, and depending on the duration and imaging
mode (i.e., static or scanning), corrosion pits were formed, which could be monitored in situ by
the AFM probe (56, 96). Corrosion processes on copper surfaces due to anodic dissolution in
acidic chloride solution were presented by the same authors (59, 95). The dissolution of model
copper-modified substrates (copper nanoparticles on gold) and bulk copper samples used in in-
dustrial settings has been investigated. Copper is one of the most widely used metals in industry,
for example, in electronics and heat exchangers. AFM-SECM probes with recessed frame elec-
trodes revealed topographical changes with submicrometer spatial resolution caused by corrosion
processes in acidic chloride solution related to local passivation and pitting phenomena, as shown
in Figure 5. A semiquantitative determination of the attack was estimated by anodic stripping
of the copper metal deposited on the probe during such dissolution experiments. Moreover, the
accumulation of corrosion products leading to local passivation on the copper surface could be
correlated with the absence of copper cations over those sites. Quantitative surface roughness ob-
tained via the AFM data allowed the characterization of initial growth and subsequent breakdown
along with pit formation, whereas the accompanying progressive activation of the copper surface
and Cu(lI) release was locally detected by the AFM tip-integrated SECM electrode. In addition
to its use in these corrosion studies, AFM-SECM has also been used to study the heterogeneous
electrochemical activity of metallic alloys such as Ti-6A1-4V (91).

An emerging research field in which AFM-SECM may potentially play an important future
role is energy-related studies. These include research on the formation of solid surface electrolyte
interface (SEI) degradation, the passivation of anodes and cathodes, and the photocatalytic system
for water splitting. To date, AFM-SECM has been rarely employed in such application scenarios.
The first approaches go back to Macpherson and coworkers’ (97) initial work using bench-top
fabricated AFM-SECM probes to investigate Ti/TiO, anodes in respect to the electrochemical
and structural properties. A sequential imaging approach involving AFM and SECM has been
demonstrated by Zampardi et al. (98). An SPM platform housed in a glovebox allowed sequential
electrochemical (EC)-AFM, AFM, and SECM measurements of the same sample in a sequential
procedure (98). Within this approach, SEI grown on a glassy carbon sample induced by EC-AFM
has been characterized first in terms of topography and then consecutively via SECM feedback
mode. Recently, the interfacial properties of electroless Pt nanoparticles deposited on p-Si and
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Figure 5

(@) AFM-SECM images of a copper substrate polarized at (7, i7) —0.35 and (7i7, iv) —0.18 V versus Ag/AgCl in 0.5 M NaCl (pH = 3).
Subpanels i, 7ii show substrate topography; subpanels 7, /v show tip current. The tip was biased at —0.45 V. Adapted with permission
from Reference 95. Copyright 2017, Elsevier. (6) PET-SECM imaging of Pt nanoparticles electrolessly deposited onto a degenerately
doped p™-Si substrate. (i) Surface topography, (iii) tip-contact current captured during the main PFT scan, and (ii7) electrochemical
current captured during the lift scan at a lift height of 150 nm. Areas denoted with 1-4 mark the location of individual nanoparticles
(1-3) and nanoparticle cluster (4), respectively. Adapted with permission from Reference 99. Copyright 2017, Wiley-VCH.
Abbreviations: AFM, atomic force microscopy; PFT, PeakForce Tapping; SECM, scanning electrochemical microscopy.

p-doped silicon and p*-Si electrodes have been investigated with conductive AFM and PeakForce
AFM-SECM measurements (99).

4.2. Biological Systems

AFM and specific AFM modes have long played a significant role in biorelated research. Because
many processes in life sciences are associated with diffusional processes and redox chemistry,
AFM-SECM could evolve into a key technique in these fields, particularly considering the breath
of research published on biomedical research that uses conventional SECM as well as its associated
issues of signal convolution (i.e., height and morphology) when operating on complex samples
(e.g., cells, tissues, bacteria). Similar to its use in studying energy-related topics, AFM-SECM to
date remains of limited use in life science research. One reason may be the complexity of the sample
and the only very recent commercialization of SECM modules for AFM instruments. Early appli-
cations of AFM-SECM in the life science fields were targeted at mapping enzyme activity while
simultaneously recording the topography of the structured enzyme-containing surfaces (88, 100).

