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Engineered living biomaterials

Aranzazu del Campo

of engineered living materials.

Living cells have the ability to synthesize complex mol-
ecules from a few precursors, which can assemble and
grow into materials with impressive performance
and complexity in composition and structure'. Natural
materials, such as bone, wood or bacterial biofilms, can
further adapt their composition, structure and perfor-
mance in response to changes in environmental factors,
such as molecular effectors, pH, salinity, temperature,
light intensity or direction, or mechanical stress**.
Autonomous growth, sensing, secretion of metabolites
and regeneration are inherent to many natural living
materials. The growing field of engineered living materi-
als aims at recreating these properties of living materials
for the design of functional and responsive materials’.
A variety of organisms, including bacteria, fungi,
algae and animal cells, have been incorporated into
materials, such as silk, concrete or hydrogels, to engi-
neer living materials, or biohybrids, for a range of
applications®'’. In particular, synthetic biology has
enabled the precise genetic engineering of cells for bio-
technological applications, including cell programming
and gene regulation. Engineered living materials for
biomedical applications have emerged from combining
these synthetic biology capabilities with advances in bio-
engineering and tissue engineering concepts™’. In living
materials, living cells are combined with a matrix or scaf-
fold. The living component endows the material with
distinct functional properties. Living materials can be
generated by a top-down approach, based on the design
of a non-living composite that encapsulates living cells.
Alternatively, in a bottom-up approach, cells can be
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Abstract | Biomaterials have evolved from inert materials that lack interaction with the body

to biologically active, instructive materials that host and provide signals to surrounding cells

and tissues. Engineered living materials contain living cells (responsive function) and polymeric
matrices (scaffolding function) and, thus, can be designed as active and response biomaterials.
In this Review, we discuss engineered living materials that incorporate microorganisms as the living,
bioactive component. Microorganisms can provide complex responses to environmental stimuli,
and they can be genetically engineered to allow user control over responses and integration of
numerous inputs. The engineered microorganisms can either generate their own matrix, such as
in biofilms, or they can be incorporated in matrices using various technologies, such as coating,
3D printing, spinning and microencapsulation. We highlight biomedical applications of such
engineered living materials, including biosensing, wound healing, stem-cell-based tissue
engineering and drug delivery, and provide an outlook to the challenges and future applications

engineered to synthesize and maintain the surrounding
matrix, such as in engineered biofilms''-"*.

Engineered living materials are particularly interest-
ing for biomedical applications; for example, wearable
biosensors can be designed by incorporating engineered
microbial strains that produce output signals, such as
the expression of a fluorescent protein, in response to
contaminating biochemicals'*. Such functionalities are
achieved by integrating synthetic genetic circuits'>'® and
engineered sensory proteins'”'® with the biosynthesis of
proteins or small molecules. The field of drug delivery
aims at delivering therapeutic molecules to specific sites
in the body, to optimize the pharmacokinetic profile of
the drug'*-**; for example, growth factor-loaded sponges
can be implanted to promote bone tissue regeneration,
such as InFuse, which is a collagen sponge delivering
bone morphogenetic protein 2 (BMP2) for spinal fusion.
Alternatively, a growth factor-eluting engineered biofilm
can continuously produce the desired dose of a thera-
peutic agent at the regeneration site to stimulate stem
cell differentiation and tissue regeneration®. Similar
therapeutic biofilms and drug-delivering living implants
have been explored, including skin patches for wound
healing’***, adhesive bacterial matrices for the treatment
of chronic inflammation in the intestine® or to seal
blood leakage in vascular tissues”, and self-replenishing
drug depots for the delivery of antimicrobials or thera-
peutic proteins*>**~*! (FIG. 1). Most living materials are
based on laboratory strains of Escherichia coli, because
E. coli can be easily genetically modified. However, bio-
medical applications would require the use of Generally
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Fig. 1| Fabrication and biomedical applications of living materials. Living materials
contain wild-type or engineered bacteria that respond to external stimuli and are
incorporated on the surface or within material substrates, which provide structure

and support. Living materials can be fabricated by surface engineering, allowing the
development of biofilms, by encapsulation into hydrogels to form microgels, which can
be used as self-contained microreactors, by 3D printing or additive manufacturing to
encapsulate the bacteria within the material and by electrospinning. These materials can
be applied for cell engineering, as biosensors, as skin patches for wound healing and for
controlled drug release.

Recognized as Safe (GRAS) species of bacteria, yeast
and unicellular algae, as has been demonstrated with
living materials containing E. coli Nissle 1917 (REF*),
Lactococcus lactis**, Saccharomyces cerevisiae® and
Spirulina™.

The integration of functional microorganisms into
polymeric matrices imposes stringent requirements on
materials engineering. The matrix has to support sur-
vival and metabolic function of the encapsulated organ-
isms, and confine them to the application site. In this
Review, we discuss the parametric window of material
precursors and processing conditions that are compat-
ible with living components, and highlight the advan-
tages and disadvantages of different microorganisms and
polymeric matrices (TABLES 1,2).

Traditional living materials

Living material designs have long been used for probi-
otics and biocatalysis. Here, microorganisms are encap-
sulated in polymeric matrices, typically in the form of
microcapsules or fibre meshes, to facilitate the delivery
of the microorganism to the application site or to isolate
the microorganism after reaction.

Probiotics. Probiotics are microorganisms expected to
confer health benefits*~*’. Probiotics are also consid-
ered advantageous for food packaging, because bacteria
can decrease the oxygen permeability of the packaging
material, which is beneficial for food preservation®**.
Probiotic treatments require the ingestion of about 10°

viable cells per day™. To preserve viability, probiotics

can be encapsulated in hydrocolloids, lipids and poly-
mer composites’'~*, which protect them against low
pH and bile present in the gastrointestinal tract*.
Hydrocolloids, including polysaccharides, such as cel-
lulose and derivatives, chitosan and alginate****, proteins,
such as gelatin, wheat gluten, corn zein, collagen, soy
protein and casein®, and lipids, such as natural waxes
and acylglycerols*, are biodegradable and can release the
probiotic strains after passage through the gastrointesti-
nal tract. Food products, such as yogurts, frozen dairies
and cheese, can include probiotics without compromis-
ing their organoleptic characteristics. The addition of
probiotics leads to noticeable effects on the gut micro-
flora, suggesting a successful transit through the gastro-
intestinal tract and in situ probiotic cell release”’. For
example, encapsulation of Lactobacillus in alginate and
soy protein isolate significantly increases its survival in a
simulated gastrointestinal environment, compared with
free cells”. However, safety concerns have been raised
regarding probiotics potentially altering the microflora
ecosystem, which need to be further assessed”’.

The next frontier in probiotic therapies involves their
genetic modification to provide them with sensors and
switches for programmed therapeutic functions*. In
particular, common probiotic lactic acid bacteria have
been genetically modified and are currently in clini-
cal trials. For example, L. lactis has been engineered
to secrete anti-inflammatory drugs to combat inflam-
matory bowel disease®™" and Lactobacillus jensenii has
been engineered to produce antivirals to inhibit vaginal
HIV entry’'. These bacteria are undergoing clinical trials
(Precigen Actobio™ and Osel Inc.”*) and several others
are in development™. The delivery and sustenance of
such bacteria are expected to be further improved by
encapsulation in materials.

