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Vast potential exists for the development of novel, engineered platforms
that manipulate biology for the production of programmed advanced
materials. Such systems would possess the autonomous, adaptive, and
self-healing characteristics of living organisms, but would be engineered
with the goal of assembling bulk materials with designer physicochemical
or mechanical properties, across multiple length scales. Early efforts
toward such engineered living materials (ELMs) are reviewed here, with

an emphasis on engineered bacterial systems, living composite materials
which integrate inorganic components, successful examples of large-scale
implementation, and production methods. In addition, a conceptual explo-
ration of the fundamental criteria of ELM technology and its future chal-
lenges is presented. Cradled within the rich intersection of synthetic biology
and self-assembling materials, the development of ELM technologies allows
the power of biology to be leveraged to grow complex structures and

functionally more complex materials, and
maintain these materials over time. Given
the amazing complexity of materials that
biology is capable of producing, it is no
surprise that bioinspired approaches for
the design and engineering of materials
is a fertile area of exploration. A core
strategy that living systems employ is
the use of biomolecular self-assembly to
create large structures from molecular
building blocks that have evolved to asso-
ciate in a precise manner. Nowhere is this
more apparent than the amazing accuracy
of the self-assembling material employed
by living systems for long-term informa-
tion storage—DNA. Thus, robust bottom-
up fabrication methods are a fundamental

objects using a palette of bio-nanomaterials.

1. Introduction

Next generation advanced materials must include “smart”
functional properties that surpass existing capabilities, such
as adaptation to environmental cues, the ability to dynami-
cally switch between different material states, and self-healing.
Materials with many of these properties have already been
developed by living systems over the last =4.5 billion years,
as they have created biological structures for the modifi-
cation of their environment and survival. From a mate-
rials standpoint, cells can be considered as nanomaterial
factories that constantly sense their environment, draw from
a plethora of energy sources and simplistic molecular building
blocks, refashion these molecules into new structurally and
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aspect of biological materials. Much effort

in the past few decades has been devoted

to unravelling the mechanisms and regu-

lation of biological self-assembly systems.
As we have gleaned these core principles, they have been suc-
cessfully applied in engineering efforts, creating artificial self-
assembling materials composed of peptides, proteins, DNA,
and carbohydrates. However, many of these engineered mate-
rials utilize biomolecular building blocks under highly con-
trolled conditions—they are often purified and assembled in
vitro. Unfortunately, many of the unique properties of living
systems are lost under such conditions. A parallel engineering
effort that has occurred in the past decade is “synthetic
biology,” which focuses on applying knowledge of genetic reg-
ulation and biological systems toward the systematic develop-
ment of forward-engineered artificial biological circuits.

A rich area has blossomed at the interface of self-assembling
biomaterials and synthetic biology. Broadly, this area can be
classified as biohybrid materials and encompasses any com-
posite material that has a biologically derived component
and a synthetic component. The biological component may
be purified biomolecules, such as proteins or DNA, or living
cells. The synthetic component could be organic or inorganic
polymers, minerals, ceramics, or even metals. Examples of
such biohydrid materials/devices include cells that are spa-
tially embedded or encapsulated in polymeric structures, such
as stimuli-responsive materials composed of cells covalently
linked with polymers,l!l' microfluidic devices recapitulating
complex organ-level systems, > propulsion of microparticles
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using attached bacteria,’!

neered cells,® encapsulated cells in fibers!®'! or sol-gels,
and optically positioned cells on 3D microscaffold structures.!'
However, in these examples of biohybrid materials, the biolog-
ical component, whether it is biopolymeric or includes living
cells, is just one element of the engineered structure and does
not actively create or modulate the bulk structure of the mate-
rial. This can be contrasted with actual biological systems, in
which cells not only produce the material through a combina-
tion of organized self-replication and biopolymer synthesis but
also modify its properties through context-dependent active
processes over its lifetime.

Here, we provide a comprehensive review of an emerging
area within biohybrid materials, engineered living materials
(ELMs). We define ELMs as engineered materials composed of
living cells that form or assemble the material itself, or modu-
late the functional performance of the material in some manner
(Figure 1). A key difference between ELMs and other biohybrid
devices is that in ELMs, the living cells act as materials facto-
ries, drawing upon energy feedstocks from their environment
to create biopolymeric building blocks and direct the formation
of, or maintain, the desired material. The engineered aspect of
an ELM may take on a variety of forms, such as genetic engi-
neering of the material components or simply spatial/mechanical
engineering to restrict or position the cells. The ELM may be
composed predominantly of the cellular biomass or could
secrete materials that form a large part of the structure (such as
in biofilms). Furthermore, ELMs may be designed to integrate
other inorganic polymers, particles, or scaffolds into the mate-
rial in some way as part of the material assembly process. Unlike
most other self-assembled biomaterials that utilize purified com-
ponents, ELM should be able to robustly direct the formation of
the material in complex conditions containing a multitude of
components, such as nutrient feedstocks or metabolic wastes.
Because they are living, ELMs may also allow for significant pro-
grammed stimuli-responsive changes over the viable lifetime of
the cellular components. If desired, an ELM can, at a particular
juncture, be processed to remove or kill the living cells, retaining
the assembled materials without concern for continued mainte-
nance or potential biohazard threats of the cells.

The bioinspiration for ELMs can be found throughout
nature, in how living systems manipulate and reshape the
environment around them for their own gain (Figure 2).
Consider a seed that has been honed by eons of genetic evo-
lution, to contain all the necessary information within it to
build nanomachines that harvest the promethean energy from
the Sun. This harnessed energy is used to power the process
of stitching together gas molecules from the atmosphere into
larger molecules that form more cells and an extraordinary
large-scale assembly of extracellular materials, cellulose and
lignin. Throughout this structure building progression, which
may occur over the course of decades, the embedded living
cells continually orchestrate the organization of new nanoscale
building blocks that ultimately enable the adoption of macro-
scale morphologies and functions to optimally respond to the
changing environment. Trees, and the wood they produce, are
an amazing example of the complex materials that biology is
capable of generating. Such ability to encode for a rich palate
of functional materials, drawing from diverse sources of energy

wearables harboring genetically engi-
[12,13]
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and matter in the environment, directing the precise assembly
of complex structures throughout multiple length scales, and
adapting to the environment in a spatial and temporal manner
are the key endeavors of ELM research.

Here, we attempt to survey engineering efforts which can be
considered ELM systems, based on the criteria described above.
Although there are many overlapping biohybrid engineering
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Figure 1. Properties of engineered living materials. ELMs leverage the adaptive responses, self-replicating potential, and robustness of biological
systems for the programmed assembly and modulation of novel materials. The material can be engineered by genetic, spatial patterning, or chemical
means, and can be designed for a wide variety of functions. These ELMs could be employed as micro to large-scale structural materials, as a kind of
biohybrid device that integrates synthetic materials with living systems, or for specialty applications such as biocatalysis or toxin sequestration.

efforts that possess some aspects of ELMs, we felt it would
be prudent to restrict our exploration to technologies that at
least conform to the most fundamental aspect: the living cells
must fabricate or direct the assembly of the bulk material. It is
arguably true that many tissue engineering efforts meet the
criteria outlined above. However, as tissue engineering is a broad
and well established field with many existing reviews and entire
journals devoted to its coverage, we will focus here on ELM efforts
targeted toward applications not related to regenerative medicine.
As Dbacteria are the most genetically tractable organisms and
are the workhorses of choice for synthetic biology, much ELM
research has been undertaken in bacterial systems that generate
extracellular matrix (ECM) materials. In Section 2, we describe
ongoing efforts at designing ELMs based on the engineering of
natural ECM biopolymer components. Next, we explore com-
posite ELMs, in which the cells are engineered to manipulate
and incorporate external elements or molecules into the forma-
tion of a bulk material. In Section 4, we take a look at successful
large-scale efforts of ELM engineering, with some commercially
successful examples and an overview is provided of biomanufac-
turing methods and technologies which can be adapted for ELM
production, processing, or assisted assembly.

2. Engineering Cells and Biofilms as Living Materials
2.1. Engineered Components of Biofilm Matrix of ELM
The pillars of the ELM concept are the ideas of engineered living

cells playing an active role in the tasks of material synthesis, self-
organization into higher order structures, and maintenance of
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those structures in response to environmental stimuli. A natural
starting point for these efforts is with bacteria, since they prolif-
erate rapidly and many of them are genetically tractable. Bacteria
also secrete and assemble extracellular matrix components, in
the form of polysaccharides, proteins, and DNA, during biofilm
formation.I"”! Exopolysaccharides are produced by most species
of bacteria as an ECM component. They are structurally diverse
and often poorly characterized, encompassing polymers that are
linear and branched, and composed of a wide range of carbo-
hydrate monomers.!'l Functionally, polysaccharides serve as a
“molecular glue” that allows bacteria to nonspecifically adhere to
surfaces and to each other, and can also play a role in protecting
cells from harsh environments.'’] As an engineering platform,
exopolysaccharides are convenient in that they are often the
most abundant ECM component in biofilms. However, struc-
tural modifications to polysaccharides using genetic engineering
are inherently difficult compared to proteins and nucleic acids
because of the lack of standardization in biosynthetic pathways
across species. Extracellular proteins are also a common bacte-
rial biofilm matrix component in the form of functional amy-
loids, pili, and flagella. Functional amyloids, in particular, have
generated much recent interest as scaffolds for materials engi-
neering. Unlike polysaccharides, protein structure, and to some
extent function, can be manipulated with relative ease as the pro-
teins are directly encoded genetically, making them attractive for
imbuing ELMs with specific functional characteristics, such as
catalysis or specific binding capabilities. Nucleic acids have also
been the subject of remarkable advances in terms of structural
programming, which could possibly be applied in ELM systems.
However, most of this assembly has occurred on the sub-cellular
scale and so far, nobody has exploited natural mechanisms of
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Figure 2. ELMs as bioinspired materials engineering. A single seed contains all the essential information needed to create a tree, and it does so by
genetically encoding the metabolic functions required for acquiring energy (photosynthesis) and mechanisms for utilizing local resources (carbon
dioxide and water). It also contains the information necessary for successful multiscale hierarchical morphogenesis based on principles of cellular
self-organization and molecular self-assembly. These living structures are capable of dynamically responding to the environment and can maintain
and renew themselves over time. Synthetic ELMs attempt to replicate these characteristics, by using synthetic biology to engineer cells to fabricate,
assemble, and maintain autonomously produced materials composed of one or more biomaterials from a library of potential biomaterials. The cells
could be metabolically engineered to utilize local energy sources and materials. By also incorporating programmed synthetic morphogenesis, large-
scale structures can be designed with complex organization over multiple length scales.

nucleic acid export to induce supercellular organization, so this
section focuses primarily on examples of protein and polysaccha-
ride engineering with relevance to ELMs. To the extent that these
biomolecular components, in addition to the cells themselves,
are the building blocks for ELMs, controlling their production
and programmed organization is integral to the advancement of
ELMs. In this section, we primarily review work that has focused
on engineering biofilm polysaccharides and proteins into syn-
thetic materials that are genetically programmable.

2.2. Engineering Bacterial Polysaccharides for ELMs

Bacterial cell surface polysaccharides, such as lipopolysaccha-
rides and capsular polysaccharides, are characterized by enor-
mous structural complexity. The structural modification of these
polysaccharides brings an opportunity to create a large variety
of functional living materials. One example of this is a strategy
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developed by Yi et al., where fucose, a common bacterial poly-
saccharide, is modified by using the cell's in vivo biosynthetic
systems (Figure 3). This was accomplished by incorporating
the guanosine diphosphate (GDP)-fucose salvage pathway from
Bacterioides fragilis into E. coli, replacing the native E. coli GDP-
fucose de novo pathway and enabling the integration of various
non-native fucose analogs.'® Thus, various chemical functional
groups such as azide, alkyne, ketone, or amino groups have
been metabolically engineered into the polysaccharides. Overall,
metabolic glycoengineering has been applied much more exten-
sively in the field of chemical biology, where it is used as a
labeling strategy for the incorporation of azido-sugars into cell-
surface glycans.'”l The prospect of using metabolic engineering
to create polysaccharide polymers with nonstandard chemical
compositions is alluring for ELM development. However, issues
related to poor incorporation efficiencies of modified sugars
may need to be addressed before this strategy becomes more
practical for scalable materials fabrication.
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Figure 3. Engineering bacterial polysaccharides. a) Strategy for in vivo generation of modified polysaccharides by metabolic pathway engineering.
b) Generation of polysaccharides containing fucose analogs and their modifications located at the C-6 position of fucose. Reproduced with permis-

sion.l"®l Copyright 2009, United States National Academy of Sciences.