A noteworthy excellent approach of Demaille and coworkers has been introduced in AFM-
SECM, which is called molecule touching (Mt)/AFM-SECM (101), via the Tarm (33). In both
methods, redox-active molecules are tethered to either the sample surface or the AFM-SECM
tip, respectively. This circumvents any diffusional limitations in feedback mode imaging due to
redox mediators that are freely available in bulk solution (101). Although this approach requires
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a labeling procedure, the authors showed remarkable examples of high-resolution topographical
and electrochemical imaging (101-104). In terms of biomedically relevant applications, Mt/AFM-
SECM was used to study end-grafted molecular layers of short ferrocene-labeled DNA chains in
their single-stranded and double-stranded states (105). Using Mt/AFM-SECM, the distribution
of proteins on individual virus particles could be imaged (102). From the topographical scans,
isolated virus particles could be identified, whereas the simultaneously recorded current image
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enabled mapping of the proteins selectively marked by redox antibodies. With this approach, a
current detection sensitivity of ~10 fA and a spatial resolution of ~10 nm could be achieved, which
allowed the detection of single-protein molecules at the extremity of isolated viruses (Figure 6).
The potential of this approach was further demonstrated in a follow-up study in which the same
group used Tarm/AFM-SECM to study the local reactivity of an electrochemically heterogeneous
surface: HOPG and gold bands on silicon oxide (33). The multifunctional probe was shown to
effectively shuttle electrons between the tip and substrate, where surface current maps showed
clearly resolved step boundaries with a vertical resolution of 1 nm obtained in topography. The
application of this technique for studying the kinetics of individual enzyme molecules could prove
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Figure 6

(@) M/AFM-SECM tapping mode imaging of coat protein—marked LMV particles immobilized on a gold substrate. Simultaneously
acquired topography (7) and tip current (77 ) images. The histogram in subpanel /i shows the distribution of the contour length of the
virus particles shown in panel 4. (7v) Dependence of the tip current iy, with the substrate potential Eg,,, with the 7, measured either
above a virus particle (red dot in i, iv) or away from the viruses (yellow dot in ii, 7v). Adapted with permission from Reference 102.
Copyright 2015, American Chemical Society. (b)) Force curve (retract part) obtained at OCP on a fibroblast: Green dashed line shows
membrane tethers, red line denotes the maximum force, black dotted line indicates jumps, and the yellow shaded area reflects the
obtained adhesion energy. Statistical data are shown in histograms for the different potentials (all versus Ag/AgCl) and force
spectroscopic rupture data (membrane tethers). Histograms are fitted with log-normal functions to obtain peak distribution values (14
cells: 20 curves for each cell and potential). Adapted with permission from Reference 89. Copyright 2016, Royal Society of Chemistry.
Abbreviations: LMV, lettuce mosaic virus; Mt, molecular touching mode; OCP, open circuit potential.
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to be much more powerful than TREC. However, further reports of applications are rare, which
may be associated with the complexity of the tip functionalization.

Although they have thus far only been used for cell force spectroscopic measurements,
conductive colloidal AFM-SECM probes may have substantial potential for life cell measure-
ments and biomedically relevant studies. Knittel et al. (89) used such probes for single-cell
force measurements to investigate the adhesion properties of mouse fibroblasts with poly(3,4-
ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) as a function of the
applied potential. Single-cell force spectroscopy is based on attaching a single cell onto a tipless
AFM cantilever for quantification of single receptor binding, focal adhesion clusters, and whole
cell adhesion (106). Due to limited viability of the attached cells, this approach is rather time con-
suming. With the polymer-modified colloidal probe, high-throughput measurements on multiple
cells are possible under potential-induced changed properties of the polymer, thus improving the
statistical sampling of cells without the need to remove the examined cells from their substrate.
Conductive materials such as PEDOT:PSS are good scaffold materials because their properties
such as conductivity, stiffness, and surface morphology can be tuned. Besides adhesion forces,
information on such factors as oxygen consumption may also be obtained via electrochemical
conversion. In the future, such probes may be employed, for example, in single-cell stimulation
experiments, by locally releasing signal molecules, which subsequently may be analyzed in situ as
well (e.g., release kinetics).