Biocatalysts. Progress in biocatalysis has contributed
considerably to our understanding of bacteria-material
interactions. Biocatalysis refers to reactions catalysed by
enzymes immobilized on a solid substrate or by entire
cells in a reaction medium. Here, we only refer to the
latter. Bacteria have long been used as biocatalysts, with
a first report in 1911, describing furfural reduction by
yeast during alcoholic fermentation, and a publica-
tion in 1948, reporting microbiological oxidation of
sterols™. Notable examples of whole-cell biocatalysts
include polyelectrolyte microparticles containing a
recombinant strain of E. coli that expresses cyclopen-
tanone monooxygenase to catalyse Baeyer—Villiger
biooxidations, Corynebacterium glutamicum for the
production of L-lysine and L-glutamate®, Paracoccus
denitrificans for vitamin B, biosynthesis® and
Agrobacterium/Rhizobium HK1349 for industrial-scale
biosynthesis of L-carnitine™.

Engineered living biofilms can also be used in bio-
reactors for biotechnological production. The high
cell density within biofilms and the ability of biofilms
to colonize substrates make them ideal materials for a
retentostat®'. In such a chemostat (bioreactor), the cat-
alyst, which are whole cells in this case, are retained
within the bioreactor for the production of high-end bio-
technological products, for example, cephalosporin C,
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amylase and cellulase®. However, the reactions cat-
alysed by intracellular enzymes often compete for
cofactors with the microorganism metabolism, which
can negatively affect the productivity and survival of
the cells. Thus, cascade catalysis has been explored to
improve whole-cell biocatalysis by physically confin-
ing the required enzymes in organelles (peroxisomes,
mitochondria and capsosomes)®. Locating enzymes
of the same pathway in close proximity increases the
yield and reduces the metabolic burden of the host cell.
Alternatively, enzymes can be displayed in microbial
membranes to facilitate access to the substrates, avoid-
ing the bottleneck of transmembrane transport of the
molecules involved in the catalysed reactions®’.

Biomedical applications of living materials

Living materials have been developed and optimized
for biomedical applications, including biosensors, skin
patches for wound healing, drug delivery systems and
tissue engineering constructs.

Encapsulated whole-cell biosensors. Gene expression®
in microorganisms can be engineered to be activated in
response to medically relevant molecules, such as glu-
cose, maltose, oestrogens and quorum-sensing mole-
cules of pathogens, for the development of whole-cell
microbial biosensors®®”’. Bacterial biosensing can be

REVIEWS

realized by modifying kinases, transcription factors,
repressors or RNA riboswitches, which can then acti-
vate the production of a reporter protein in response
to the binding of an analyte®. In general, reporter sig-
nals are fluorescent or bioluminescent proteins, which
allow easily quantifiable optical readouts. Such a sens-
ing and reporting mechanism enables signal amplifica-
tion, because a single analyte molecule can induce the
production of multiple copies of the reporter protein®.
Furthermore, the production of whole-cell living biosen-
sors is cost-effective, because, once the sensing circuits
have been encoded, the bacteria just need to be grown
and encapsulated in matrices*®*”".

Such a living biosensor can, for example, detect
isopropyl-f-Dp-1-thiogalactopyranoside (IPTG), lac-
tose or galactose in milk by encapsulating geneti-
cally engineered E. coli in agar hydrogels, sandwiched
between polystyrene and nanoporous polycarbonate
membranes’'. Using this biosensor, analytes can be
detected in very low volumes (1-10 pl) of milk within
30-120 min. Owing to the poor mechanical stability
of agarose and the requirement for cold storage, these
biosensors need to be produced in a batch process, lim-
iting them to laboratory-scale production and a cost of
2.50 USD per sensor unit””. Alternatively, spore-forming
Bacillus subtilis can be encapsulated in polyvinyl alcohol
(PVA) hydrogels, which can be dried, allowing biosensor

Table 1 | Microbial strains in living materials

Strain

Escherichia coli
Nissle 1917

Escherichia coli

ClearColi

Escherichia coli lab
strains

Lactococcus lactis
MG1363/NZ9000

Bacillus subtilis

Staphylococcus
epidermidis

Lactobacillus;
Bifidobacterium;
Streptococcus;
Enterococcus

Acetobacter xylinum

Spirulina

Penicillium
chrysogenum

Saccharomyces
cerevisiae

Gl, gastrointestinal.

System

Biosensor pill for
gut bleeding; IBD
treatment

Light-responsive drug
delivery

Biosensors; living
tattoo; biocatalysis

Living biointerfaces

Low-cost biosensors;
skin patches

Skin patches

Probiotic
microcapsules

Living skin graft

Stem cell,
neuroregenerative and
anti-thrombogenic
scaffold

Drug release

Biosensor; biocatalysis;
bioremediation

Advantages

Probiotic strain for the Gl tract;
easy to modify

Endotoxin-free strain; easy to

modify

Fast growth; large genetic toolbox

Probiotic strain; adhesive biofilms;
good at protein display and
secretion; endotoxin-free strain

Forms robust spores; antifungal
properties; Gram-positive model
organism

Skin commensal; antifungal
properties

Probiotic strains for the Gl tract

Bacterial cellulose producer

Anti-inflammatory; antibacterial;
antifungal; antimetastatic;
antioxidant; regenerative

Naturally produces penicillin

Food-grade; cheap; large genetic
toolbox

Disadvantages

Endotoxins

Not a probiotic
Endotoxins

Limited genetic toolbox

Moderate genetic
toolbox

Opportunistic pathogen
inside tissues

Limited genetic toolbox

Not a probiotic; not
genetically tractable

Only lysed extracts used
for these applications

Minimal availability
of genetic tools

Ethanoland CO,
production undesirable
for some biomedical
applications

Refs

26,70

29,30
14,69,71,
105,186
23,90-92,

125

24,25,72

41-46

138

135-137

28

73,132,
150,151
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Table 2 | Materials used in living materials

Material

Agarose

Pluronic
F-127

PVA

Alginate

PEO

PCL

Silk fibroin

Curli
nanofibres?

System

Drug release;
3D printing

Biosensors;
skin patch;
3D printing

Electrospinning;

Advantages

Good for sustaining
bacterial populations;
gelation by cooling

to room temperature

Gelation by heating

to room temperature;
chemically modifiable;
physical and chemical
crosslinking possible;
shear thinning

Forms porous matrix

Disadvantages

Uncontrolled
bacterial growth

The physically
crosslinked gel
dissolves in water

Water-soluble

Refs

28-30

14,25,

72,1217,

cheap biosensor  during drying 120
Cheap Widely used; forms gelin  Needs Ca?* 1
3D printing, contact with Ca**; good  toremain a

probiotics printability; chemically gel; physical

Electrospinning;
tissue
engineering
scaffolds

modifiable; cheap;
accessible

Water-soluble;
substitutive for
organic solvents
in electrospinning

crosslinking only

Canincrease
water solubility
in polymer blends

Thermoplastic; low Not suitable 136
melting temperature; for live-cell
medical-grade PCL encapsulation

available during

electrospinning

Genetically modifiable 17

polymer

Expensive

Extensively genetically
modifiable

Biodegradable; 7.26,85
relatively soft

Escherichia coli

PCL, polycaprolactone; PEO, polyethylene oxide; PVA, polyvinyl alcohol. °Produced by
bacteria in situ, followed by extracellular self-assembly.

production by an industry-standard, roll-to-roll coating
process’ (FIG. 2a), at a cost of 0.0009 USD per disc. The
dormant spores in these hydrogels can be stored long
term (at least 4 weeks) at temperatures between —20°C
and 80°C, and revived with medium to yield functional
biosensors. These bacteria were programmed to sense
IPTG and produce a fluorescent signal that could be
observed within 1 h of exposure to IPTG concentrations
as low as I mM.