Among the diverse exopolysaccharides produced by bacteria,
cellulose has garnered the most attention in recent years. Bac-
terial cellulose has several unique properties—it is 15 times
stiffer than plant-based cellulose, biocompatible, and free of
hemicellulose and lignin.?% Due to its properties, bacterial
cellulose has a wide variety of existing commercial uses such
as high-quality acoustic speakers, medical wound-dressings,
and health foods.?!?2l The identification of Gluconacetobacter
xylinum (formerly Acetobacter, among other names) as a bac-
terium whose metabolic byproducts lead to the formation of a
thick pellicle at the air-water interface after days-to-weeks of sta-
tionary culture was described in the scientific literature as early
as 1886.1%1 Since then, it has been a topic of much research and
even started to be marketed commercially in edible form as
“nata de coco” (when the fermentation occurs in coconut
water) in the 1960s. More recently, bacterial cellulose has been
a point of convergence for materials science and synthetic
biology communities, likely for two main reasons: (1) natu-
rally occurring cellulose producing strains like G. xylinum and
others are readily available and extremely easy to culture in the
laboratory, and (2) in contrast to pellicles made by other bac-
teria, those made by G. xylinum are mechanically robust, self-
standing mats that can be readily subjected to various physical
manipulations, including drying to form a “bacterial leather.”
This interest in bacterial cellulose as a material has fueled new
efforts to develop genetic tools to control its mechanical and
functional properties, along with top-down fabrication tech-
niques to fashion it into useful morphologies. Indeed, it has
become a popular topic of research among a diverse commu-
nity that spans academics, industry, students participating in
the international genetically engineered machine (iGEM) com-
petition, and even fashion designers.[?4%]

Cellulose, like xanthan, dextran, alginate, and other exopoly-
saccharides, is made through a specific biosynthetic pathway
that can be targeted using established metabolic engineering
techniques to either enhance biopolymer production or alter its
chemical composition (Figure 4a). One straightforward example
of this was described recently by Mangayil et al., who increased
the production of cellulose fourfold in Komagataeibacter xylinus
by recombinantly overexpressing genes from the endogenous
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bacterial cellulose synthase (bcs) operon (Figure 4b). Overex-
pression of all four genes in the bcs operon, which collectively
enable polymer biosynthesis, regulation, chain crystallization,
and export, led to more efficient glucose usage and thicker
cellulose films compared to the wild-type strain.?l However,
the mechanical and piezoelectric properties of films made
by the engineered K. xylinus did not show much appreciable
enhancement compared to those created by the wild-type strain,
highlighting the need for enhanced hierarchical assembly strat-
egies to complement conventional metabolic engineering if the
true potential of ELMs is to be realized. In another example,
Florea et al. report a new cellulose producing strain, Komaga-
taeibacter rhaeticus iGEM, containing a genetically encoded
cellulose production circuit. The strain was engineered to be
compatible with a “toolkit” for further manipulation, including
an annotated chromosome, a small plasmid library, and a set of
reporter genes that are all packaged in a way that should make
engineering of this strain accessible to a wider audience. They
also introduce an inducible system to control cellulose produc-
tion based on the acyl-homoserine lactone (AHL)-based quorum
sensing circuit, and demonstrate its utility in spatially and tem-
porally patterning the living cellulose pellicle during the growth
phase of the bacteria (Figure 4c). In addition to controlling bac-
terial cellulose production, this research group was also able
to functionalize the cellulose mat by with a range of cellulose-
binding domain fusion proteins.?’! In addition to these rational
engineering approaches to increasing cellulose production,
there may be opportunities to employ directed evolution to this
challenge. A major hurdle in this effort is the ability to synthe-
size and characterize materials created from clonal cell popula-
tions in high throughput. However, recent advances in droplet
microfluidic encapsulation and processing could open the door
to screening of large libraries of genetic variants. Indeed,
G. xylinus has been encapsulated in a microfluidic droplet system
and has been demonstrated to produce cellulose microspheres
over the course of several days after encapsulation.?’]

Although cellulose is the best studied exopolysaccharide for
materials applications, it should be noted that there are others
that exhibit complementary properties and are worth further
exploration. In one example, Fang et al. were interested in curdlan
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Figure 4. Engineered polysaccharide-based ECMs for functional biofilms. a) Bacterial polymer biosynthesis pathways from intermediates of cen-
tral metabolism (polysaccharides shown in green). Reproduced with permission.”3l Copyright 2010, Nature Publishing Group. b—d) Cellulose.
b) Engineering the thickness and piezoelectricity of bacterial cellulose. Reproduced with permission.[?l Copyright 2017, American Chemical Society.
c) Engineering of spatial and temporal patterned and functionalized cellulose materials on a macroscale. Reproduced with permission.[?’! Copyright
2016, United States National Academy of Sciences. d) In vivo curdlan and cellulose bionanocomposite synthesis to modulate cellulose properties.
Reproduced with permission.?8l Copyright 2015, American Chemical Society.

(B-1,3-glucan), a biofilm matrix component derived from a com-  (uridine diphosphate (UDP)-glucose), curdlan is more readily
mercially available Agrobacterium sp.28 Although both cellulose ~ degradable in humans than cellulose due to the 5-1,3 linkage
and curdlan are biosynthesized using a common precursor  between glucose units, making it potentially valuable as a tissue

Adv. Mater. 2018, 30, 1704847 1704847 (6 of 34) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB017 SUOWILLOD 3A1I.1D) 3|qeo ! [dde au A peuieno aJe Ss(oile YO ‘@SN J0 s8N o} Akeiq18ul|uQ A8|1M UO (SUOPUO-PUB-SWLBH W00 A8 1M ARe.ql 1 Bu JUO//:SdnL) SUORIPUOD pue swe 1 8y} 885 *[6202/60/90] Lo Areiqiauljuo 8|1 ‘enbauiolqig AriqiT 1d3 Aq 2¥8¥0/T0Z eWPe/Z00T OT/I0P/W0D A8 | im Aleld 1jpuluo"psouRApe//SANY Wouy pepeojumod ‘6T ‘8TOZ ‘S60VTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

engineering scaffold. In order to create a material that combined
the mechanical robustness of cellulose with the degradability of
curdlan, the researchers introduced a single curdlan synthase
gene into the cellulose producing strain Gluconobactesr xylinum.
Even though curdlan normally has its own dedicated secretion
machinery that was absent in the engineered G. xylinum, both
curdlan and cellulose were successfully exported to create
a composite pellicle with intertwined fibers from both polysac-
charides (Figure 4d). The pellicle’s surface morphology and
hydrophilicity also exhibited properties in between pure
curdlan or pure cellulose materials. Thus, the ability to engineer
cell types to biosynthesize and assemble multiple biopolymers
simultaneously could represent an interesting entry point into
ELMs with composite structures.

The above examples highlight the potential for ELM fabri-
cation using engineered polysaccharides as their structural
matrix. Engineered biosynthetic pathways offer new opportuni-
ties to control their chemical composition and material prop-
erties. On its own, this level of control is valuable from the
perspective of biological manufacturing or new polymers. How-
ever, it has particular relevance for the development of ELMs,
which strive to coordinate control over metabolic processes
at the level of individual cells with dynamic self-organization
across multiple length scales.

2.3. Engineered Protein Structures as Biofilm Matrix Scaffolds

Although proteins are not usually the most abundant com-
ponent of the biofilm ECM mass, they are attractive building
blocks for controlling the assembly of materials with order
beyond the size scale of a single cell. This is because protein
engineering offers control over polymer sequence, which ena-
bles programming of sophisticated functions, like specific
molecular recognition, ordered self-assembly, and catalysis.
Such functions would be difficult to achieve with polysaccha-
rides. Indeed, naturally occurring biological systems employ
proteinaceous building blocks like collagens, keratins, and silks
exactly for these reasons.

An early success in reimagining the microbial cell sur-
face as a programmable scaffold for mediating interactions
between cells and with other elements of the extracellular envi-
ronment involved S-layer proteins.?l S-layers are an ancient
cellular encapsulation strategy found in almost all archaea
and in many species of Gram-positive and Gram-negative bac-
teria that relies on the assembly of proteins into two dimen-
sions (Figure 5a,b).3% The lattice-like protein monolayers can
adopt crystalline patterns with various symmetries, and play a
role in membrane-like barrier function, bacterial adhesion,
and enzyme scaffolding.’1=%l By genetically fusing heterolo-
gous domains to S-layers, they can become a useful scaffold
for creating novel synthetic nanobiomaterials. Indeed, there
exists a rich toolset for displaying various domains by fusing
them to S-layer proteins derived from Lactobacillus spp. and
others, and these have been used for applications that include
vaccines, heavy metal bioremediation, sensor diagnostics, and
cell-free nanobiomaterials. While the methodology of S-layer
engineering and its applications have been reviewed in detail
elsewhere,? here we will highlight a different variant of
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bacterial cell-surface display that focuses on controlling higher
order interactions that might be of particular interest to the
development of ELMs. Morais et al. engineered a consortium
of Lactobacillus plantarum to cooperatively assemble an extra-
cellular artificial cellulose-degrading enzyme complex, or cel-
lulosome (Figure 5c).®) The consortium consisted of three
strains—two had been modified to secrete soluble forms of a
recombinant cellulose and xylanase, respectively, each fused
to a distinct dockerin domain. A third strain utilized a cell
wall anchoring scheme to display an assembly scaffold that
exploited dockerin—cohesin interactions to bind both enzymes
in close proximity to one another. Together, the consortium
was able to degrade cellulosic biomass in the form of pre-
treated wheat straw with at least as much efficiency as the
corresponding soluble enzymes, but with enhanced stability.
This strategy of dividing tasks up among different engineered
strains may be a promising approach to ELMs that avoids
overtaxing the metabolism of any individual cell type.

Another type of biofilm matrix protein that has rapidly
attracted interest as a scaffold for materials engineering is func-
tional amyloids. These are secreted by a wide range of bacteria
during biofilm formation and assemble extracellularly into
nanofibrous meshes that can play structural, adhesive, and
biological roles within biofilms. The most well-studied func-
tional amyloid is the curli system, which are produced by E. coli
and have also been characterized in Salmonella, Citrobacter, and
Enterobacter spp.3®l Curli nanofibers from E. coli are formed
from the extracellular self-assembly of CsgA, a 13 kDa pro-
tein that is secreted as an unstructured monomer, and then
polymerizes extracellularly. Several groups have exploited curli
fibers as a highly engineerable scaffold for functional mate-
rials fabrication. This is usually accomplished by fusing het-
erologous protein domains with specific functions to CsgA
through genetic engineering. Allen et al. demonstrated that this
overall strategy can be used to achieve in situ, extracellular fiber
assembly during cell growth.’”] Furthermore, by controlling
the production of two different CsgA variants using separate
inducible systems, they were able to create engineered biofilms
composed of curli fibers with gradient or block copolymer-like
nanostructural features. In another example, by controlling the
relative concentration of CsgA and another protein in the curli
system, CsgB, along with other aspects of protein structure, like
fused linkers, the nanomechanical properties of the curli fibers
could be tuned.!38!

Several other studies have shown that genetic control can
be coupled with microbially directed creation of functional
materials. In one example, Joshi and co-workers developed
biofilm-integrated nanofiber display (BIND), which initially demon-
strated that a wide range of peptide domains could be displayed
on curli fibers, and the resulting biofilm materials would be
imbued with the functional properties of those domains, for
example specific substrate adhesion or inorganic nanoparticle
templating (Figure 5d).13% While some functional properties can
be accessed by short peptide domains, other desirable function-
alities, like catalysis, required an alternate strategy, since many
large domains cannot be secreted successfully after fusion
to CsgA. Thus, the authors in a follow-up study employed
a popular and highly efficient engineered two-component
“SpyTag/SpyCatcher” covalent bioconjugation technology to
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Figure 5. Engineered protein-based ECMs for functional biofilms. a,b) S-layer proteins. a) Schematic of S-layer proteins in gram positive and negative
bacteria. Reproduced with permission.% Copyright 2016, Springer Nature. b) Scheme of S-layer protein on bacterial cell surface and scanning electron
microscopy (SEM) image of cell surface of Thermoanaerobacter thermohydrosulfuricus L111 showing a hexagonal (p6) surface lattice. Reproduced with
permission.% Copyright 2016, Springer Nature. c) The construction of the three paradigmatic systems involved the division of the production and
organization of the enzymes and scaffold proteins into different strains of L. plantarum. Reproduced with permission.3 Copyright 2014, Springer
Nature. d) Scheme of genetic programming and modularity of the BIND system. Reproduced with permission.’®l Copyright 2014, Nature Publishing
Group. e) Catalytic-BIND: biofilm functionalization with enzymes through the covalent modification of curli fibers. Reproduced with permission.[“%
Copyright 2015, John Wiley & Sons, Inc. f) SEM/energy-dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM) images of
environmentally switchable conductive biofilms. Reproduced with permission.[*2l Copyright 2017, American Chemical Society. g) Conceptual depiction
of self-regulating mercury binding circuit. Reproduced with permission.*3l Copyright 2017, American Chemical Society.
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immobilize enzymes on the biofilm after they had been fabri-
cated (Figure 5e).4") In a subsequent report, this approach was
extended to include a panel of several covalent and noncovalent
conjugation strategies that were mutually orthogonal, enabling
multienzyme immobilization directly from mixed cell extracts.
Thus, the biologically fabricated curli fiber matrix was trans-
formed into a versatile scaffold for multistep in vitro bioca-
talysis. Furthermore, because the conjugation domains exhibit
different stabilities under different conditions, one enzyme can
be removed from a multienzyme system without affecting the
others.[*l Other recently published papers have focused on the
ability to create engineered curli-based biofilms that are elec-
trically conductive. This was first accomplished by displaying
conductive gold nanoparticle binding domains on CsgA in
order to create a bio-inorganic hybrid material (Figure 5f).*2
Another example involved fusing an aromatic residue-rich
domain derived from the PilA protein of the electroactive
marine bacterium, Geobacter sulfurreducens to achieve conductive
fibers that were completely genetically encoded.**!

In addition to genetic control over nanoscale properties,
some progress has also been made toward creating self-
standing, macroscopic, living materials using curli fiber
engineering. Using an adaptation of a common protocol for
amyloid fiber purification, a method has been developed to fab-
ricate macroscopic curli-based materials by simply filtering bac-
terial cultures. This approach works surprisingly well due to two
factors: (1) the extreme robustness of the curli fibers, which are
resistant to, among other things, proteoloysis, highly alkaline
conditions, and heat and organic solvent induced denaturation,
and (2) the ability to form aggregate curli fiber mats in cell cul-
ture in the absence of CsgB. The resulting filtered biofilms can
be used as functionalized filter membranes for selective ana-
lyte removal, or can be crosslinked to create sheets of “amyloid
paper” that can be removed from the underlying filter paper
surface. Because of the robustness of the curli fibers, the filtered
biofilms can be used with viable E. coli embedded in them, or
decellularized to reveal a material from which cells, DNA, and
nonspecifically bound proteins have been removed.*¥ Finally,
although these examples of engineered curli fiber-based mate-
rials provide a strong foundation for ELM development, the
living nature of the biofilms has yet to exploited fully beyond the
material production phase. In order to realize the true potential
of ELMs, as in the tree analogy given in the introduction to this
review, the cells embedded in the biofilm material should play a
role in continuously remodeling the curli matrix appropriately
in response to cues sensed from the environment. As a first
step toward this level of dynamism, Joshi and co-workers have
recently reported a genetic circuit for curli fiber-based seques-
tration of mercury ions. A common challenge in bioremedia-
tion efforts is balancing the processes of biomass accumulation
and metal adsorption in an environment that may be toxic.
They report a gene circuit that regulates the production of a
mercury sequestration matrix (i.e., curli fibers) with a mercury-
responsive promoter (Figure 5g).*°] Thus, the matrix is pro-
duced when mercury is present above a critical concentration.
Once the mercury has been sequestered and the concentration
of free Hg?" drops below the critical value, matrix production
is switched “off,” allowing the cell to focus on propagation.
A living material with this type of dynamic responsiveness
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would be ideal for systems that are expected to act autonomously
after deployment in the field, since no outside intervention is
needed for proper function.