4.3. PeakForce Tapping

The potential of nanomechanical and electrochemical mapping was recently evaluated by per-
forming AFM-SECM measurements in PF'T mode. In PFT mode, which is derived from the
pulsed-force mode, the probe is oscillated below its resonance frequency, with amplitudes ranging
from less than 100 nm up to 3 pm at frequencies ranging from 0.25 to 2.0 kHz (107). Kranz and
coworkers (54) showed the first combined PFT AFM-SECM measurements that imaged elec-
trodes patterned onto soft polydimethylsiloxane (PDMS) substrates using AFM-SECM probes
with recessed frame electrodes. As the tip was oscillated with a certain amplitude, the influence
of the oscillating amplitude on the electrochemical contrast was investigated. The authors could
also demonstrate that the individual microfabrication steps for patterning gold onto PDMS have
significant influence on the Young’s modulus. Nanomechanical AFM-SECM measurements were
also applied by the same group to investigate the electrochemical and nanomechanical prop-
erties of gold nanoparticles (spherical and star-shaped) on conductive soft electrode materials
such as carbon-doped PDMS. The physical and chemical properties of soft electrode materials
strongly influence the interaction with factors such as biological components. The researchers
showed that the electrochemical gold seed formation is located at areas with high carbon content,
which could be visualized by changes in Young’s modulus and deformation (108). Simultaneously
recorded SECM feedback data also revealed the location of the nonstabilized gold nanoparticles.
PFT AFM-SECM measurements were also performed at the single-nanoparticle level, thereby
nicely demonstrating the current resolution limitations of this combined technique to image gold
nanostar particles (79).

SECM measurements in combination with PFT mapping have also been shown with
conical AFM-SECM probes (109, 110). A sub-100-nm spatial resolution for electrochemical
imaging is reported on model substrates such as HOPG and a gold nanomesh electrode. With
the electroactive area at the tip apex, measurements are performed in lift mode, when the
topography scans are recorded by PFT. For the electrochemical measurement, the sinusoidal
oscillation of the probe is turned off, and the current is recorded at a defined lift height, as shown
in Figure 7. Nanomechanical adhesion data were only recorded for HOPG. As already
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Figure 7

(a, left) Scheme of simultaneous nanomechanical and electrochemical mapping. (#, right) Measurement of a
gold electrode patterned onto PDMS from top to bottom: three-dimensional topography of the structure
overlaid with the Young’s modulus (calculated with a DMT fit; green line shows increased stiffness of the
PDMS surrounding the gold pattern; inset shows topography of the cracked PDMS). (b) Feedback-mode
SECM image and tip—sample adhesion image. Adapted with permission from Reference 54. Copyright
2016, American Chemical Society. (b) Scheme of the interleaved scan mode and PFT-SECM image of a gold
nanomesh. (Left) Surface topography shows a hole pattern of 0.75 x 1 um. (b) Tip current captured from the
lift scan at a lift height of 75 nm. Cross-sectional analysis of topography ( gray dotted line) and tip current from
lift scan (so/id blue line) at locations indicated by the yellow dashed line in the images. Adapted with permission
from Reference 110. Copyright 2017, IOP publishing. Abbreviations: DMT, Derjaguin-Muller-Toporov;
PDMS, polydimethylsiloxane; PFT, PeakForce Tapping; SECM, scanning electrochemical microscopy.
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mentioned, nanomechanical-electrochemical mapping has substantial potential for measure-
ments involving aging processes, which influence the physical properties such as Young’s modulus
and adhesion, but they may also have an effect on the activity of the surface. This may then be
detected simultaneously or sequentially with the electrochemical measurements, depending on
the probe design. In combination with detailed theoretical modeling, this may further expand
our fundamental understanding of molecular processes in complex heterogeneous samples.

5. CONCLUDING REMARKS

High-resolution imaging based on multifunctional AFM contributes to fundamental understand-
ing of molecular processes, particularly when performed under in situ conditions or when imaging
live cells or heterogeneous interfaces. Although the methods presented in this review still have to
be considered as highly specialized techniques applied only by a small research community, recent
developments and protocols for reliable AFM probe functionalization as well as commercially
available bifunctional probes and add-on modules for existing instrumentation will hopefully re-
sult in their application by a broader group of researchers in the near future. For AFM-SECM,
exciting applications in catalysis and biomedically relevant fields will also hopefully be developed.
It should be noted that both AFM-SECM probe designs have their specific advantages and draw-
backs in respect to achievable resolution but also in terms of probe modification of imaging sensors
and imaging modes (e.g., simultaneous recording or sequential data recording). In our opinion,
it is desirable to have a diversity of designs fulfilling the needs and requirements for the specific
scientific challenge.
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