Wearable biosensors can detect biochemicals in body
fluids (for example, in sweat), enabling non-invasive,
real-time health monitoring. Living biosensor devices
can be made of flexible materials for sensitive, multi-
plexed analyte detection with improved wearability com-
pared with purely hydrogel-based living materials'*®.
For example, a sensor can be made of elastomeric
compartments, which support gas exchange, and con-
tain bacterial cultures that are sealed off by tough poly-
acrylamide-alginate hydrogels, allowing diffusion of
nutrients and analytes®. This device is stretchable up
to 1.8 times its original length and capable of detecting
different small molecules (IPTG, rhamnose and N-acyl
homoserine lactone (AHL)) when applied on skin or
nitrile gloves®. The bacteria can also be printed using
Pluronic F-127 diacrylate as ink to engineer a flexible
living tattoo', which can sense IPTG, rhamnose and
AHL on skin (FIC. 2b). Similarly, agarose-based bio-
sensors encapsulating B. subtilis spores™ can survive a

temperature of 72 °C, which is required for 3D print-
ing of this living material. In the presence of suitable
nutrients and oxygen, the spores can germinate and are
genetically programmed to report the presence of IPTG,
xylose, vanillic acid or cuminic acid by producing green
fluorescent protein (GFP) (detectable in about 5h from
application of analyte)™.

In addition to external biosensing, living biosen-
sors can also be designed to sense within the body. For
example, an ingestible bacterial electronic capsule can
sense gastrointestinal bleeding” (FIG. 2¢). Here, E. coli
was engineered to detect haem at titres as low as 0.2 uM
or 10 ppm and produce bioluminescent luciferase. The
bacteria are encased in an acrylonitrile butadiene sty-
rene (ABS) plastic chamber, which is closed off on one
side by a transparent polycarbonate window and on
the other side by a semipermeable membrane to allow
analyte diffusion. These bacterial containers are then
encased in polydimethylsiloxane (PDMS), together with
a miniature photosensing electronic device, forming
an ingestible capsule that can detect internal bleeding
within pig guts and wirelessly relay the information in
real time. A self-grown living material biosensor based
on co-culturing of engineered yeast cells and bacte-
rial cellulose-producing Komagataeibacter rhaeticus
bacteria” can detect the oestrogen steroid hormone
B-oestradiol through genetic engineering of the yeast.
B-Oestradiol is an environmental pollutant affecting
aquatic species and humans. The sensor can detect
titres as low as 5nM and produce a fluorescent protein
in response.

Synthetic biology advances have opened the doors
to a wide range of possibilities for living biosensors.
Furthermore, microtechnologies and nanotechnologies
have been developed that enable easy handling, port-
ability and multiplexing of sensing’. Genetic circuit
designs further allow the simultaneous sensing of multi-
ple analytes, execution of logic functions and tunability
of sensitivity ranges of detection”".

Skin patches restore the skin microbiome. The skin hosts
a rich microbiome with multiple bacterial and fungal
species coexisting in symbiosis, and is also available to
topical application of living materials. The dominance
or recession of certain species can lead to dysbiosis that
manifests as skin disorders, such as acne vulgaris, atopic
dermatitis and psoriasis”. Microbial therapies for the
treatment of such disorders are being explored; how-
ever, introducing therapeutic microorganisms to the
skin may raise the risk of dysbiosis, if the microorgan-
isms disproportionally colonize the treatment site”®. To
alleviate this risk, therapeutic skin-commensal bacteria
can be entrapped within stabilizing matrices that con-
trol the outgrowth of bacteria that colonize the affected
skin region. For example, protective skin dressings can
be designed by encapsulating Staphylococcus epidermidis
in polyelectrolyte-based nanofibrillar mats™. These mats
limit bacterial metabolism and delay bacterial outgrowth
by ~5h in shaking culture conditions in vitro. Bacterial
metabolism can be slowed down 2-3-fold, compared
with free bacteria, and outgrowth rates can be delayed
to ~6h by varying the number of polyelectrolyte layers.
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Similarly, antifungal living skin patches can be
designed by incorporating the wild type B. subtilis
3610 strain, which naturally produces the antifun-
gal compounds surfactin, fengycin and iturin®, in a
thermo-responsive gel made of the triblock copoly-
mer Pluronic F-127 (REF). A solution of this polymer
remains fluid at 4°C but forms a viscous gel above 15°C,
allowing easy bacterial incorporation and application on
the skin. By varying the polymeric and bacterial com-
positions, the mechanical properties of the gel can be
tuned, for example, to ensure penetration of the gel
precursor solution into the epidermal layer but not into
the dermal layer, prior to gelation. In a mouse model,
this skin patch could limit a Candida albicans infection,
which is one of the most frequent causes of skin infec-
tions. However, whether the gel disperses and whether
B. subtilis is incorporated in the skin microbiome remains
to be explored. In these applications, living materials
ensure the controlled release of the entrapped bacteria to
re-establish the symbiotic coexistence of microorganisms
in the skin.

Self-growing biofilms as wound patches and tissue adhe-
sives. Biofilm engineering for biocatalysis*’, environ-
mental remediation®, underwater adhesion®, gradient
mineralization®’ and other applications” has been widely
performed using E. coli programmed to secrete curli
nanofibres. Curli nanofibres are major biofilm matrix
proteins involved in bacterial surface adhesion, aggre-
gation and induction of host inflammatory responses®.
The 13-kDa curli subunit CsgA is secreted out of the
bacterial cell, where it assembles into amyloid fibres with
the help of bacterial-surface-associated CsgB, which

b 3D-printed living tattoo
@)

Sensor 2

Fig. 2 | Living materials as biosensors. Engineered bacteria can be encapsulated ina

matrix to detect and respond

to analytes by generating a fluorescent signal. a| Simple

biosensors can be mass-produced at low cost by embedding engineered microorganisms

in a paper substrate to detect

analytes or contaminants’”. b | A tattoo sensing conta-

mination of the skin can be used for the detection of small molecules®. ¢ | A gut-bleeding-
sensing pill wirelessly transmits the results of the detection’® and can be mass-fabricated

at low cost.

REVIEWS

induces its nucleation’. This efficient self-assembly
process leads to the formation of mechanically stable
matrices made of fibres, which, in combination with
their genetic tractability, have made CsgA an ideal candi-
date for the development of self-regenerating functional
living materials’.