Superficially, curli fiber engineering is about secreting a
self-assembling protein from a genetically tractable cellular
chassis. This raises a question as to whether this approach
could be easily adapted to be compatible with any combination
of chassis and self-assembling protein system. Here it should
be noted that one of the reasons that curli fibers have proven
to be a convenient starting point for ELM design is because the
curli system contains several auxiliary gene products that aid
in curli biogenesis. For example, CsgC is a chaperone that inhibits
CsgA assembly intracellularly, CsgG is a dedicated outer mem-
brane transporter, and CsgB nucleates CsgA assembly to form
cell-anchored fibers. Thus, researchers attempting to design
ELMs based on self-assembling proteins may have to address
these challenges before new systems can be successfully
designed de novo.

Nevertheless, some progress has been made in reimagining
extracellular assembly modes for secreted proteins. In one
example, researchers employed the genetically encoded SpyTag—
SpyCatcher conjugation scheme to create modular extracellular
polymers.*l First, genes were constructed encoding for pro-
teins with form SpyPart—protein—SpyPart, in which arbitrary
protein sequences were flanked by different combinations
of SpyTag and SpyCatcher. The genes were recombinantly
expressed in B. subtilis, an industrially relevant strain known
for its prowess in protein secretion. Once the proteins were
secreted, they could form longer polymeric structures through
spontaneous covalent bond formation. Thus, multiple cell types
could cooperate to form completely novel and modular extracel-
lular polymeric structures.

2.4. Genetic Control over Biofilm Formation and Patterning

In order to realize the full potential of ELMs with microbes
as the cellular component, extracellular matrix synthesis and
assembly must be combined with engineering approaches to
control material organization over length scales much larger
than individual cells. Here again, the primary inspiration for
developing engineering solutions are arrived at by repurposing
control mechanisms from existing biological systems. Microbes
already exhibit superstructural organization in multicellular
communities in the form of biofilms. Biofilm formation
is a complex and well-studied process that is influenced by
numerous factors, including not only matrix production, but
also genetic regulation, quorum sensing, cell differentiation,
and metabolic changes. These control mechanisms will need to
be understood and harnessed in order for ELMs to achieve the
hierarchical complexity, responsiveness, and long-term viability
of biological systems. Significant work has already been com-
pleted to apply synthetic biology tools such as genetic circuits
and engineered environmental sensors to influence processes
like biofilm formation, structure, and dispersal.*’]

In one of the first examples of rewiring cellular signaling
pathways to induce biofilm dispersal, Lee et al. employed a
range of directed evolution approaches to arrive at function-
altering mutants of the SdiA protein, which normally controls
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Figure 6. Engineering bacteria to control biofilm pattern formation. a) Effect of indole (500 x 107 m) on the biofilm formation and motility of wild-
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sion.’Z Copyright 2017, Nature Publishing Group. d) Schematic representation of the engineered plasmid conferring constitutive metal uptake and
inducible adhesion (top). Thickness of biofilm formed by the S61 strain in the presence or absence of cobalt and nickel (bottom). Reproduced with

permission.”3l Copyright 2014, Springer Nature.

quorum sensing in E. coli.*8! Different mutants either pro-
moted or inhibited biofilm formation, primarily by modulating
metabolism of indole, the main quorum sensing signal in E.
coli (Figure 6a). This demonstrated that genetic rewiring was
a viable strategy to control biofilm formation in response to
external signals. The same group went on to demonstrate a
more sophisticated biofilm dispersal mechanism involving a
consortium of two engineered strains of E. coli—one playing the
role of a “primary colonizer” and another playing the role of a
“disperser cell.” In previous work, the same group had devel-
oped two engineered proteins derived from global regulators of
biofilm formation processes (Hhal3D6 and BcdAES50Q) that
were capable of inducing biofilm dispersal.*>% The disperser
cells were engineered to constitutively produce a Pseudomonas

Adv. Mater. 2018, 30, 1704847 1704847

derived quorum sensing molecule, and also BcdAE50Q under
the control of an isopropyl B-D-1-thiogalactopyranoside (IPTG)-
inducible promoter. The primary colonizers were engineered
to sense the quorum-sensing molecule and produce Hhal3G6
when its concentration reached a critical threshold. Thus, they
showed that biofilms could be formed by the primary colo-
nizers inside the microfluidic device, and when the disperser
cells were introduced, they would reach quorum, inducing
Hha13D6 production and biofilm dispersal in the primary colo-
nizers. Finally, treatment with IPTG would induce BcdAE50Q
production in the disperser cells and removal of both cell types
from the chamber (Figure 6b). In subsequent work from the
same group, a similar strategy was applied to the fabrication
of living membranes that had been colonized with “beneficial
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biofilms” capable of preventing colonization of undesirable
bacteria.P!]

In addition to controlling the cooperative processes of micro-
bial cells by directly influencing gene circuitry involved in biofilm
regulation, other groups have focused more on self-organization
of engineered microbial consortia. Tecon and Or used two strains
of the soil bacterium Pseudomonas putida that exhibit mutualistic
behavior based on their cooperative metabolism of toluene as a
carbon source.’? They found that by varying factors like initial
bacterial concentration and carbon source to influence the nature
of the relationship between these two strains (i.e., mutualism vs
competition), they could induce the consortium to form colonies
with different patterns on agar plates (Figure 6c). The fact that
these strains autonomously adopted these distinct morphologies
based on their metabolic dependencies shows promise in terms
of future development of pattern forming ELMs with engineered
microbial consortia.

Bioremediation is a popular target application for microbial
engineering, and ELMs. Indeed, above, we highlighted a recent
example of a mercury-sequestering engineered biofilm.*! In
another example, Duprey et al. engineered a strain of E. coli to
produce a “bacterial biofilter” in response to elevated metal ion
concentrations.’’] A heterologous metallic transporter, NiCoT
from Novosphingobium aromaticivorans was expressed recom-
binantly in E. coli in order to enhance cellular uptake of nickel
and cobalt ions (Figure 6d). This was coupled with a “synthetic
adherence operon” which triggered various biofilm formation
processes in response to the metals. The resulting strains could
sense metals in their environment and produce biofilms that
sequestered metals based on cellular uptake.

Ultimately, the field of biofilm engineering is quite large, and
in addition to the examples highlighted above, encompasses
various approaches and applications, ranging from bioreme-
diation schemes to continuous flow biocatalysis systems.[*>°]
However, we attempted to focus on examples that are of par-
ticular relevance to advancing the concept of ELMs where
their aim is to use engineering tools to control spatiotemporal
aspects of supercellular and material organization.

3. Composite ELM Materials

To engineer materials with additional functionalities, micro-
organisms can be grown, assembled, mixed, or layered in a
synergistic way with other materials to create composites. This
concept has ample natural precedent in the ability of microor-
ganisms to participate in the biomineralization of inorganic
nanomaterials. One example of this would be coral reefs, which
are essentially calcium carbonate deposits that are constructed
by marine organisms as a shelter.?® The building blocks for
the assembly of these structures are Ca?* and CO3?™ ions that
are found abundantly in the organism’s environment, but are
not produced by the organism itself. Rather, it produces a car-
bonic anhydrase enzyme that catalyzes the precipitation of cal-
cium carbonate.’”] Although the individual cnidarian organism
themselves are millimeter sized, the reefs created by their col-
lective effort can stretch thousands of kilometers, and com-
prise a dynamic structural support for other marine life that is
constantly being degraded and renewed. In a similar manner,
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other naturally occurring and engineered microorganisms have
been investigated for their ability to catalyze the synthesis of
organic materials like polymers, or otherwise orchestrate the
assembly of nonbiological building blocks that can be found in
their environment, but that they did not produce themselves.
In other examples, prefabricated structures composed of synthetic
polymers or inorganic materials serve as a scaffold to direct
cell growth and behavior. Here engineers can capitalize on the
abundance of established microfabrication and nanofabrication
techniques that can be leveraged to modulate cellular behavior
at a range of length scales. However, in order to meet the
criteria for ELMs, the cells must behave reciprocally to influ-
ence material function or morphology. Indeed, although this
emerging field remains somewhat underexplored, there are
several notable examples of cell-polymer composites in which
the living cells directly orient and align polymers on which
they are growing, and even actuate them to produce directional
motion. Thus, the living composite materials described in this
section exemplify the cooperative programmed action of living
cells with externally provided building blocks, pushing the
boundaries of performance in biohybrid systems. Furthermore,
they can be used for a variety of applications, including sensing,
remediation, bioenergy production, microorganism encapsula-
tion, release of functional molecules, and soft robotics.

3.1. Polymer Composites: Assembly of Functional
Microorganism—Polymer Composites

Many approaches to biohybrid device design rely on traditional
materials processing strategies that have been adapted to incor-
porate living microorganisms and integrate them with synthetic
elements. Polymers are some of the most common materials
used to create matrices and form materials with living micro-
organisms. For instance, microorganisms have been incorpo-
rated within hydrogels during the polymerization phase,”® or
allowed to diffuse into the pores of a pre-existing matrix.l*>¢%
They have also been adsorbed onto surfaces or onto porous
supports,®!! layered with other materials,[®>% spun, or used
as coatings.'l These broad research efforts are now opening
new avenues in the field of “smart” and responsive materials
design, which can incorporate living elements as essential func-
tional components. In the following section, we explore specific
examples of these polymer—cellular composites that could be
classified as ELMs as we have defined it here. We also highlight
potential applications, the current limitations and future per-
spectives for fabricating such functional composites.

3.2. Swelling and Actuation in Living Composites

A selection of microorganisms can be used to modify the
mechanical properties of polymers and also allow them to swell
or respond to stimuli. This is the case with Bacillus spores,
which are dormant cells encapsulated in a hardy protein-based
shell that swell reversibly in response to changes in humidity.
Based on the known ability of these spores to undergo swelling-
induced change of their diameter of up to 12% in humid
versus dry environments, Sahin and co-workers developed a
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hygromorphic actuator system. They started by using atomic
force microscopy to better understand how the hierarchical
structure of the spores (made of a core, cortex, inner coat, and
outer coat) responds to changes in humidity and can act as a
high energy density material. The Bacillus spores were then
deposited onto polymeric substrates, creating hygroresponsive
actuator materials.°* A dense suspension of spores was depos-
ited as a coating onto a flexible latex rubber sheet. As a func-
tion of humidity, the differential strain exerted by the spores
resulted in a change in curvature in the latex sheet. In a sub-
sequent paper, the same researchers demonstrate a scaled-up
fabrication of an engine driven by water evaporation and pro-
pose this as a method to harvest energy from humidity fluctua-
tions that occur near large bodies of water.’®] While the work
with Bacillus spores was groundbreaking, the material actua-
tion depends primarily on the biophysical behavior of the spore
coat, rather than any active cellular processes. This suggests
that even more sophisticated materials could be fabricated that
take advantage of the sensing and biosynthetic capabilities of
viable cells. Indeed, other research groups have generalized the
concept of hygroresponsiveness to include living composites
with other microbe—polymer combinations. Notably, Wang et
al. demonstrated that the principle of humidity triggered actu-
ation can be extended to biofilms created with gram positive
bacteria, gram negative bacteria, and yeast. Furthermore, they
showed that the resulting materials could be used to form wear-
able devices that are actuated by sweat from the wearer.[%!

Microorganism-induced swelling has also been used to
fabricate hydrogel materials. Inspired by the production of
CO, gas in food products prepared by yeast fermentation,
researchers developed a method to use yeast to induce the for-
mation of pores in cross-linked acrylamide networks.[”] In a
“fermentation polymerization” process, Saccharomyces cerevi-
sige cells and sugar were introduced in standard acrylamide
polymerization mixture. As the polymerization proceeded,
yeast cells simultaneously converted glucose into CO, and
ethanol, and the CO, bubbles were trapped by the crosslinked
hydrogel network, causing the formation of hierarchically
ordered pores and gel swelling. The resulting hydrogels with
superpores (formed by CO, bubbles) and macropores (formed
by the polymer crosslinks) were shown to have a high absorp-
tion capacity.[*”]

One can now imagine tuning the mechanical properties for
several other flexible and soft polymeric materials by intro-
ducing responsive spores, microorganisms that can undergo
fermentation and release gases or other molecules that could
affect swelling or mechanical properties, or cells that can rein-
force the structure of composites.

3.3. Soft Living Robots

Although microorganisms are valuable to ELM development
as rapidly proliferating, robust, and programmable chassis,
eukaryotic cells have also been employed as active compo-
nents of composite materials. Indeed, when combined with
polymeric materials, mammalian cells offer unique oppor-
tunities for ELMs with new capabilities, such as coordinated,
directional actuation, and even locomotion. In one example of
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mammalian cells imbuing a material with locomotive capabili-
ties, sperm-flagella inserted in a microtube were used to fab-
ricate magnetically controlled swimmer micro-biorobots.!%!
Cardiomyocyte cells cultured onto poly(dimethylsiloxane)
(PDMS) filaments have also been used to produce swimmers.
Researchers used the periodic contractions of the cardiomyo-
cytes to generate a bending wave that propagated through the
PDMS filament and propelled the swimmer forward.[®]

In general, muscle cells have attracted a great deal of
interest for the production of responsive machines and soft
robots. Parker and co-workers pioneered the fabrication of
actuated muscular thin films when they fabricated devices
capable of gripping, pumping, walking, and swimming with
fine spatial and temporal control.”% In this work, researchers
used the fibronectin-coated microcontact printed surfaces to
seed ventricular cardiomyocytes. Fibronectin—cardiomyocyte
interactions guided the intercellular and intracellular organi-
zations of the cells, which resulted in different actuation pat-
terns for different patterns of fibronectin (Figure 7a).’ Later,
the same group fabricated an engineered soft jellyfish robot
that, just like the muscular thin films, relied on the anisotropy
of cardiac tissues to produce a robot mimicking a jellyfish.”!]
Simulations were used to determine that feeding and propul-
sion were the key components for jellyfish stroke cycles, and
a sheet of muscle cells coupled with electrical stimulation
was designed to mimic the axisymmetric musculature of the
jellyfish (Figure 7b). The resulting “medusoids” replicated
jellyfish swimming strokes. Recently, a stingray-mimicking
soft robot guided with optical stimuli was also developed.?!
Rat cardiomyocytes were patterned onto an elastomeric body
enclosing a micropatterned gold skeleton (Figure 7c). Optical
stimulation allowed for the activation of the muscle cells using
optogenetics. The myocytes cells were engineered to respond
to optical stimuli via a light-sensitive ion channel [channel-
rhodopsin-2 (ChR2)]. Researchers then recreated the undula-
tory motion of a ray by creating a serpentine pattern with the
cardiac cells. For maneuvering, the pectoral fins were inde-
pendently actuated using left and right stimuli at different
frequencies.’?