Most E. coli strains used in these living materials do
not produce curli fibres on their own, and, thus, only
recombinantly modified and encoded curli fibres are
present in their matrix’. For example, for the treatment
of inflammatory bowel disease’, the E. coli strain Nissle
1917 was programmed to secrete CsgA curli fibre pro-
teins fused to trefoil factors (TFFs), which are known to
promote intestinal barrier function and epithelial res-
titution. In a mouse model, in which colitis is induced
by dextran sodium sulfate, these biofilms can be orally
administered and adhere to intestinal ulcers, where they
form a protective biointerface that promotes mucosal
healing and immunomodulation® (FIC. 3a). Similar bio-
films have been engineered to selectively capture virus
particles from water® by fusing the CsgA protein to the
influenza-virus-binding peptide C5. The biofilms can be
attached to polypropylene filler materials to construct
purification columns for the disinfection of river water,
with influenza titres as high as 10’PFUI™". A genetic
kill switch limits the growth of the biofilm by induc-
ing bacterial lysis once a threshold population density
is reached. The bacteria can sense whether their own
quorum-sensing molecules exceed a certain threshold
concentration and, in response, produce a lysis protein
(¢x174E), which kills them. Therefore, bacterial popu-
lation growth is limited to a density that allows effec-
tive capture of virus particles®. This curli-based system
can also be tailored to repair damaged bleeding vascu-
lar tissues”” by engineering the bacteria to sense haem
in the environment and produce adhesive curli fibres in
the form of a glue, which seals leaky membranes (FIC. 3b).
In an in vitro microfluidic device that contains flowing
horse blood and a semipermeable membrane, from
which blood can leak, the bacteria can detect the leakage
and completely seal the membrane.

Other types of bacteria, such as B. subtilis, have been
engineered based on the TasA amyloid machinery of
B. subtilis, whose properties can be tailored to have
the adequate viscosity to be 3D printed and display
self-regeneration properties®™.

Living instructive scaffolds support tissue regeneration.
Research on materials for biomedical implants has
shifted towards the development of responsive materi-
als that can instruct embedded cells to support tissue
development and maintenance®*. Materials contain-
ing microorganisms can be engineered to react to and
remodel the cellular microenvironment®, in response
to physical stimuli, for example, temperature, light or
other electromagnetic fields, and mechanical forces,
or chemical stimuli, for example, pH, chemical species or
of concentration gradients’.

For example, L. lactis biofilms can be genetically
engineered to produce extracellular matrix pro-
teins and growth factors in situ for tissue engineering
applications™*"=* (FIG. 3c). Lactococcus lactis MG1363,
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Fig. 3 | Living materials as tissue adhesives. a | Biomaterials with engineered microorganisms can produce and elute
recombinant proteins or small molecules in situ to aid wound healing in chronic wounds (such as burns and diabetic
wounds); for example, the Escherichia coli strain Nissle 1917 produces recombinant CsgA curli fibres fused to trefoil
factors to restore epithelial function. b | Engineered bacteria in living materials can be engineered to produce tissue
adhesives, that is, curli fibres, to help in the recovery of wounded tissues. ¢ | The biofilm-forming ability of Lactococcus
lactis can be exploited for the engineering of biofilms, which can act as an interface between a biologically inert substrate
and mammalian cells. L. lactis produces different biologically active proteins that trigger the adhesion and differentiation
of mammalian cells cultured on top of the biofilm. BMP2, bone morphogenetic protein 2.

a plasmid-free strain, and its derivative L. lactis NZ9000,
which has an engineered nisin-controlled gene expres-
sion system (NICE)”, can be designed to express
proteins involved in cell adhesion, proliferation and
differentiation, such as fragments of fibronectin, which
is an important extracellular matrix protein®. The
fibronectin fragment FN III, ; harbours an arginine-
glycine-aspartic acid (RGD) integrin-binding motif
in the ninth type III repeat and a PHSRN or synergy
motif in the tenth type III repeat. L. lactis can be engi-
neered to express the FN IIL , fragment modified with
a secretion peptide at the N terminus, which is cleaved
upon secretion, and a S. aureus SpA cell-wall binding
motif, allowing the fragment to be secreted, followed by
covalent binding to the cell wall. The lack of lipopolysac-
charides in the cell wall of L. lactis enables direct inter-
action of RGD-ligating integrins on mammalian cells
with the fibronectin fragment. Therefore, a biofilm of
L. lactis constitutively expressing FN IIL, | interacts with
mammalian cells through integrin-fibronectin adhe-
sion; thus, the bacteria become the growth substrate for
mammalian cells. Such L. lactis biofilms can be applied
in bioreactors to control stem cell fate and could also be
used in vivo, if adequately encapsulated. The ability of
L. lactis to produce different proteins and certain small
molecules on demand allows control of the differentia-
tion process without the need for external biochemical
factors.

E. coli has also been applied for the design of
light-responsive living biomaterials”. Most laboratory
E. coli strains do not develop biofilms and contain
immunogenic lipopolysaccharides on the outer mem-
brane. However, the E. coli strain ClearColi BL21(DE3)
does not produce endotoxic lipopolysaccharides and can
be electrostatically immobilized on glass surfaces coated
with positively charged poly-L-lysine, owing to its neg-
atively charged outer membrane. Irradiation with light
causes cleavage of the photosensitive IPTG, which then
induces the expression of a cell-adhesion-promoting

RGD knottin® miniprotein on the bacterial surface
(FIC. 4a). This is the first example of a light-responsive liv-
ing biomaterial, in which an optogenetic stimulus, such
as blue light, can be used to induce the production of a
protein that enables the interaction of the bacteria with
mammalian cells, in this case, through RGD-integrin
interactions™.

Self-replenishable and personalized drug-eluting mate-
rials. Microorganisms are commonly used for the pro-
duction of biopharmaceuticals (for example, peptides,
proteins and oligonucleotides), which are drugs derived
from natural sources with a range of therapeutic func-
tions, from infection treatment to gene therapy”. In
addition to engineering microorganisms for drug pro-
duction, they can also be programmed as drug delivery
vehicles. These live biotherapeutics” can site-specifically
produce and deliver drugs in situ****’®, A number of
live biotherapeutics are currently in clinical trials for
the treatment of disorders in the gastrointestinal and
genitourinary tracts, skin and oral cavity"***”. Live bio-
therapeutics enable a personalized medicine approach,
because microorganisms can be programmed with sen-
sors and switches to deliver the drug in response to spe-
cific disease markers. However, potential uncontrolled,
opportunistic microbial growth and colonization may
damage sensitive tissues’>'”’. The colonization behav-
iour of newly introduced engineered bacteria depends
on the patient, organ and medical condition, and is,
thus, difficult to standardize, as is often the case with
probiotic therapies'” in the gut. Consequently, predict-
ing or controlling drug profiles, which is important in
therapies requiring tight regulation of drug doses (for
example, growth factors, insulin, cytokines), remains
challenging****75.

To overcome these drawbacks and expand the appli-
cability of live biotherapeutics, living drug-eluting
implants that encapsulate microorganisms in poly-
meric matrices have been explored*****. The polymeric
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matrices provide a supportive environment for the sur-
vival of a microbial population and can be designed to
ensure that the microorganisms do not escape. Adequate
porosity in the polymeric matrix allows diffusion of
nutrients, gases, metabolites and drugs in and out of the
material. Although not yet tested in vivo, the nutrients
and gases required for the sustenance of microorgan-
isms in living drug-eluting implants are expected to be
available in the body, similar to how the microbiome is
sustained. In contrast to non-living drug-release devices,
the drugs in drug-eluting living materials can be pro-
duced in situ and long-term controlled release is theo-
retically possible. Therefore, this strategy is expected to
be more cost-effective compared with traditional drug
delivery systems, which require drug purification, stor-
age and packing steps. Drugs can be freshly produced
in real time and, therefore, living therapeutic materials
are ideal for the delivery of fragile protein-based drugs.
Moreover, smart functions can be introduced without
increasing the complexity of the material by genetically
encoding the microorganisms with sensors and switches.
These advantages are propelling the development of live
biotherapeutics in the form of living materials.

a Light-sensitive engineered living interface

Substrate

1,000 um
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One of the first examples of a drug-eluting living
material for sustained antibiotic release was fabricated
by encapsulating penicillin-producing fungi in an
agar-based hydrogel, sandwiched between a polyacrylate
layer and a nanoporous (400 nm pore diameter) poly-
carbonate membrane®. This construct releases the anti-
biotic for at least 10 days, killing Gram-positive bacteria,
such as S. carnosus. However, in this system, the bac-
teria were not genetically programmed to provide con-
trol over release. To control drug release, we fabricated
agarose-based hydrogels encapsulating optogenetically
engineered E. coli, which allows light-regulated release of
a red fluorescent protein (RFP)* and the antimicrobial
and antitumoural drug deoxyviolacein® (FIC. 4b). Here,
the endotoxin-free E. coli, ClearColi, was programmed
using an optogenetic module that activates drug pro-
duction in response to blue light irradiation. Controlled
and localized drug production could then be remotely
triggered by modulating the exposure and spatial con-
finement of incident light (FIG. 4c). In transwell inserts
with a nanoporous membrane interface, the drug could
be released into external medium without bacterial
escape. Dosage of release could further be modulated

b RFP/dVio release from engineered E. coli

Light

Living material

Deoxyviolacein

(dVio)

Red fluorescent
protein
A)

d Prolonged release of dVio
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Drug production (ug per day)
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Fig. 4| Light-responsive living therapeutic materials. a| Living interfaces can be engineered to display cell-adhesive

ligands and promote intracellular drug delivery in response to light, in a spatially controlled manner

95

.b | Escherichia coli

can be optogenetically engineered to produce and release either a protein (red fluorescent protein (RFP))* or the
small-molecule drug (deoxyviolacein (dVio))*. ¢ | The production of molecules within living materials can be locally

triggered and tuned by varying the duration and intensity of light irradiation. d | Drug production can be sustained for
more than a month. Part c reprinted with permission from REF.%, Wiley. Part d adapted with permission from REF.*°, Wiley.
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by varying light exposure, enabling prolonged release for
over a month**’ (FIG. 4d). These proof-of-concept studies
demonstrate the potential of controllable drug-releasing
living materials, which can then be adapted for specific
therapies.

Pluronic F-127 bisurethane methacrylate has also
been explored as a chemically crosslinked bioink for the
encapsulation and 3D printing of bacteria engineered
to secrete the peptide antibiotic colicin V*'. These living
materials can be fabricated in desired geometries, stored
and reused multiple times through freeze drying, and
they can inhibit the growth of Gram-negative bacteria,
as shown by zone of inhibition assays on agar plates’'.
However, potential outgrowth of bacteria into the exter-
nal medium and remote control of antibiotic production
remain to be addressed. 3D-printed agarose-B. subtilis
systems have also been engineered for antimicrobial
drug release”, enabling controllable drug release; how-
ever, bacterial outgrowth into the external environment
would also need to be assessed. Here, B. subtilis was engi-
neered to release the antimicrobial lysostaphin or thioc-
illine in response to vanillic acid or IPTG, respectively.
These living materials can be directly printed onto and
seal wounds, preventing S. aureus growth, as tested by
a growth-inhibition assay on agar plates™. Similarly,
E. coli can be engineered to autonomously detect and
kill S. aureus. The bacteria can be encapsulated within
a matrix, to which they adhere, which limits their out-
growth from the material'*>. These E. coli were engineered
to display an adhesion protein, allowing them to bind
glucose and establish strong interactions with dextran-
based gels with large pore diameters (10-100 um).
Outgrowth into the surrounding medium could not
be completely prevented but reduced by 100-fold com-
pared with encapsulated E. coli without the adhesive
capability. This living material can inhibit the growth of
methicillin-resistant S. aureus.

These studies highlight the versatility of living mate-
rials in terms of bacterial engineering and materials pro-
cessing. However, current systems often require a few
hours to a few days to achieve therapeutically relevant
doses. The rate of drug production and release, therefore,
remains to be improved, for example, by fine-tuning of
genetic circuits and by optimizing hydrogel porosity and
diffusivity. In addition, biocompatibility and biosafety
need to be tested in suitable animal models to ensure
compatibility of both bacterial and material components,
in particular, in terms of immune responses.

Microorganism encapsulation

Cells can be physically embedded in polymeric matri-
ces by whole-cell trapping or encapsulation'®*'"*. For
example, cells can be entrapped within a rigid network,
which prevents them from diffusing into the surround-
ing medium and allows penetration of the substrate'”.
Ionic hydrogels, thermogels and synthetic or natural
polymers are commonly used as substrates. To achieve
immobilization in ionic hydrogels, alginic acid*® and
K-carrageenan are often used, because these materials
can be crosslinked by divalent cations, such as Ca®* or
Mg*. For example, bacterial strains expressing bio-
luminescent enzymes can be encapsulated in alginate

hydrogels for water sensing applications'*. Natural
polysaccharides, such as agar or agarose, are used
as thermogels for encapsulation. The sol-gel tran-
sition temperature of these materials is in the range of
32-43°C; however, the main limiting factor is the tran-
sition temperature, because it can compromise the
viability of the encapsulated cells. Alternatively, PVA,
polyacrylamide and sol-gel matrices are more stable
than natural polysaccharides, owing to their orthogo-
nality to biodegradation processes'””. Cells can also be
encapsulated in polyelectrolyte complex capsules®'*;
here, water-soluble polyanions and polycations interact
to from microparticles with diameters of ~1 mm (REF).
These microparticles have a viscous core formed by
complexation of the polyelectrolyte and the cells, and,
optionally, an outer shell*™'*,

Biofilm engineering. Biofilms are a prime example of
a natural living material. In a biofilm, sessile microbial
consortia are embedded in a 3D matrix composed, at
least partially, of material produced by the microbial
community'”. To promote biofilm formation, bacteria
can be passively or actively immobilized on a surface.
For example, coatings with adhesive molecules, such as
poly-L-lysine''* or SpyTag/SpyCatcher'"', can promote
the attachment of cells to the surface and to each other.
Passive immobilization relies on the physical adsorption
of bacteria to natural substrates, leading to colonization
and biofilm formation''"”. Biofilm applications have the
advantage that bacteria can self-immobilize onto a sub-
strate without the need for chemical or physical crosslink-
ers, making the biofilm stable in its physiological state.
Thus, genes of interest can be cloned under the control
of promoters that are upregulated in sessile physiological
states. However, bacterial proliferation is difficult to con-
trol in biofilms. Cells eventually leave the biofilm into the
planktonic phase, and the intrinsically limited life cycle of
the biofilm further limits its application time'"”.