Another group has used 3D printing to fabricate miniatur-
ized walking machines referred to as “biobots,” in which actua-
tion was based on the contraction of cardiomyocytes or skeletal
muscle cells.”37# While skeletal muscle cells do not exhibit
spontaneous contractility, their actuation can be precisely con-
trolled via external signaling. Material properties of 3D printed
muscle composite were tuned by incorporating extracellular
matrix proteins.’ Apart of from muscle cells, soft robotics
concepts could be applied to a variety of cell types and tissues.
Making use of 3D printing and other microfabrication tech-
niques, soft robots are now creating a bridge between the fields
of living materials and tissue engineering. They also serve as
examples of how ELM field can effectively co-opt design princi-
ples from more established fields.

3.4. Smart Living Surfaces

“Living surfaces” have also been fabricated with the goal of
releasing functional molecules or responding to external

(12 of 34) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Living soft robots’ motion relies on the patterning of cardiac muscle cells. a) Muscular thin films exploit the anisotropy of cardiomyocytes
seeded onto different fibronectin-patterned PDMS surfaces to generate complex actuation patterns. Left: A strip with anisotropically organized cadio-
myocytes coils and uncoils, middle: A rectangular strip with discrete arrayed muscle fibers spontaneously adopts an helical conformation, right: Car-
diomyocytes aligned length-wise along a strip form a “gripper” device. Reproduced with permission.’l Copyright 2007, American Association for the
Advancement of Science. b) The locomotion of a jellyfish was replicated using electrically stimulated muscle sheets to form a medusoid. Reproduced
with permission.I”! Copyright 2012, Nature Publishing Group. c) An artifical ray robot was fabricated with genetically engineered cardiomyocytes that
can respond to optical stimuli. Different frequencies were used for stimulating muscle contraction and for maneuvering. Reproduced with permis-

sion.l”2 Copyright 2016, American Association for the Advancement of Science.

stimuli. To do so, living cells can be entrapped in a polymeric
matrix that allows them to maintain their viability and produce
or consume substances. Initial examples of “living surfaces”
were demonstrated by the Stark Lab using fungi to create
antibiotic-releasingl®? and self-cleaning!®®l surfaces (Figure 8).
In these studies, the authors used a three layer structure to
create the surface: (1) a base polymeric layer was used as a
mechanical support for the living cells, (2) a living layer con-
sisted of the habitat for the living fungi cells, and (3) a porous
top layer allowed for diffusion or nutrients and gases required
for the living layer, and also acted as a protection against the
external environment.[3]

To produce antibiotic-releasing surfaces, Penicillium chry-
sogenum was used as a penicillin-producing fungi strain. The
resulting surfaces were shown to sustain a penicillin release
above the minimal inhibitory concentrations for penicillin-
sensitive organisms for days, and were effective at inhibiting
the growth of Gram-positive bacteria.®l The “living sur-
face” approach differs from traditional materials approaches

Adv. Mater. 2018, 30, 1704847
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for releasing molecules in the spatiotemporal production of
the functional molecule to be released. In traditional materials
systems, the molecule is stored inside of polymer layer prior
to release, and as it diffuses out, its concentration within the
material is depleted. In the “living surface” approach, the func-
tional molecule is produced continuously by the living cells
inside of the material. These cells act as continuous reactors
consuming nutrients and releasing products in a sustainable
manner (Figure 8a).

To produce self-cleaning surfaces, Penicillium roqueforti was
used as living layer capable of metabolizing food spills. In the
absence of food on the surface of the porous top layer, the living
layer was in a dormant state, and could be kept as such for long
periods of time. In the event of a food spill, the fungi layer
could metabolize the food and grow, thereby creating a self-
cleaning surface (Figure 8b).[%l These reports are the first steps
toward smart living surfaces that could produce and release, or
metabolize and degrade, a molecule of interest in response to
external stimuli.
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Figure 8. Living cells have been integrated with polymers to create smart functional living polymeric composites with added functionalities. Penicillin-
producing fungi cells were used to create a) living antibiotic-releasing surfaces that can sustain release over time because of their in situ production.
Reproduced with permission.’2 Copyright 2012, Wiley-VCH and b) smart self-cleaning surfaces that can metabolize food spills. Reproduced with
permission.l®3l Copyright 2012, United States National Academy of Sciences.

3.5. Microbially Manufactured Polymer Matrices discussed above with regard to their role as biofilm extracel-

lular matrix components. Indeed, biofilm matrix synthesis, be
Apart from being able to interact synergistically with synthetic it in the form of proteins, polysaccharides, or nucleic acids,
polymeric substances, bacteria are able to synthesize a variety seems to be a widely conserved feature of most naturally
of biopolymers themselves (Figure 9a). Some of these were occurring bacterial strains. Here we highlight other examples
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Figure 9. Microorganisms for the production of or the directed assembly of organic polymers. a) Several key genes and operons are involved in the
synthesis of biopolymers produced by bacteria. Reproduced with permission.'”3l Copyright 2010, Nature Publishing Group. b) Bacterial synthesis of
polyhydroxyalkanoates through fermentation is part of the carbon life cycle of these biodegradable polymers. Reproduced with permission.’>] Copyright
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bound polymers. Reproduced with permission.3 Copyright 2014, Nature Publishing Group.
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of biopolymer synthesis by bacteria that could be leveraged for
the assembly of ELMs. Some intracellularly produced biopoly-
mers are already exploited as bioplastics precursors, and
great effort has been undertaken to increase their production
through metabolic engineering and optimization of fermenta-
tion processes.

Among these biopolymers, polyhydroxyalkanoates (PHAS), a
type of polyester, have been widely studied recently, and along
with the metabolic pathways involved in their production./’>7!
PHAs are attractive because they can be classified as sustain-
able materials, since they can be produced via bacterial fermen-
tation, are used to produce recyclable and biodegradable plastic
products in a scalable manner already (Figure 9b).7>#% In addi-
tion, the biodegradability and biocompatibility of PHAs has
made them promising candidates for the fabrication of a variety
of medical devices for drug delivery, tissue engineering and
other therapeutic applications.®!l Although most current efforts
are focused on materials fabrication using isolated and puri-
fied PHAs, their properties also make them ideal candidates
for ELMs. However, true ELMs created from PHAs would likely
require further cellular programming or fabrication techniques
in order to promote cooperative extracellular material assembly
and modulation.

Bacteria can also be engineered to play an active role in
polymerization reactions even without directly leveraging their
metabolic pathways, by providing monomers exogenously and
relying on the ability of the cells to modulate their own local
environment to promote polymerization.®? This is the case
in a recent report where bacteria catalyze atom transfer rad-
ical polymerization reactions through their redox metabolism
(Figure 9c). Researchers found that a range of bacterial cell
types were able to produce a highly reducing environment near
their cell surface that could lead to the formation of Cu(I) spe-
cies from Cu(lI) provided in solution, which enabled polymer
formation. Positively charged chemical monomers were selected
as they could electrostatically bind to the negatively charged sur-
face of bacteria. After polymerization, two fractions of polymers
could be recovered: (1) polymers strongly bound to the cells,
referred to as templated polymers, and (2) weakly bound poly-
mers, identified as nontemplated. Templated polymers exhibited
a higher degree of specific recognition for unlabeled cells that
were of the same type as the ones that templated them, but not
for other cell types. They could then be used, in combination
with their encapsulated cell type, to produce larger cell-polymer
clusters via self-assembly. Thus, the authors suggest that the
“bacterially instructed” (i.e., templated) polymers could serve as
a selective labeling strategy for particular microbial strains. They
also demonstrate the compatibility of their system with clickable
polymers and postulate that their strategy could be useful for a
range of diagnostic applications, for example rapidly isolating
and classifying pathogens.8%

3.6. Living Carbon Composites
Living microorganisms have been recently combined with
nanomaterials to form bionic composites, or in other words,

composite materials that combine advantages of both the
living and nonliving worlds. When combined, living organisms

Adv. Mater. 2018, 30, 1704847

1704847 (15 of 34)

www.advmat.de

provide metabolic pathways that can interact with nanomate-
rials and self-organization properties, while nanomaterials give
additional functionalities to the composites, such as electronic
properties. Several examples of bionic carbon-based compos-
ites, involving graphene and nanotube materials, have been
recently reported for uses in electrochemical and electronic
devices.

Recently, fermentation was used as a method to produce
composite living materials with novel and unexpected proper-
ties. Inspired by bread fermentation using Saccharomyces cer-
evisige yeast, Pugno and co-workers initially utilized the bubbles
formed during yeast fermentation to organize nanomaterials
at the water—oil interface of a mixture, and referred to this pro-
cess as a microorganism nutrition-based strategy to fabricate
nanocomposites with intractable polymers.3 Although the
resulting composite materials were porous (due to the yeast-
based CO, formation) and had improved mechanical properties,
they did not exhibit any synergistic effects with the surrounding
matrix.®3] Nevertheless, they served as a precursor to the develop-
ment of materials wherein the living cells played a more direct
role in the performance of the final composite materials. Follow-
on work form the same group described bionic composites of
yeast and carbon materials that were produced using fermenta-
tion (Figure 10a).*%] First, fermentation was used to produce
yeast—carbon nanotubes (CNT) bionic composites with improved
mechanical, electrical and optical properties compared with yeast
and CNTs simply blended together.® Through fermentation,
Saccharomyces cerevisiae cells were thought to internalize and
encapsulate CNTs. In the final composite, CNTs bridged yeast
cells. The resulting reduced volume fraction of CNTs within
the film made the fermented composite more resistant to frac-
ture, and the CNT bridges between yeast cells contributed to
enhancing electron transfer. Second, yeast-graphene bionic
composites with synergistic mechanical and electrical proper-
ties were produced.B4 In this case, the graphene sheets formed
an electrically conductive layer encasing the yeast cells. Again,
this composite showed a higher failure strength, and was able
to self-repair after placing the composite material containing
living yeast cells back into growth medium. With mother and
daughter yeast cells forming a “sandwich-like” configuration
around a graphene sheet, cracking due to tension along the gra-
phene plane was repaired by reorganizing the graphene sheets
between the growing yeast cells.® In these bionic materials,
both the living cells and the carbon materials contribute syner-
gistically to the final properties of the materials. Finally, a recent
example of a graphene, CNT, and liquid rubber composite pro-
duced through yeast fermentation was reported.[®® CO, bubbles
produced during fermentation along with collapsed yeast cells
resulted in the transformation of conventional silicone rubber
composites to auxetic robust rubber. Through these examples,
it appears that composite formation through fermentation is a
promising approach for the production of light-weight materials
with improved mechanical and electrical properties. Further-
more, the cells used in the fermentation can enhance the perfor-
mance of the materials by inducing self-healing and remodeling
the carbon matrix.

Other examples of living composites rely on the self-
organization of bacterial biofilms to induce particular mor-
phologies on carbon materials via self-assembly. For instance,
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Figure 10. Living composites with carbon materials. Integrating ELMs with inorganic materials serve for the fabrication of various devices.
a) Bionic composites made of yeast cells fermented with graphene nanoplatelets (GNPs) (top) or carbon nanotubes (CNTs) (bottom). Top:
Reproduced with permission.®¥ Copyright 2016, ACS. Bottom: Reproduced with permission.l®%] Copyright 2016, Nature Publishing Group.
b) Biomemory device fabricated through the self-assembly of Shewanella oneidensis bacteria with graphene oxide (left: SEM image of the composite,
right: Write/erase function of the biomemory device). Reproduced with permission.’l Copyright 2013, Royal Society of Chemistry.

a biofilm of Shewanella oneidensis was used to bind and reduce
graphene oxide in solution, forming an electroactive thin film
(Figure 10b).%] Synergistic effects were observed between the
living cells and the graphene, resulting in improved charge
storage and properties. The composite living films were used
to fabricate biomemory devices, in which the “write” and
“erase” states were controllable through the redox states of the
cytochromes found at the surface of the S. oneidensis cells.l®”]
This work is an example of living materials where the living
cells both serve as templates to coordinate the self-assembly
of nanomaterials, change their redox state, and then partici-
pate in the function of the final device. The self-assembly of
S. oenidensis with carbon materials and the use of electroac-
tive biofilms to reduce graphene oxide to graphene were also
applied to the fabrication of hybrid microbial fuel cells,®®
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and to the synthesis of carbon dots as catalyst for oxygen
production. 8%

3.7. Living Cellular Composite Materials
with Noncarbon-Based Matrices

In addition to organic polymers and carbon-based nanomate-
rials, other inorganic components have also been investigated
as matrix elements in living cellular composites. Certainly,
metallic and ceramic building blocks are commonly used by
biology to build load bearing structures like shells and bones.
From an efficiency viewpoint this can be seen as advanta-
geous, since ceramic structures can be fabricated by minerali-
zation of ionic species from the environment, which requires
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less metabolic effort on the part of the cell. Consequently,
there is a wealth of existing protein scaffolds, metabolic path-
ways, and organismal chassis that can promote and control
biomineralization processes. These can be altered, enhanced,
or recombined in new ways to create ELMs. Accordingly, some
current efforts are focused on bioinspired approaches that
hijack cellular processes to biosynthesize hierarchically ordered
structures directly, while in other ELMs the bacteria constitute
a smaller fraction of the material as a whole, but play a critical
role in self-healing and binding processes.