Several factors influence bacterial adsorption onto a
surface; most bacterial strains have negatively charged
membranes and, therefore, a positively charged surface
promotes the first stages of biofilm development, in
which planktonic cells adhere to surfaces. Topography
also plays an important role in bacterial adhesion.
Bacteria colonize and proliferate better on micropat-
terned surfaces than on flat substrates, owing to the
development of more stable biofilms'*'**. The bacterial
species is also a key factor. Some bacteria develop thick
and stable biofilms, whereas some bacteria develop only
monolayered, weak biofilms. Substrates adequate for bio-
film support should have four main characteristics; they
should favour adhesion of the microorganisms to the
substrate, have adequate mechanical resistance to stresses
exerted on them, be manufacturable (and affordable)
and have broad availability. In addition, materials should
have adequate porosity, microtopography (rough-
ness), net charge, surface energy or hydrophobicity,
and they can be inorganic or organic'>'*',

Microencapsulation. Microencapsulation of micro-
organisms has been widely used for the storage and
delivery of probiotics'**'?'. Microencapsulation protects
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bacteria from the harsh acidic environment of the stom-
ach, allowing viable transit through the gastric juices,
enabling eventual colonization of the bacteria in the
intestine. Polymeric matrices for encapsulation should
be acid-tolerant and biodegradable, and, ideally, cost-
effective, with good palatability. Various food-grade
polymers fulfil these requirements and, thus, may be
explored for bacterial microencapsulation in biomedical
applications'**'!, for example, alginate, k-carrageenan,
gellan gum, xanthan gum, starch, chitosan, gelatin and
casein. Common techniques for microencapsulation
include spray drying, extrusion-based droplet gener-
ation and emulsion formation. Each technique has its
own advantages and disadvantages, and the selection of
the encapsulation technique depends on the probiotic,
polymer and the properties necessary for the desired
living material application. For example, spray drying
and emulsion provide high throughput at low cost,
although variations in size are typically greater than in
extrusion techniques, which can provide well-defined
and monodisperse particles. These techniques can also
be applied to make core-shell hydrogels, wherein bac-
teria are entrapped within an inner microgel covered by
an enveloping gel, which provides additional or comple-
mentary protection against external factors (such as pH,
temperature and chemicals)'***?'. Microfluidic devices
can also be used to generate cell-laden monodisperse
droplets; here, size, geometry and composition can be
precisely tuned'*.

These technologies have been widely used for the
creation of microgels containing probiotics'**!*"!*!
and mammalian cells'*>'?*; however, few studies have
reported their use for microbial encapsulation for bio-
medical applications. For example, bacteria engineered to
detect a Pseudomonas aeruginosa quorum-sensing mole-
cule (N-(3-oxododecanoyl)homoserine lactone) and
producing a reporter fluorescent protein can be encap-
sulated in alginate methacrylate microgels (100-200 um
diameter) by electrostatic extrusion in a calcium chlo-
ride bath to ionically crosslink them'**. These gels can
be further crosslinked by ultraviolet light to photoinitiate
radical polymerization without affecting bacterial viabil-
ity. Although bacteria can leach out of these microgels,
the covalent crosslinking reduces leaching by ~10-fold
compared with gels that are not covalently crosslinked.
This living material can be used for biosensing, with a
detection limit as low as 0.1 uM, allowing the detection
of a P. aeruginosa infection'*’. These microgels can be
further embedded in polyethylene glycol (PEG) hydro-
gels to form a dipstick that can detect the presence of
P, aeruginosa. Living microgels can also be made of algi-
nate for tissue regeneration. Using extrusion, alginate
microgels can be engineered as defined 3D environ-
ments for the encapsulation of bacteria and mesenchy-
mal stem cells. The bacteria (L. lactis) are engineered to
express BMP2, which directs osteogenic differentiation
of the stem cells. Thus, each microgel can serve as an
independent microenvironment for drug testing'®.

Spinning. Spinning is a process in which a viscous poly-
mer fluid is drawn into fibres with diameters at the sub-
micron to millimetre scale. There are multiple spinning
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techniques, including dry, melt, wet and electrospin-
ning, of which only the latter two have been used for
the fabrication of living materials, most likely owing
to the fact that dry and melt spinning require harsh
conditions that would affect microbial survival'**""*, In
wet spinning, a polymer solution, which is first made
in a particular solvent, is extruded into a coagulation
bath, which contains a different solvent that functions
to precipitate the polymer solution into solid fibres.
This technique has been applied to encapsulate bacte-
ria, such as Micrococcus luteus, Nitrobacter winogradskyi
or Shewanella oneidensis, in PVA fibre meshes'”'*»!%,
Aqueous PVA solutions, made at 120 °C under pressure,
are first cooled to enable homogeneous mixing with the
bacteria, followed by extrusion in acetone. The resulting
50-200-um-thick fibres can then be manually collected
on a metal frame. These PVA fibres are soluble in water
and can, thus, be stabilized by chemical vapour deposi-
tion of a thin-layer coating (~5 um thickness) of hydro-
phobic poly(p-xylylene) (PPX)'*"'** (FIC. 5a). These harsh
processing steps result in a layer of dead bacteria near the
outer surface of the fibres; however, bacteria in the core
of the fibres survive and proliferate throughout the fibres
in the presence of growth medium'*”'**, Alternatively, an
automated device can be used to pull the fibres from the
acetone bath at precisely controlled rates'. Long expo-
sure times to acetone (25s) increases the crystallinity of
the PVA fibres (43%), compared with manual drawing
(33%), resulting in stable PVA fibres that do not dissolve
in water over several days. Long acetone exposure also
increases the thickness of the shell of dead cells near the
surface of the fibres; however, surprisingly, after culture
in medium, the remaining live cells do not grow into
the region of dead cells, possibly indicating a differ-
ent, more stable, molecular structure of PVA near the
surface. Therefore, this strategy allows wet spinning of
mechanically stable living biocomposite fibres that do
not require any further post-processing.

In electrospinning, jets of electrically charged poly-
mers are manipulated by strong magnetic or electric
fields to draw fibres with submicron diameters. Although
this technique is seemingly harsh, involving high volt-
ages in the range of several kilovolts, it has been widely
used to incorporate living organisms in fibre meshes'*‘.
A variety of polymers, including polycaprolactone (PCL),
pluronic derivatives, PVA, polyvinylpyrrolidone (PVP),
PEG and silk fibroin, have been used to encapsulate
bacteria, yeast, algae and viruses'*. Encapsulation has
been achieved in single-material fibres, core-shell fibres
and microgel-in-fibre formats. For single-material
fibres, cytocompatible and water-soluble polymers are
required that can be mechanically stabilized during or
after spinning. For example, aqueous Pluronic F-127
dimethacrylate solutions, which are liquid at 4°C, form
non-covalently stabilized gels above room temperature
and can be covalently crosslinked using free-radical
generators''. Accordingly, bacteria (Zymomonas, E. coli)
can be encapsulated in electrospun fibres by homoge-
neous mixing in a polymer solution at 4 °C, followed by
spinning at room temperature and chemical crosslinking
using ammonium persulfate and ascorbic acid in a glyc-
erol bath. Here, glycerol is required as organic solvent

NATURE REVIEWS | MATERIALS

VOLUME 6 | DECEMBER 2021 | 1183




REVIEWS

Compressed air

Solution 1

Collector

Carrier Syringe =
Coaxial
O PVA
__
—

Bacteria ——= — M -~

PVA —
Wet-spun living fibre

o~

Magnetic stirrer /

- @
o0

|

A -

LY

Chemical vapour deposition
or protective shell

pv

‘ Nanofibre
Il
-,
4
oo

Core-shell electrospun fibre

Feed

Polymer and bacterial
dispersion

Cyclone

Microgels

Fig. 5| Spinning techniques for the fabrication of living materials. a | Wet spinning of bacteria in polyvinyl alcohol
(PVA) followed by chemical vapour deposition of a hydrophobic poly(p-xylylene) (PPX) shell, which prevents dissolution
of PVA and bacterial escape'”'%°, b | Electrospinning of core-shell fungal fibres made of a polyvinylpyrrolidone (PVP) core
and a polyvinylidenefluoride-co-hexafluoropropylene (PVDF-HFP) shell'”. ¢ | Electrospun fibres containing bacterial
microgels, made of multiple types of material'*. Part b (top) adapted with permission from REF.**, ACS. Part c adapted

with permission from REF.***, Wiley.

because the non-covalently stabilized fibres would
dissolve in water prior to chemical crosslinking.

To prevent escape of the microorganisms from the
fibres, core-shell fibres can be produced using coaxial
nozzles. In these fibres, the core is formed by the microbial
gel and the shell is made of a non-degradable polymeric
matrix (FIG. 5b). Yeast cells (Candida tropicalis) can then be
immobilized in core-shell fibres (10 um diameter) con-
sisting of a PVP core, prepared as an aqueous solution,
and a polyvinylidenefluoride-co-hexafluoropropylene
(PVDE-HFP) shell, prepared in an organic tetra-
hydrofuran/dimethylformamide (THEF/DMF) solvent
mixture'”. PEG can be added as sacrificial material in
the shell formulation to create pores (40nm diameter) by
dissolution and facilitate mass transport in and out of the
core. Most yeast cells remain viable (95% viability for at
least 17 days) and can grow and undergo budding, indi-
cating that the PVP diffuses through the shell, thereby
providing space for expansion of the yeast population.

Suspensions of bacterial microgels in a polymer
solution can also be electrospun. The microgel pro-
vides a supportive environment for microbial survival
and growth, and the surrounding matrix provides pro-
tection from the environment (FIG. 5¢). For example,
E. coli and M. luteus can be encapsulated in PVA, PVP,

hydroxypropyl cellulose or gelatin microgels electro-
spun in DMF solutions of hydrophobic polymers (poly-
acrylonitrile, polystyrene, poly(methyl methacrylate)
and poly(vinyl butyrate))'”’. Interestingly, the bacteria
were able to survive short exposure to high temperatures
(120-150°C), which are required for the spray drying
process to fabricate the microgel. The microgel protects
the bacteria from the toxicity of DMF during electro-
spinning, and the resulting fibres contain viable bacteria
within the microgels'*.

E. coli can also be immobilized inside or on the sur-
face of electrospun fibres made of PEG-polylactide
copolymers for drug delivery'*. The bacteria, engineered
to secrete enhanced green fluorescent protein as a model
protein, can be either encapsulated within or immobi-
lized onto the surface of the fibres, which results in viable
bacteria, capable of growth and secretion of the protein.
Extracts of the GRAS* microalga Spirulina, which pro-
duces several nutritive and therapeutic compounds, have
also been electrospun in polyethylene oxide (PEO)'*,
PCL"® and silk fibroin'*” to fabricate tissue engineer-
ing scaffolds for stem cell, neuroregenerative and
anti-thrombogenic applications, respectively. Although
only lysed extracts of the microalga have been used in
these applications, the electrospinning techniques could
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also be employed for live cells. Indeed, electrospun living
materials have so far been applied for bioremediation
and catalysis, but the technology is sufficiently advanced
to be applied for biomedical applications.

3D printing. 3D bioprinting of bacterial gels allows
flexible fabrication of living devices with a wide range
of geometrical design and structural and functional
complexity (FIG. 6). 3D bioprinting requires suitable
bioinks that allow mixing of the living component with
the matrix precursor solution. In addition, the bioink
should have sufficient viscosity to allow printing of
defined structures and undergo rapid gelation after
printing to retain the geometry of the printed thread"*.
Most importantly, the conditions of the bioprinting pro-
cess need to ensure viability of the living component.
A functional living ink (Flink) was developed by com-
bining hyaluronic acid and k-carrageenan as natural
viscoelastic gel components with fumed silica as shear-
thinning component'**. A methacrylated version of
hyaluronic acid allows chemical crosslinking of the bio-
ink, stabilizing the printed structures'*®. Flink materials

a Customized living skin grafts

c Logic gates

Input

Output
GFP

Input a

Input b

Output
GFP
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can be printed with high fidelity in various geometries,
for example, for skin-graft applications, for which
the printed Flinks contain viable bacterial cellulose-
producing Acetobacter xylinum (FIC. 6a). Similarly, bio-
inks made of agarose solutions mixed with B. subtilis
spores can be printed in the geometry of an artificial
wound® (FIC. 6a). The living material perfectly seals
the wound, and the bacteria release antimicrobial agents
that kill the opportunistic pathogen S. aureus.

An acrylated derivative of Pluronic F-127 is also a
popular bioink for the 3D printing of living materials'**.
This derivative shows thermo-responsive viscous gela-
tion with a temperature increase from 4°C to 37 °C,
shear-thinning to aid extrusion and it can be chemically
crosslinked to stabilize the printed structure. Using this
material, stable, intricate and multifunctional 3D struc-
tures (FIC. 6b) can be printed with computational capa-
bilities. For example, logic gate functions, such as NOT,
AND, NAND and OR, can be implemented by printing
fibres, from which chemical inputs (inducers, such as
IPTG or rhamnose) diffuse into a living fibre contain-
ing bacteria that generate fluorescent proteins as an

b Multimaterial structures

Fig. 6| 3D printing of living materials. a| 3D printing allows the fabrication of living materials in customized geometries,
such as the shape of a skin wound”". b | Multimaterial structures can be 3D printed, enabling the incorporation of multiple
bacterial strains’'. c| Complex tasks, such as logic gate computations, can be programmed into living materials by
3D-printing multiple materials and strains®. d | The robustness of microorganisms allows the printing of living materials
with cheap 3D printers, including home-made devices using K'nex******'*3_GFP, green fluorescent protein. Partsb and ¢
adapted with permission from REF.*, Wiley. Part d reprinted with permission from TU Delft iGEM.
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output based on genetically encoded logic functions'
(FIG. 60).

Alginate'”, nanocellulose and polyethylene gly-
col diacrylate (PEGDA)', as well as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)', have also been explored as bioinks.
Using alginate as bioink, living materials contain-
ing microorganisms can be printed using simple and
affordable (<500 USD per device) home-made printing
devices'*>'*>!** (FIG. 6d). Thus far, mainly additive man-
ufacturing techniques have been applied for the 3D
printing of living materials®. Therefore, current feature
sizes remain large, in the range of 100 pm to several mm.
Non-additive printing techniques could generate smaller
structures; for example, multiphoton lithography can
be applied to crosslink gelatin around bacteria, which
results in the formation of micrometre-sized bacterial
chambers. These chambers can be used to assess anti-
bacterial responses in polymicrobial communities'*.
The range of bioink choices, bacterial functionalities,
and dimensional and geometric features, as well as the
affordability, make 3D printing an attractive technol-
ogy for the design of living materials for biomedical
applications.