3.8. Bioinspired Silica-Based Biohybrids and ELMs

The natural abundance of silicon and calcium in the environ-
ment makes them attractive choices as structural building
blocks on the part of many organisms. Although examples of
mineralized tissues abound, the example of diatoms is par-
ticularly relevant for ELMs, since they utilize silicon to create
mineralized structures (Figure 11a) that are not only far more
intricate than any synthetic counterpart, but also exhibit better
mechanical properties.’”l Apart from exoskeleton construc-
tion, diatoms also utilize silica for metabolic processes such
as chlorophyll synthesis.”!] Some bacteria incorporate silica
structures into their anatomy, as in the case of Calothrix ther-
malis, which forms a silica-based mineral crust to reinforce its
cell wall, protect itself from predators, prevent dehydration,®%
and provide resistance to acidic environments.’®l This pro-
cess is prominent in the hot spring environment where the
mineral composition is supersaturated.’ Plants also absorb
silicon in the form of silicic acid (Si(OH)4)4 and transform
it into hydrated and amorphous silica which can be found
throughout the plant structure, where it reinforces protec-
tive layers and strengthens the cell wall.’! In animals, silicon
plays important roles in the synthesis of glycosaminoglycan
and collagen as well as bone formation and is concentrated
in the connective tissues of vertebrates.”® Based on the central
role played by silicon in a wide range of biological structures,
it is a natural choice for the synthesis of bioinspired engi-
neered materials.?’]

One approach to creating ELMs that incorporate silica
involves genetically engineering diatoms directly in order to
influence their templating abilities. The first system for genetic
transformation of Thalassiosira pseudonana was described by
the Kroger lab in 2006.°% At the time, T. pseudomana was the
only diatom to have its entire genome sequenced, facilitating
the construction of functional expression plasmids, a consti-
tutive vector and an inducible vector sensitive to a nitrogen
source in the medium. The toolbox was initially validated for
the expression of recombinant proteins in T. pseudomana with
soluble green fluorescence proteins (GFP), but this served as
the foundation for engineering of genes involved in the forma-
tion of the silica exoskeleton itself, such as the silaffin proteins.
The silaffins are known to play a role in the biogenesis of the
silica exoskeleton and can be solubilized only when the silica
is completely dissolved. Interestingly, protein domains that are
genetically fused to the silaffin protein (tpSil3) remain associ-
ated with the biosilica and are localized to the cell surfaces of
the diatoms (Figure 11b). Moreover, cell-mediated assembly
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of the engineered biosilica extends the half-life of the surface-
displayed proteins by a factor of two compared to proteins
immobilized in vitro onto the cell-free silica structure through
a silica binding domain. The methodology was used to dem-
onstrate that fusion of enzymes to tpSil3 exhibited enhanced
activity compared to soluble enzymes (Figure 11c).””!

With the toolbox established, the group set up a platform
for enzyme immobilization that they call “living diatom silica
immobilization” (LiDSI). The platform allows for the one-
step preparation of catalytic nanomaterials directly from the
growth of engineered diatoms, without the need for enzyme
purification or chemical modification. By virtue of the nano-
porous structure of the diatom exoskeleton, the displayed
enzymes exhibit enhanced stability and robust activity. Since
T. pseudomana is a photosynthetic organism, the materials can be
classified as renewable and environmental-friendly. Importantly,
the strategy of genetically fusing enzymes to tpSil3 is also com-
patible with enzymes that are multimeric, cofactor-dependent,
and dependent on metal-ions (Figure 11d).'% They also show
that glucose oxidase can serve as a “suicide gene” for negative
selections via the production of cytotoxic hydrogen peroxidase.
This will be an important tool for the application of directed
evolution to nanomaterials synthesis—a design approach that
is somewhat unique to ELMs in the materials realm. A fur-
ther extension of this technology platform includes its explo-
ration as a drug delivery vehicle for anticancer therapeutics.
In this variation, the engineered T. pseudomana displays an
IgG-binding domain on its surface that enables immobiliza-
tion of cell-targeting antibodies. The biologically fabricated
silica material, together with drug-loaded liposomes incor-
porated into the nanomaterial structure, form the basis of a
chemotherapeutic vehicle that targets and kills neuroblastoma
and B-lymphoma cells!'! (Figure 11e). Overall, ELMs incor-
porating engineered diatoms showcase an unparalleled level
of sophistication over nanoscale organization of inorganic
structures that can continue to be leveraged for a range of
applications.

3.9. Bacteria-Based Self-Healing Concrete

In contrast to leveraging or enhancing the capabilities of min-
eralized microorganisms, there has also been progress in
engineering mineral deposition using industrially relevant bac-
terial chassis that do not engage in biomineralization normally.
One example of this relates to the development of self-healing
concrete. A major frontier in improving the longevity of con-
crete structures is preventing and repairing crack formation at
an early stage. Cracks that form as a result of material defects
or as a result of weather induced thermal expansion and con-
traction can significantly compromise the performance and
safety of concrete structures, which has costly ramifications
for infrastructure maintenance. Jonkers, along with others,
developed a solution that relies on the ability of living microbes
embedded within concrete structures to fill in microcracks
with a mineralized sealant and prevent the cracks from getting
larger, thereby extending its longevity.'%? To accomplish this,
they harness the resilience of spore-forming bacteria in the
bacillus genus, including Sporosarcina pasteurii, Bacillus cohnii,
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in top and middle rows show overviews of single silica cell walls, and images in bottom row show details of diatom silica cell walls. Reproduced with
permission.'”4l Copyright 2007, Elsevier. b) Images obtained by confocal fluorescence microscopy of T. pseudonana transformants expressing silaffin
fusion protein tpSil3—GFP. The four images in the left half (“cell”) were taken from live cells, the images in the right half (“cell wall”) were taken from
isolated biosilica. Each micrograph is an overlay of two images recorded in the “green channel” (excitation: 488 nm, emission: 505/550 nm bandpass
filter) and the “red channel” (excitation: 543 nm, emission: 585 nm long-pass filter). The green color is indicative of GFP, the red color is caused by
chloroplast autofluorescence. Scale bar: 2 um (identical scale for all microscopy images). Reproduced with permission.®® Copyright 2007, Wiley-VCH.
c) HabB activity in T. pseudonana biosilica. The activity was monitored by following the formation of 2-aminophenol from hydroxylaminobenzene.
Reproduced with permission.®l Copyright 2007, Wiley-VCH. Line graph: Kinetics of 2-aminophenol formation by identical amounts of biosilica (1.2 mg)
isolated from wild-type cells (WT, gray diamonds) and transformants C1 (squares), C2 (filled circles), and C3 (triangles). Bar graph: Half-life of soluble
HabB (white bars), immobilized in biosilica of transformant C1 (black bars), and immobilized in silica produced by the R5 peptide in vitro (gray
bars). The HabB-containing samples were subjected to various treatments as indicated. Reproduced with permission.*l Copyright 2007, Wiley-VCH.
d) Hypothetical pathway for intracellular transport of silaffin-enzyme fusion proteins to the silica deposition vesicle (SDV). The fusion proteins are
cotranslationally imported into the endoplasmic reticulum (ER), and the signal peptide (SP) for ER import is removed by signal peptidase. Further
modifications of the fusion proteins may occur in the ER and after transport to and through the Golgi apparatus. The fusion proteins may reach the
SDV via specific transport vesicles, and become incorporated into the silica-forming organic matrix in the SDV lumen. After completion of silica forma-
tion, the silaffin-enzyme fusion proteins become trapped in the deposited silica and, after exocytosis of the SDV contents, remain stably attached to
the biosilica cell wall. Reproduced with permission.['%l Copyright 2012, American Society for Microbiology. e) Genetically engineered diatom biosilica
(green) containing liposome-encapsulated drug molecules (yellow) can be targeted to both adherent neuroblastoma cells (red) and lymphocyte cells
in suspension (purple) by functionalizing the biosilica surface with cell-specific antibodies. Liposome-encapsulated drug molecules are released from
the biosilica carrier in the immediate vicinity of the target cells (inset). Reproduced with permission." Copyright 2015, Nature Publishing Group.

Bacillus halodurans, and Bacillus pseudofirmus (Figure 12a).1%1 5 (C;H,0,), +70, = CaCO, +5CO, +5H,0 (1)
These bacteria naturally secrete enzymes that break down cal-

cium lactate and drive the following reaction that precipitates However, this process is dependent on the metabolic activity
calcium carbonate to fill in cracks of the microbe, which cannot be sustained within the generally
Adv. Mater. 2018, 30, 1704847 1704847 (18 of 34) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. Self-healing Biological Concrete. a) Schematic of crack-healing by concrete-immobilized bacteria. Bacteria on fresh crack surfaces become
activated due to water ingression, start to multiply and precipitate minerals such as calcite (CaCO3), which eventually seal the crack. Reproduced with
permission.['%l Copyright 2007, CRC Press, Taylor & Francis Group. b) Self-healing admixture composed of expanded clay particles (left) loaded with
bacterial spores and organic bio-mineral precursor compound (calcium lactate). When embedded in the concrete matrix (right) the clay particles serve
as internal reservoirs containing the two-component healing agent consisting of bacterial spores and a suitable bio-mineral precursor compound.
Reproduced with permission.'%2 Copyright 2011, Delft University of Technology. Light microscopic images (40x magnification) of pre-cracked control
(A) and bacterial (B) concrete specimen before (left) and after (right) healing following 2 weeks of submersion in water. Mineral precipitation occurred
predominantly near the crack rim in control but inside the crack in bacterial specimens. Reproduced with permission.d Copyright 2011, Delft Univer-
sity of Technology. c) Scanning electron micrographs of CaCOjs precipitation in the silica gel and PU foam. Reproduced with permission.'%l Copyright
2012, Elsevier. d) Sand and aggregate cast bricks are inoculated with bacteria and fed nutrient media using the bioMASON machine shown here, to
produce eco-friendly bioconcrete bricks that are strengthened by bacterially-mediated biomineralization. Image provided by and used with permission
from bioMASON.

inhospitable concrete microenvironment for the lifetime of the
material. Therefore, the concrete is combined with the spores

the self-healing effect for first generation versions of the bac-
teria-loaded concrete was on the order of one to two months,

of these alkali resistant bacteria instead. Compared with the
bacteria, the spores are incredibly resistant to a wide range of
harsh conditions, but can germinate when water infiltrates
microcracks in the concrete. The revived bacteria then drive the
calcium carbonate precipitation using small amounts of nutri-
ents embedded in the concrete to fill cracks.[1%%]

Subsequent work has focused on improving the perfor-
mance of the self-healing concrete through a combination
of bacterial encapsulation strategies and optimization of
the concrete fabrication protocols. The reported longevity of

Adv. Mater. 2018, 30, 1704847
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which was significantly shorter than the inherent viability of
Bacillus spores under more amenable conditions.'% This was
remedied first by encapsulating the spores in a porous clay
scaffold, which protected them from compression-induced
death during the concrete drying process. This restored much
of their inherent viability and extended the crack healing
longevity to more than 6 months (Figure 12b). However, in
order to achieve the desired crack healing performance, the
clay scaffold had to compose such a large volume fraction of
the final concrete structure that its mechanical performance
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suffered.!%2 Other research groups have employed other
materials to protect the bacteria for the use in self-healing
concrete. For example, Wang et al. demonstrated pre-encap-
sulation of Bacillus sphaericus spores in silica gel and polyu-
rethane before incorporation into the concrete (Figure 12c),
with the former scaffold resulting in higher bacterial activity,
but the latter resulting in better mechanical and water perme-
ability outcomes for the concrete after induced cracking.[%]
Follow-on work has demonstrated that the bacteria and cal-
cium lactate can be encapsulated in metakaolin and alumino-
silicate “geopolymers” before incorporation into the concrete
to minimize decreases in mechanical properties that result
from large volume fractions of weaker encapsulation mate-
rials like organic polymers and silica.['%

3.10. Biologically Fabricated Bricks

Finally, a similar concept of bacterially produced calcium car-
bonate as a binding material has been applied to the fabrication
of bricks for use in building construction. Brick-based masonry
remains a prevalent paradigm for building construction in
much of the world, but conventional brick manufacturing also
has detrimental environmental consequences. Although the
raw materials for brick construction (i.e., earth) are abundant,
the kiln-based firing process that is used to create long-lasting,
durable bricks is a major contributor to nonrenewable energy
usage and environmentally harmful emissions."?”! Thus, micro-
bially induced calcite precipitation (MICP) is being investigated
as an alternative approach to enhancing the structural per-
formance of bricks. This scheme primarily makes use of the
ability of certain microbes to secrete the urease enzyme, which
generates carbon dioxide from urea and catalyzes the forma-
tion of calcium carbonate in the form of calcite. When this pro-
cess, which takes days-to-weeks, is performed in a brick-shaped
mold, the calcite serves as a matrix that binds clay or sand par-
ticles together to form a brick. Although there are few literature
reports that quantitatively compare the structural performance
of biocalcified bricks to that of conventional fired clay bricks, one
paper reports compressive strength values of =8 MPa for bricks
cured in an inoculum of Bacillus pasteurii for 28 d, which is two-
fold to threefold lower than conventional fired bricks.'% The
concept of “farmed” bricks is the basis for a start-up company

a | b
Y

=
acetobacter %

TAP+GY growth media

symbiotic biomaterial
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(bioMASON), which has garnered much interest in the
approach (Figure 12d). The company claims that with genetic
engineering they can create glow-in-the-dark bricks, pollutant-
absorbing bricks or water-detecting bricks.'%! The ultimate goal
for these living calcium-carbonate producing biomaterials, such
as self-healing concrete and MICP bricks, is to reduce the cost of
structural maintenance, protect structural integrity, and decrease
pollutant production from the brick manufacturing process.

3.11. Multiorganism Living Composites

The simplest approaches to creating ELMs rely on a single cell
type that is programmed to produce, secrete, and assemble
biopolymeric building blocks. However, engineering a single
cell type to perform all the necessary functions can be com-
plicated and inefficient. Even in most naturally occurring
microbes, for example, biofilm matrix production is a highly
regulated process. Matrix production is metabolically taxing
and must be balanced with growth and long-term viability of
the colony. Thus, when thinking about engineered systems,
an alternative strategy could be to divide metabolic tasks up
between two different cell types or even species in order to sim-
plify the production of the material as a whole. Taking it a step
further, one could even think about making composite living
materials in which two or more cell types enact complementary
or synergistic functions. While the growth of different micro-
organisms and their symbiosis while cocultured have been
studied extensively by ecologists and biologists, few composite
materials have been fabricated using two or more microorgan-
isms with complementary or mutualistic functions.

One inspirational example of two microorganisms that can
grow into a 3D soft material is the case of the bacteria Aceto-
bacter aceti and the photosynthetic microalgae Chlamydomonas
reinhardtii. Like many other Acetobacter species, A. aceti nor-
mally produces cellulose mats at the air water interface when
grown in liquid cultures, due to its need to remain close
to an oxygen source, and produces acetate as a byproduct.
By contrast, C. reinhardtii thrive in an acetate-rich medium and
produce oxygen as a byproduct. By growing these two microor-
ganisms together, researchers were able to create composite mate-
rials with cellulose produced by Acetobacter acting as a matrix that
favors the growth and entrapment of microalgae cells (Figure 13).

Figure 13. Engineered ELMs from mutualistic microbial consortia. A collection of microorganisms with mutualistic or complementary functions can
be assembled to produce functional materials. a) Living soft matter was produced in situ by growing cellulose-producing bacteria and photosynthetic
microalgae. b) The resulting material consists of a moldable gel of entrapped microalgae in a cellulose matrix. a,b) Reproduced with permission.'%

Copyright 2016, Royal Society of Chemistry.
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In return, microalgae produce oxygen that can be used by the
bacteria and allows them to form cellulose uniformly within the
culture medium, as opposed to only at the water—air interface.
As a result of this mutualistic relationship, a soft biomaterial was
formed in situ. The cells embedded in the material could remain
alive for up to 7 d, and the material, despite having a lower
mechanical strength than bacterial cellulose produced from mon-
oculture, was strong enough stably adopt the shape of the con-
tainer in which it was grown. Thus, the researchers propose this
as a method to create living materials that can be simultaneously
grown and molded into a variety of self-standing 3D shapes.['1]
With the increasing interest in understanding the systems
biology and metabolic dynamics of microbial consortia in var-
ious environments, the groundwork for future mutli-organism
living materials fabrication efforts is currently being laid.
Indeed, a great variety of microorganisms exist that can pro-
duce different types of extracellular polymeric materials, and
mutualistic growth strategies could be expanded to a wide array
of multiorganism composites. Living microbes could be further
engineered to interact with one another to produce materials
with novel properties and improved mechanical properties.

4. Large-Scale ELM Fabrication/
Manufacturing Methods

Much of this review thus far has focused on small-scale materials
engineered in laboratory-scale experiments. In this section, we
will look at the efforts for the engineering of large-scale multicel-
lular tissues and also explore the challenges of scaling up living
materials production and inspiring glimpses into their tangible
implementation. For applications beyond that of specialized
markets, true integration of ELMs into everyday life will require
scalable fabrication paradigms, both in terms of making larger
material structures and in terms of making larger amounts of
material. This may require new infrastructure investments in
order to compete with material economies with which we are
more familiar, like plastics, ceramics, and electronics. However,
in the nearer term, there are many challenges that must be faced
to translate the innovations from the previous sections of this
review into ELMs that can be applied in a practical manner. One
frontier involves making ELMs that are true tissues, in which the
cells primarily exist in a multicellular state, generating and main-
taining ECM dynamically over long periods of time. In contrast
to bacterial biofilms, the cells that might be used here would not
naturally have a planktonic state, and the resulting ELMs would
thus have higher structural stability during assembly and main-
tenance. Also, these tissues will need to have more sophisticated
architectures that parallel what biological materials have evolved
for nutrient and waste circulation in order to allow for stable
growth and maintenance of much larger structures. In this
section, we review current successful materials platforms cat-
egorized as ELMs, some of which are commercially successful,
that are used to generate large-scale materials. Throughout this
review, we consider an apt description of large-scale materials
to be that of sufficient size for manipulation by hand. We then
explore various traditional manufacturing methods that are suit-
able for the scalable production, isolation, and processing of
biomass such as biofilms, due to the amount of earlier focus on
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biofilm-based systems. Finally, we examine the use of several top-
down assembly methods for large-scale ELM fabrication and
the potential for synthetic morphogenesis efforts in designing
true bottom-up autonomous ELM assembly.

4.1. Tree Shaping

An obvious example of unengineered tissue materials we use
every day on such a scale is wood. From paper airplanes to Stradi-
varius violins to hefty crossbeams, wood is a once-living material
which, quite literally, is a foundation on which much of our civi-
lization is built. Structures have also been constructed which use
living trees, known as “tree shaping,” in which living woody plants
are continually forced by manual manipulation and grafting to
attain functional or artistic forms (Figure 14). Sculptures, tables,
chairs, and living spaces have been created using tree shaping.
In India, the aerial roots of Banyan trees have been manipulated
to create strong living bridges capable of holding up to 50 people.
Although tree shaping utilizes physical manipulation instead of
genetic manipulation to control one particular aspect of the mate-
rial (structural form) we can consider it an excellent example
of how humans have harnessed living tissues to create macro-
structures. Efforts to bring tree shaping into more sophisticated
engineering spheres include a concept design for a modern eco-
friendly home based on tree-shaping using computer numeri-
cally controlled (CNC) scaffold design.''!] Another parallel effort
to integrating such tree shaping into modern building technolo-
gies has been explored as an architectural engineering approach
known as Baubotanik,!!'2113] developed at the University of Stutt-
gart. Another exciting area in this area is the genetic manipula-
tion of trees to alter the properties of the resulting wood, such as
lignin content, growth rate, or pest resistance. However, progress
in these efforts is tempered by significant concerns regarding the
environmental impact on their release."11°]

4.2. Mycelial Materials

One of the most commercially successful large-scale living
materials is fungal mycelium that can be grown from agricul-
tural waste and molded into various shapes (Figure 15). These
“mycelium materials” are largely based on white- and brown-rot
fungi that are capable of digesting lignin and cellulose. Com-
mercialized by Ecovative Design with an initial focus on envi-
ronmentally friendly packaging and building materials, this
technology is claimed to be capable of modulating the material
properties of the mycelial structures by altering the mixture of
fungal species.® A different company, Mycoworks, employs
an analogous process using mycelium to generate leather-like
materials and even bricks for home building.®* Given the rapid
growth of mycelia in comparison to other multicellular tissues,
the ease of controlling the final form through the use of molds,
and the potential of altering the physicochemical properties
of the hyphae, this technology has great promise for the wide-
scale implementation for engineered living materials. Hyphae
biotemplating would greatly expand the spectrum of uses for
mycelial materials by combining the rapid growth potential of
fungi with the desirable material properties of inorganics, as
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Figure 14. Lignocellulosic living organisms as ELMs. a—c) Tree shaping allows for the mechanical manipulation of living tree tissues into a growing
structure. d) One version of this architectural design system is known as Baubontanik and incorporates modern design materials with tree shaping,
as shown in the construction of a tower. Over time, the trees are able to fuse around temporary metal scaffolding. €) Tree shaping takes advantage of
inosculation, or proximity grafting, the ability of tree tissues in trunks, branches, or roots to fuse together when in close proximity. Shown are cross-
sections of inosculated branches. a—c) Reproduced with permission. Copyright 2009, Ferdinand Ludwig; d) reproduced with permission. Copyright
2005, Ferdinand Ludwig; e) reproduced with permission. Copyright, Ferdinand Ludwig. f) Concept designs of a tree-based habitat in which the tree is
shaped using CNC scaffolds. Reproduced with permission. Copyright 2008, Mitchell Joachim.

demonstrated in several studies.[''®17] A recent publication has
also characterized the physical properties of the mycelial mate-
rials and potential routes of altering these properties by simply
adjusting the feedstock.'"®! Aside from structural materials,
this technology also has potential uses in advanced applications
such as biologically integrated electronic circuits, as shown
in a study that uses integrated circuits to direct the growth of
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fungal hyphae.[''%] One fertile area for expanding the functional

parameters of mycelium materials is through engineering
the extracellular polymeric substances (EPS) generated by the
fungi. However, currently little is known of composition and
biosynthesis of EPS from these lignin-digesting fungi, other
than the fact that it is dominated by polysaccharide networks
that serve as immobilization sites for secreted enzymes or as
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Figure 15. Mycelium-based ELM materials. a) A “mycotecture” concept structure composed of mycelium, Mycotectural Alpha, on exhibit at Kunsthalle
Diisseldorfin 2009. Reproduced with permission. Copyright 2009, Philip Ross. b) Mycelium-based bricks for construction. c) When the bricks are placed
together, the mycelium grow into each other, organically fusing the bricks together. d) The mycelial material can also be shaped into functional structures
such as furniture. e) In addition, flexible materials such as tough leather-like fabrics can be made from mycelium. f) A photograph of Mycoworks myce-
lium material shows the wood chip feedstock and the growing mycelial hyphae. a—f) Reproduced with permission. Copyright, MycoWorks. g) A flowchart
of the process for preparation of mycelial materials. Mycelium-based foam technology from Ecovative Design used for: h) ecologically friendly packaging
and i) building insulation. j) SEM image of the mycelium from the Ecovative materials. h—j) Reproduced with permission. Copyright, Ecovative Design.

structural sheaths that surround the hyphae.'?0121 With recent
advances in CRISPR-Cas9 tools for genetic manipulation of
filamentous fungi,!'?! the prospect of genetically tailored myce-
lium materials is within reach.

4.3. Bacterial Cellulose

Bacterial cellulose obtained from Acetobacter xylinum and sim-
ilar cellulose-generating bacteria described in Section 2 can
also be considered a successful example of scalable implemen-
tation of a living material, although like the examples above,
engineering on larger size scales primarily consists of physical
manipulation to control the functional morphology of the nat-
ural material. For example, bacterial cellulose materials have
been used commercially in a number of specialty applications
(Figure 16). Its strong mechanical properties have been used to
create high-strength paper and unique acoustic properties have
been led to their use as diaphragm membranes for high-end
audio speakers.[23124 Bacterial cellulose is being explored for
electroactive paper for advanced displays!'?’! and energy storage
devices.'?l The use of these bacterial-cellulose pellicles as
textiles has been explored through concept studies using the
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cellulose as the primary structural material in garments’’l as
well as environmentally friendly architectural materials.[*8127]
Current commercialization efforts include a number of bio-
medical applications, including burn dressings and tissue
engineering scaffolds, spearheaded by various companies
focused on bacterial cellulose materials.**=! Looking beyond
high-margin biomedical applications, a major barrier for wide-
spread commercial adoption of this versatile material is high
production costs, due to the inefficient culturing process of the
bacteria—pellicle formation on the benchtop can take a week
or longer. Ongoing advances in understanding the cellulose
synthesis apparatus in these bacteria, engineering synthetic
biological control of bacterial cellulose production, and the
exploration of other microbial chassis, such as photosynthetic
cyanobacteria, will be critical in improving the production
yields and lower culturing costs.[128:129]

4.4. Scalable Traditional Production Methods for ELMs
In contrast to biomaterials created from purified biopolymers,

the concept of ELMs is that the self-growing material is assem-
bled or fabricated close to its final form, with no significant
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Figure 16. Large-scale production of bacterial cellulose materials. a) Harvested bacterial cellulose material. Photo copyright Scobytec. b) Skin dressing
made from microbial cellulose materials. Reproduced with permission. Copyright www.fzmb.de. c) As a structural material, modular geometric objects
can be created from molded bacterial cellulose. Reproduced with permission. Copyright 2013, Jannis Hiilsen. d) An example of architectural materials
made of bacterial cellulose grown on a support scaffold of jute wires. Reproduced with permission. Copyright, Institute for Advanced Architecture of
Catalonia. e) Bacterial cellulose can also be used as a large-scale textile material, here used to create various garments. Reproduced with permission.

Copyright, Suzanne Lee.

processing required. However, one significant challenge is
the choice of production methods, which can range from
small batch analytical scales to more substantial semi-preparative
scale to full-on industrial-level scales. The vast majority of
academic studies for biologically derived materials focuses on
protocols for analytical scales, and will not be discussed in this
section. Of particular interest for the large-scale utilization of
ELMs are the semi-preparatory and industrial level fabrication
methods. The process can be divided into two stages, first is
the production of the biomaterial itself, usually through in
situ biosynthesis, and second is the processing of the mate-
rial to obtain a desired level of purity and/or form. An alterna-
tive method is also reviewed in which 3D printing allows for
cells and feedstock to be spatially arranged in a predetermined
design format.

For ELM materials composed of bacterial ECM such as func-
tional amyloids or cellulose, pertinent bulk production methods
include traditional bioreactors, fixed/moving-bed bioreactors,
hollow-fiber bioreactors, and static bioreactors (Figure 17a).
Although there a multitude of designs for specific applica-
tions, these are the basic bioreactor production platforms that
have been employed for large-scale biomaterials (e.g., biofilm)
production. Biomass produced this way has most commonly
been used for biotransformation reactions. The simplest biore-
actor design is a static bioreactor, in which the culture is left
undisturbed. Static reactors are relatively cheap to build and are
ideal for the production of materials that are assembled in situ
as floating pellicles, such as bacterial cellulose. However, due
to the lack of efficient mixing for nutrient and waste transfer,
the cultures are often slow-growing and thus throughput is a
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concern. Attempts to increase mass transport in these reactors
using microbubbles to stimulate convection for mixing, known
as an Airlift Reactor, has been shown to significantly increase
the production yields of bacterial cellulose.!'30:131]

One of the most common bioreactor designs in bioprocessing
is the continuous stirred tank reactor (CSTR), which employs
an impeller to continually stir the culture while nutrient feed-
stock is added at the same rate as the product is removed.
Such traditional CSTR bioreactors would be optimal for ELM
materials in which a high amount of secreted self-assembling
biomaterials can be formed from cells in a planktonic state.
However, if the desired materials assemble more efficiently at
an interface, as is common with biofilms, CSTRs would not
be suitable, as they are designed for high biomass produc-
tion of planktonic cultures and the high shear forces from
the impeller may (depending on species) result in poor biofilm
formation and biomass retention.['32133]

For such interfacially assembled ELM materials, a critical
factor in scalable production becomes increasing the available
adsorptive surface area to maximize cellular or ECM attach-
ment in the biofilm. This is typically done by supporting struc-
tures that serve as high-surface area growth substrates, provide
a viable microenvironment for biofilm growth, and offer some
protection from shear forces during mixing. The choice of sup-
ports is varied in composition and geometries, and includes
glass beads,!'**l glass wool,l** carbon fiber,'*®l bonechar,'3]
porous brick particles,'*® polymeric supports,I*¥)  wood
chips,l"% and metal structures.'*!) Reactors utilizing solid sup-
ports are very common in chemical processing and these strat-
egies have been adapted for interfacial growth of biofilms as

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB017 SUOWILLOD 3A1I.1D) 3|qeo ! [dde au A peuieno aJe Ss(oile YO ‘@SN J0 s8N o} Akeiq18ul|uQ A8|1M UO (SUOPUO-PUB-SWLBH W00 A8 1M ARe.ql 1 Bu JUO//:SdnL) SUORIPUOD pue swe 1 8y} 885 *[6202/60/90] Lo Areiqiauljuo 8|1 ‘enbauiolqig AriqiT 1d3 Aq 2¥8¥0/T0Z eWPe/Z00T OT/I0P/W0D A8 | im Aleld 1jpuluo"psouRApe//SANY Wouy pepeojumod ‘6T ‘8TOZ ‘S60VTZST


http://www.fzmb.de

ADVANCED
SANCF NS MATERTALS

www.advancedsciencenews.com www.advmat.de

a

Biofilm Growth (r - - \\

Bed Material / Biocarrier (o Bg°®
E E y,

2. Guanidine HCI + rinses
3. DNAse, RNAse + rinses

4, Sodium dodecyl sulfate (SDS) + rinses

Curli
nanofiber =
aggregates

Bacteria,
debris, =9
DNA,
RNA...

From _—

Bioreactor

Dewetted
Solids

Feedstock
Wet Material

Figure 17. Large-scale bioproduction technologies for ELMs. a) Basic bioreactor architectures. In contrast to CSTR reactors, which are efficient for
production of planktonic cells, PBR and MBBRs contain packing materials that allow for the growth of interfacial biomass and are more suited for
maximizing biofilm growth. b) Preparatory-scale ELMs can be separated from the cellular components after growth, using chemical treatments and
vacuum-assisted filtration. The SEM images on the right show isolated layered ELM amyloid mat materials. Reproduced with permission.[*4l Copyright
2016, American Chemical Society. ¢) On an industrial level, high-throughput separation of solids from liquids can be applied to ELMs grown in liquid
bioreactors using belt press filters, which sandwiches the material to be processed between two membranes of defined pore size and uses pressure
from rollers to remove liquids, producing solids that can be processed further.
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well. These biofilm bioreactors can be categorized as fixed-bed
or moving-bed bioreactors (FBBR or MBBR), based on whether
the solid supports (bedding) are immobile or freely floating,
respectively. In both cases, the biofilms grow on the surface
of the supports while a variety of reactor architectures enable
introduction of the necessary nutrients, gases, or substrates
(feedstock) to the cells and removal of wastes and products.
Two of the major designs of FBBRs are packed bed reactors
(PBRs) and trickle-bed reactors (TBRs). In PBRs, feedstock is
pushed up from the bottom of the reactor, percolating through
the solid support bed structures, and products are obtained
from the top of the reactor. TBRs have the reverse process,
as feedstock is introduced at the top, allowed to trickle down
by gravity, and any products are collected at the bottom of the
reactor. Both PBRs and TBRs have been used for the successful
production of biofilms for biocatalysis applications, but typically
not for materials production. PBRs have primarily been used in
the field of tissue engineering, having directly borrowed much
of the PBR design from synthetic chemistry and applying it to
bioartificial tissue development.'*?) TBRs have been employed
in wastewater management systems for the bioconversion of
contaminants using natural biofilms.[143144

A number of specialized bioreactor designs exist for the
growth of interfacial cultures. The most popular of these bio-
reactors, known as MBBRs are used extensively at industrial
scales by water treatment and decontamination facilities, in
which naturally occurring biofilms are used to purify waste or
contaminated water. These bioreactors were designed to maxi-
mize biofilm growth under low nutrient, low resource, and low
footprint conditions but yet maintain a wide range of wastewater
flow-through per day.'*! MBBRs are a variant of the traditional
PBRs. A key part of MBBRs is the solid support material known
as the “biocarrier,” often made of inexpensive polymer structures
that provide a high-surface area attachment sites for the cells of
interest. Rather than the bed material being relatively immo-
bile, as in PBRs, in MBBRs these biocarriers are able to move
throughout the reactor, maximizing contact with nutrients and/or
the contaminant substrates to be bioconverted.

Most of the bioreactor designs here were developed for bio-
conversion applications rather than harvesting of the biomass as
a material. As current synthetic biological reactor development
reaches pilot level production in industry, it is expected that the
designs described here will be optimized for biomass production
and recovery, similar to how the fundamental chemical reactors
were repurposed for biological systems. Potential bottlenecks for
the large-scale bioproduction of engineered living materials are
the harvesting methods for removal of the materials from any
bedding materials. There is great potential for using bedding
materials that will be integrated into the final material so that no
separation is required, or using bedding/biocarrier materials that
are eventually degraded or converted by the engineered cells.

4.5. Postproduction Processing—Purification and Dewetting
After production in a bioreactor, one significant step is the
removal of the biomass from the culture media. For most cur-

rent biotechnological applications, the bioconverted media is
the end-product (or contains the desired product). For ELM
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production, this process is inverted—the biomass material will
be the desired product. Within this process, steps can be added
to wash away undesired impurities from the material to attain
a desired purity level. Filtration is one of the simplest methods
that scales well from analytical to preparatory levels. In the lab-
oratory, vacuum-assisted filtration in combination with dena-
turant chemicals can be used to isolate the desired ECM from
other cellular material, allowing for post-biosynthesis purifica-
tion of these materials. Recently, a method has been developed
for the vacuume-assisted filtration of preparatory-scale isolation
of highly pure engineered curli nanofibersi*! (Figure 17b),
which can then be used in downstream fabrication methods,
such as spin casting into thin-films. A similar strategy that is
used widely at industrial scales to remove biomass from filtrate
is press-assisted filtration, where the pressure required for the
filtration process is provided by a series of roller pins that com-
presses the crude sample which is sandwiched between two
filter membranes (Figure 17c). This highly efficient strategy is
used throughout the paper and water purification industries
for the removal of solids from liquids. One key aspect of the
postproduction process is establishing the acceptable limit
of purification for an ELM, which will need to be empirically
determined for each material and application. On one hand,
cells could play important roles in the continual maintenance
and adaptability of ELMs, which could be important for sensing
and actuation. However, cellular by-products or the cells them-
selves could also compromise the safety, long-term stability of
the material, or the reproducibility of the manufacturing pro-
cess. Will the cells need to be rendered nonviable for safety con-
cerns? Will the cells need to be completely removed from the
engineered material in order to attain the desired mechanical
or physicochemical properties? These questions will likely need
to be answered on a case-by-case basis for each application.

4.6. In Situ ELM Production

While the above sections attempt to frame prospects for large-
scale ELM manufacturing within the framework of current
bioproduction and bioprocessing methods, there are exciting pos-
sibilities for in situ generation of biomaterials using ELMs. The
ultimate goal in such a scenario would be for the acquisition of
the necessary energy sources, metabolites, and basic building
blocks for organismal replication and materials production
across multiple size scales to all occur autonomously and without
the need for a reactor vessel. As in the case of a seed growing
into a tree, this would only occur given the appropriate condi-
tions that foster cell growth and hierarchical self-assembly. Of
all current examples, the mycelium material is the closest to in
situ production without a traditional bioreactor, although it still
requires multiple user-mediated steps and a structural mold to
convert feedstock into a desired object. It is likely that significant
advances in synthetic morphogenesis and biosynthetic mate-
rials production would need to occur before a paradigm for truly
autonomous ELM fabrication could be implemented, especially
for ELMs with complex hierarchical structure and functional per-
formance features that rival conventional materials. Challenges
in synthetic morphogenesis to enable bottom-up hierarchical
assembly through purely biological programming are reviewed
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Figure 18. Electrospun living polymer fibers. a) Yeast cells were embedded in a water-soluble polyvinylpyrrolidone (PVP) core matrix, and enveloped
with a poly vinylidene fluoride-cohexafluoropropylene shell. In the middle panel, encapsulated yeast cells are shown in purple. Reproduced with permis-
sion.l"* Copyright 2015, American Chemical Society. b) Electrospun living bacteria composite fibers were prepared using a poly(vinyl alcohol) (PVA)
core subsequently coated with a hydrophobic poly(p-xylylene) (PPX) shell via chemical vapor deposition (left). The fibers were mounted onto a wire
frame (5 cm wide) that could be used for decontamination (right). Reproduced with permission.'*] Copyright 2015, Wiley-VCH.

in a separate section further below. However, two currently
existing technologies allow for top-down manufacturing of ELMs
with controlled spatial positioning, which we take a look at next:
electrospun materials containing living cells and 3D printing
methods.

4.7. Electrospinning of ELMs

Electrospinning has been used to produce fibrous materials con-
taining living cells that, supported with a polymeric matrix, can
accomplish a function. By extension, electrospinning techniques
developed for biohybrid materials could be extended to ELMs.
Figure 18 shows examples of yeast and bacterial cells encapsu-
lated in core-shell electrospun fibers.'*6147] In these examples,
living cells were encapsulated in a water-soluble biocompatible
polymeric core that provides a favorable environment to main-
tain cell viability. Simultaneously during electrospinning, a
second needle can be used to form a shell around the biocompat-
ible core fiber.'%l A shell layer can alternatively be synthetized
via chemical deposition after the spinning of the core.l'*”] This
shell layer provides the structure its robustness and durability by
preventing dissolution of the water-soluble core. In these elec-
trospun fibers, yeast cells were demonstrated to remain func-
tional and capable of biodegrading polyphenols and producing
ethanol (Figure 18a)."%l Composite fibers containing bacterial
cells Micrococcus luteus and Nitrobacter winogradskyi were used
to sequester gold and remove nitrate from solutions, respec-
tively.'*”] The bacteria-containing fibers were mounted onto a
wire frame to create a mesh (Figure 18b) that could conveniently
be used to perform metal sequestration. The meshes could then
be cultivated, and living bacteria could be recovered and regrown
from the fibers.'*”] Apart from these core—shell examples, elec-
trospinning has been used to encapsulate bacterial cells for other
purposes such as drug delivery,'*®l and to entrap living cells
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within the pores of a matrix of fibers.°¥) The strategy of direct
cell encapsulation within fibers with a robust shell material could
be further developed to entrap or thread engineered microorgan-
isms and their extracellular matrices. Electrospinning is a prom-
ising approach to fabricate large scale materials like meshes and
fabrics, and to create living wearable devices and clothing.

4.8. 3D Printing of ELMs

3D-printing technologies have garnered much excitement in
the past decade as a manufacturing platform that has made
significant inroads for prototyping, architectural construction,
and bioprinting. The process of bioprinting uses biologically
active cells, often contained in some hydrogel matrix that preserves
viability, and precisely deposits them with micrometer resolution
to create 3D living composites. The precision of this process is
facilitated by CNC robotics or photolithography. Several different
cell types can be integrated into the structure simultaneously as
distinct “bioinks,” to create complex 3D objects. This spatially
programmed approach allows for the development of anisotropic
ELMs with arbitrary shapes, in contrast to current demonstrated
efforts of monocultures or cocultures that lead to homogeneous
materials or poorly ordered composites, respectively. In addition,
programmed quorum-sensing circuits in these spatially arranged
cellular materials can be used to create dynamic ELMs that
change in space and time. Bacteria of different species have been
encapsulated in photo-crosslinked 3D gelatin structures as small
as a few micrometers by Shear and co-workers!*%! (Figure 19a,b).
These structures were designed as small microscopic chambers
to investigate the dynamics of diffusible effectors between poly-
microbial communities. Structures containing multiple bacte-
rial chambers with interconnecting “hallways” as well as nested
chambers containing distinct bacterial species were demon-
strated using this technique. The smallest fabricated chamber
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Figure 19. 3D printing for spatial patterning of ELMs. a) Top: Confocal laser scanning microscopy (CLSM) reconstruction of bacteria (green) within
spheroid “rooms” created from photocrosslinked gelatin that are connected by channels (red). Scale bar, 20 um. Bottom: Light microscopy top view
of encapsulated P. aeruginosa cells growing within the microfabricated structure over time. Scale bar, 20 um. b) This method can be used to construct
complex structures containing different bacterial species, as demonstrated from nested structures where the inner chamber contains S. aureus bacteria
surrounded by P. aeruginosa bacteria in the outer chamber. Left: Model and light microscopy image of nested rooms. Right, top: CLSM reconstruction
cross-section view of the structure. Scale bars, 10 um. a,b) Reproduced with permission.l**l Copyright 2013, United States National Academy of Sci-
ences. ) Left: An inexpensive bacterial 3D printer using a modified commercial kit integrated with a syringe pump and alginate-based bioinks. Right:
Top shows a CLSM reconstruction of two E. coli populations expressing different fluorescent proteins in different 3D-printed alginate layers. Bottom
shows rhamnose-induced expression of RFP from 3D-printed structures, demonstrating viability. Reproduced with permission.> Copyright 2017,
American Chemical Society. d) Top: schematic and photographs of the 3D tissue-printing process using fugitive ink from the Lewis lab, here used to
fabricate a structure simulating kidney nephron tubules. Bottom: After seeding with proximal tubule epithelial cells, shear stress from flow through the
printed tubule induces the formation of ECM and functionalization of the cells, forming polarized tissues that structurally and functionally recapitulate
aspects of kidney epithelium. (left to right) Phase contrast images of cells in 3D-printed tubule after 6 weeks, scale bars at 500 and 250 um. TEM
cross-section after 5 weeks, scale bar is 5 um. d) Reproduced with permission.l'>!l Copyright 2016, Nature Publishing Group.
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contained a volume of only 1 pL. Although these 3D-printed
chambers have only thus far been utilized as analytical tools, they
could potentially be adapted for ordering specific ELM-producing
cells in voxels to create well defined anisotropic materials. A
lower cost alternative has recently been demonstrated that uses
a modified inexpensive consumer 3D printer (Figure 19c). By
integrating a computer-controlled syringe pump with the 3D
printer, the authors were able to print genetically engineered
E. coli embedded in an alginate bioink.">% Although the 3D reso-
lution of the structures was on the order of 1-2 mm, given the
inexpensive build and low resource requirements, this bacte-
rial bioprinter system should enable the broader exploration of
3D-printed ELMs. Currently, the vast majority of funding and
effort for 3D bioprinting is focused on the development of ex vivo
synthetic tissue and organ engineering. Although this review
is primarily focused on ELMs broadly, we recognize that tissue
and organ engineering efforts are closely aligned with ELM tech-
nology, as organs are assemblages of cells that create an ordered
hierarchical structure composed of them and the ECM that they
generate to perform a physiological function. Thus, many of the
current efforts to use 3D printing to assemble complex organs
by spatially seeding cells in a biodegradable matrix, such as the
recent generation of an artificial kidney structure by Homan
et al.'>! (Figure 19d), hold much potential for adaption for the
fabrication of complex ELMs as well.

4.9. Synthetic Morphogenesis: Enabling Complex
Self-Assembling ELMs

Much of this review has focused on examples which have
explored the most basic embodiment of ELMs, that is, the cou-
pling of living cellular systems with in situ materials production.
Functionality can be programmed in at the genetic level and most
of these systems utilize the principles of self-assembly either as
part of the extracellular materials production (e.g., programmed
curli nanofibers) or for the formation of higher-ordered struc-
tures with unique properties. A significant remaining challenge
is developing the ability to precisely engineer complex structures
that are hierarchically organized seamlessly from the nanoscale
to macroscale, as living organisms are capable of fabricating.
One powerful aspect of structures created by living systems
that is yet to be fully recapitulated as an engineering principle
is the ability to harness self-assembly across these vastly dif-
ferent scales to create emergent properties where the sum is
more than its constituent parts. While current attempts to emu-
late such complexity borrow from top-down approaches such as
the 3D printing technologies described above, a true ELM that is
capable of achieving the structural and functional complexity of
living organisms will require genetically encoding the dynamic
growth, hierarchical organization, and temporal modulation of
such biological structures. The fields of evolution and develop-
mental biology have endeavored to elucidate such principles that
underlie the spatial and functional organization of tissues and
organisms. In much the same way that synthetic biology has
attempted to derive engineering principles from genetic and bio-
chemical principles of systems biology, a new effort at this time
of this review’s publication is attempting also integrate develop-
mental biology principles for the artificial design, programming,
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growth, and maintenance of complex biological structures. This
nascent sub-discipline of synthetic biology is known as “syn-
thetic morphogenesis” and is covered in detail in an excellent
recent review.[>2!

In the field of biological development, the process of creating
higher-order structures from genetically encoded processes
is known as molecular morphogenesis, in which overlapping
tissue-level modular programs enable structural and functional
changes through the induction of cell growth, alteration of
gene expression, and/or programmed cell death. These mor-
phogenetic modules exert their control over large cell popula-
tions through recurrent motifs such as spatial cellular signaling
gradients, intercellular feedback loops, and mechanical stress
transmitted through the ECM.[133-158 The integration of these
various developmental programs results in large-scale pattern
formation and defined multicellular structures arising from
collective programs occurring on a local and global scale. The
majority of current synthetic morphogenesis efforts are focused
on biomedical applications, particularly tissue and organ engi-
neering for the replacement of diseased and/or damaged tis-
sues. Thus, much of morphogenic engineering is focused on
the design of biomaterials that exhibit tissue-mimicking quali-
ties related to their mechanical properties and/or biochemical
functionalization. These material properties then provide cues
to the cells in a spatially defined manner to induce cellular dif-
ferentiation, large-scale tissue reorganization, and organ-level
functions, sometimes using methods such as 3D bioprinting as
described above.

Of particular import to our focus is the potential for using
synthetic morphogenesis approaches to design and modulate
ELMs of a degree beyond what has been heretofore accom-
plished. This new generation of ELMs will allow hierarchical
control and programmed anisotropy at various scales, vastly
increasing the complexity and functions of materials that can be
engineered. As a comprehensive systems-level understanding of
multicellular biological structure formation is currently lacking,
most of the early research of interest has focused on attempts
to model and engineer simple patterns using synthetic biology
circuits using intercellular communication modules. The recur-
rent biochemical strategies that Nature uses for morphogenesis
can be classified broadly into four motifs:['*°l the “French Flag”
model, phase separation, rule-based mechanisms, and Turing
pattern models. The first of these, the “French Flag” model,[*¢¥
generates positional information in a tissue through the use of
a diffusing signal, known as a morphogen. Morphological dif-
ferentiation of the cell population (analogous to the different
solid bands of the French flag) occurs as a result of threshold-
based cellular responses to the morphogen gradient. One of
the earliest examples of synthetic biological patterning by Basu
et al. employed AHL-based bacterial quorum-sensing modules
to create a band-detector circuit that is able to detect a specific
concentration range of AHL molecules!'®! (Figure 20a, left). In
the presence of “sender cells” that generate an AHL gradient,
cells harboring the band detection circuit are activated only
when a specific concentration of AHL is encountered, resulting
in spatially defined gene expression. Bulls-eye patterned dif-
ferential populations of bacterial cells were created, as well as
more complex shapes based on the initial positioning of the
sender cells (Figure 20a, right). A subsequent effort integrated
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Figure 20. Synthetic morphogenesis for engineering hierarchically defined multicellular structures. a) Use of AHL production and sensing elements
to generate a band detector circuit for genetically programmed morphogenesis. Right, top image shows a bullseye pattern formed by the sender cells
in the middle expressing CFP surrounded by two cell types with different band detectors, expressing GFP and DsRed. Right, bottom image shows
designed shapes can be generated by defined placement of the sender cells (here expressing DsRed); the GFP cells containing the band detector
circuit only grow at a defined AHL range and thus form a heart shape. Reproduced with permission.[®' Copyright 2005, Nature Publishing Group.
b) By combining a genetic dark sensor with an AHL-gradient response circuit, only cells directly adjacent to the dark zones (edges) are turned on by the
synthetic circuit, creating an edge-detection device. Bottom images: left shows the photomask used in the experiment, center is a photo of a bacterial
lawn containing the edge detector circuit, and right shows the mathematically modeled prediction. Reproduced with permission.l%2l Copyright 2009,
Elsevier. c) Generation of striped patterns from growing populations of bacterial cells using an AHL-generation circuit that stops cellular motility at
high cell densities. As cells swarm outward, they produce concentric bands containing nonmotile cells. The stripe periodicity can be tuned genetically.
Reproduced with permission.['®3l Copyright 2011, American Association for the Advancement of Science. d) Differential adhesion-based engineering
of multicellular patterning, using two populations of mammalian cells expressing two different pairs of cadherins with GFP or mCherry as markers.
Epifluorescence microscopy images (left, center) showing the boundary zones. Right, zoom-in confocal fluorescence image. All scale bars are 200 um.
Reproduced with permission.['®%8 Copyright 2016, Nature Publishing Group. e) Confocal microscopy image of B. subtilis biofilm populations expressing
different fluorescent proteins that self-organize into fractal patterns. Image reproduced with permission.['®l Copyright, Fernan Federici, P) Steiner, Tim
Rudge, and Jim Haseloff (University of Cambridge).

this AHL-based band detection system with an engineered
light-responsive genetic switch to create an “edge-detection’
circuit where only cells on the periphery of a light-dark zone
are activated'%? (Figure 20Db). This approach enables the ver-
satile creation of edge patterns of various shapes through the
use of photomasking techniques. A further study by Liu et al.

Adv. Mater. 2018, 30, 1704847

1704847 (30 of 34)

integrated the AHL-generating circuit with bacterial motility
to create an expanding population of bacterial cells that self-
organized into tunable periodic stripe patterns!'®l (Figure 20c).
Another developmental patterning motif is phase-separation,
in which cells self-organize based on their propensity to asso-
ciate or adhere, analogous to oil-water interfacial dynamics.['®4
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Also referred to as differential adhesion, different cell types
coalesce and separate to form diffuse granular patterns. Arti-
ficial recapitulation of this morphogenic strategy was recently
accomplished for the first time using mammalian cells engi-
neered to express two cadherin heterotypes to generate complex
2D and 3D patterns!'® (Figure 20d). Aside from the examples
above, the remaining two classes of morphogenic motifs, rule-
based mechanisms and Turing patterns, have yet to be engi-
neered in a synthetic system. Rule-based mechanisms encom-
pass those in which simple rules, such as cell morphology,
growth dynamics, or death, lead to large-scale self-generated
patterns. Examples include fractal formation of bacterial pop-
ulations!'®*-1%8] (Figure 20e), branching of colonies,['>17% and
wrinkling architectures in biofilms.'”! Turing patterns (TPs),
also known as reaction-diffusion models, were proposed by
Turing in 19530721 and are characterized by feedback interac-
tions between diffusing morphogens. These patterns are not
wholly dependent on the prepattern state (i.e., the local position
of the “sender” cells), allowing for self-regulating patterns. They
are thought to underpin a wide spectrum of developmental pro-
cesses, from tissue patterning in animals (e.g., zebra stripes) to
bilateral symmetry in animals to limb development. Although
the development of synthetic circuits for TP formation would
be a powerful tool in the synthetic morphogenesis toolkit,
to date there has been no demonstrated example. Current
obstacles include the required precision of the design space for
TP dynamics, as well as the lack of synthetic biological parts
that fit the required diffusion and feedback parameters.['>” As
these emerging synthetic morphogenesis efforts begin to estab-
lish robust engineering principles for multicellular patterning
and coupling of functional structures across hierarchical scales,
we anticipate a synergistic integration with biofabricated pro-
grammable matter, leading to a new generation of ELMs.

5. Conclusions

This current manuscript reviews key advances in the develop-
ment of ELMs, advanced materials that utilize biological cells
to fabricate, assemble, and maintain the material. The cells act
as living nanomaterials factories and thus the ELM has prop-
erties of living systems—self-assembling, self-healing, and
dynamic responsiveness—that many have attempted to artifi-
cially emulate in synthetic materials. We consider ELMs to be
an emerging branch of biohybrid devices, with the distinction
that the acellular components of the ELMs are either created
wholly in situ or modified by the cells. The intimate integration
of a living system into these materials allows our current efforts
at engineering synthetic biological circuits to be applied toward
materials science platforms. From the technologies reviewed
herein, we can see two parallel efforts that converge under the
definition of ELM efforts, as we have defined.

One effort is a bottom-up approach, attempting to use pro-
grammed cells as bionanomaterials factories for materials
production. This approach draws heavily from synthetic biology
and molecular self-assembly. All of the ELM efforts utilizing
this bottom-up approach have focused on bacterial produc-
tion of self-assembling extracellular materials, shadowing the
dominance of prokaryotic systems in synthetic biology due to
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their relative simplicity and ease of growth. We believe that this
focus on simpler bacterial systems will continue in the imme-
diate future, as more researchers develop engineered cellular
systems to secrete naturally occurring or synthetic biopolymers
for extracellular assembly. One area that is ripe for exploration
is the use of eukaryotic cells for generating ELMs, which has
vast potential, given the spectrum of natural materials routinely
used in everyday life that is derived from eukaryotic tissue—
cotton fabric, leather, and wood. Concomitant with these
efforts, more synthetic biological circuits will be integrated to
control the production (and degradation) of ELMs spatially and
temporally. Although these systems could theoretically reca-
pitulate the complex materials-generative capability of natural
systems, such as the wonderful example of trees, there is a
substantial lack of engineering principles that adeptly weaves
structural morphology and self-assembly together throughout
multiple hierarchical scales.

The other approach in developing ELM technologies we have
seen utilizes top-down assembly and is derived from synthetic
materials research. Many of the composite ELM materials we
have covered here are biohybrid materials/devices in which
synthetic inorganic components (polymers, carbon-based,
and noncarbon based) compose a large part of the material.
We attempted to include only those examples in which the
living component substantially modified the materials or acted
dynamically with the scaffolding to imbue the ELM with emer-
gent function. These approaches attempt to expand the func-
tion of synthetic materials by the inclusion of living cells, which
brings many of these examples into the realm of ELMs. These
examples circumvent the need for cell-mediated organization
by employing top-down engineering to place and precisely inte-
grate the cells into the materials. Although this adds nontrivial
cost and labor into the process, it enables the development
complex functional materials that are currently unattainable
from wholly bottom-up approaches. A significant benefit from
these composite ELMs will be their inclusion in large-scale
manufacturing of ELMs.

A review of traditional biomanufacturing processes that
would be amenable to biomass isolation was presented for
simpler materials, but we also highlighted cell-encapsulated
nanofibers and 3D-printed cellular structures as key forward-
looking manufacturing technologies that will likely play large
roles in pushing the development of large-scale ELMs. It should
be noted, however, that the few commercial examples of large-
scale ELMs that we reviewed employed various manufacturing
processes, many of them are quite straightforward.

We anticipate the two approaches for engineering ELMs will
continue, and we expect to see merging efforts as synthetic
biology and synthetic materials efforts become more overlap-
ping and enmeshed. As these two engineering efforts com-
bine, ELM systems will rapidly emerge as a viable route for
the development of programmable matter. One exciting area
that we have touched upon in our review is the nascent field
of synthetic morphogenesis, the fruits of which will guide us
toward engineering living materials that are autonomously self-
organizing spatially and temporally at multiple dimensions.
The ongoing progress in these fields will drive the future of
ELM design and engineering toward the development of large-
scale genetically programmable matter.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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