The future of engineered living materials
Understanding microorganism-material interactions.
The incorporation of microorganisms in materials’
is usually characterized by microbial viability and
functionality. In addition, material properties, such as
elasticity, viscosity, porosity and degradation rates, are
assessed for distinct applications and fabrication tech-
niques. However, matrix-microorganism combinations
are often selected by informed guesswork or trial and
error. A better fundamental understanding of the inter-
actions between microorganisms and their surrounding
matrix would allow more insightful selection of both
components.

Artificial biofilms have been designed as infection
models to investigate microorganism-matrix inter-
actions'*"'*, mainly using agarose as a matrix. The
polysaccharide agarose assembles into gels, which are sta-
bilized by hydrogen bonds, similar to biofilm-produced
matrices'*. Using such artificial biofilms, variations in
mechanical properties, such as stiffness, porosity, mass
exchange rates and creep compliance, could be correlated
with microorganism properties, such as growth rate, gene
expression and antibiotic susceptibility'*’. For example,
encapsulating S. aureus in agarose reveals that oxygen
penetration, growth rate and antibiotic susceptibility are
reduced if bacteria are located deep within the gel, fur-
ther leading to an increase in the expression of a gene
modulated by oxygen tension'*. Therefore, microbial
behaviour can be modulated by varying the mechanical
properties of the matrix.

In living materials, a range of matrix components are
used with different possibilities for crosslinking through
covalent, van der Waals or hydrophobic interactions
or chelation’. Gels made of triblock copolymers (for
example, Pluronic F-127) can be applied to investigate
microbial morphologies, for example, of yeast, by opti-
cal and scanning electron microscopy'”’. The bacterial

hydrogels, which are formed through non-covalent
interactions, can be 3D printed and then covalently
crosslinked for stabilization. Yeast colonies encapsu-
lated in these hydrogels are bigger in the periphery of
the material than in the centre, most likely owing to the
greater availability of oxygen and nutrients in these
regions'”'. Interestingly, colony morphology appears
different in hydrogels made of triblock copolymers
with an ABA structure (Pluronic F-127-based) than in
polymers with a BAB structure (poly(isopropyl glycidyl
ether-stat-ethyl glycidyl ether)-block-poly(ethylene
oxide)-block-poly(isopropyl glycidyl ether-stat-ethyl
glycidyl ether) dimethacrylate (PGE-DMA)), where A
are hydrophilic blocks and B are hydrophobic blocks'".
Yeast colonies in the ABA hydrogels are predominantly
spherical (with diameters of 90-250 um at 72h), whereas
those in BAB gels also show elliptical or spindle-shaped
morphologies. Although the mechanism underlying
the formation of different morphologies remains elu-
sive, differences in the micellar structure of the poly-
mers within the gels may play a role. Interestingly,
encapsulation results in smaller cell sizes compared
with the sizes of cells grown in culture'®. Furthermore,
cells are smaller in gels with higher storage modulus.
In addition, cell colonies in the ABA hydrogels are cov-
ered by a thin organic layer (100-160 nm thickness),
which is not present in the BAB hydrogels'*’, which
may also be related to differences in micellar identities
between the two types of polymer, possibly resulting
in different types of interaction with the cells prior to
covalent crosslinking'’. To gain better insight into
the specific interactions between the living and mate-
rial components and to enable well-informed design
strategies for specific applications, more systematic
investigations will be required.

Biocompatibility and immunogenicity testing.
Composite materials that contain viable microorganisms
and polymeric matrices pose a challenge in terms of bio-
compatibility. Biocompatibility refers to the ability of a
biomaterial to perform its desired function with respect
to a medical therapy, without eliciting any undesirable
local or systemic effects in the recipient or beneficiary
of that therapy'*. In this Review, we refer to the ability of
the entire living material, including the synthetic mate-
rial and bacteria, to exert a specific role without causing
adverse effects to the patient'>.

The study of biocompatibility is well established for
biomaterials, with a number of protocols defined in the
literature (for example, ISO 10993 (REF.'**) for haemo-
compatible materials and other medical devices). For
example, to assess biocompatibility in vivo, the foreign
body reaction’* needs to be assessed. For living mate-
rials, the biodistribution of bacteria in the host needs to
be carefully investigated, and biocompatibility strongly
depends on the species, the specific strains, the site of
implantation and the desired role of the living material®.
The immunogenicity of several major species and gen-
era of bacteria has already been described'**~'**. Several
lactic-acid-producing bacteria have GRAS status, which
is an FDA classification applied to food additives that
are considered safe for human consumption, including
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Lactococcus, Lactobacillus, Streptococcus, Pediococcus,
Leuconostoc and Bifidobacterium'*. Lactococcus has also
been used as a vaccine delivery vehicle'**'®!, owing to its
low immunogenicity and its ability to produce and dis-
play heterologous proteins. For example, L. lactis express-
ing recombinant antigens can be delivered as mucosal
immunogenic live vaccine'®. E. coli strains can be classi-
fied according to their pathogenicity in different ‘patho-
types’'®, that is, strains that cause a common disease and
share a common set of virulence factors. For example,
some pathogenic strains cause enteric or diarrhoeal
infections, sepsis and urinary tract infections, whereas
other strains (K12 (REF.!'*Y), B, C, W (REF.'**) and Nissle**)
are known laboratory workhorses with very limited or no
pathogenicity and a Class I biosafety level .

Biosafety concerns. Engineered living materials contain
viable and, in some cases, genetically engineered cells.
Therefore, it is important to acknowledge and prevent
the environmental risk associated with their interaction
and release into the environment or in the body. Dense
matrices can be used to prevent proliferation and leak-
age of cells from biomaterials, and genetic kill switches
can be implemented to prevent cell viability outside a
controlled environment. Microevolution is also a con-
cern for microorganisms embedded in biomaterials.
Prokaryotes can undergo rapid genetic and phenotypic
changes as they multiply from a single cell, which can
give rise to a variety of clones with more virulent traits.
Microevolution takes place in response to local environ-
mental changes'® through point mutations, genetic
rearrangements, conjugation, transduction and trans-
formation. Transposon mobility and horizontal gene
transfer can then lead to the evolution of new species'®’,
which may affect applications of living biomaterials.

Synthetic biology strategies are emerging to pre-
vent or decelerate the evolutionary failure of genetic
circuits'**~""°, which could also be implemented in
living materials. In particular, the possibility of gene
transfer could be reduced by engineering genetic cir-
cuits within the chromosome or within complemen-
tary plasmid-bacteria systems that are encoded with
plasmid-retention pressure conditions'”'. This can be
achieved by engineering auxotrophy or other genetic
defects and by supplementing a missing gene or essential
metabolite. For example, a L. lactis strain lacking thymi-
dylate synthase is thymine-dependent, which makes it
unviable outside a controlled environment, in which thy-
mine is supplied'””. In such strains, a plasmid containing
thymidylate synthase would be naturally retained when
thymine is not available from external sources. One
minor drawback to this strategy is that the modified bac-
teria need access to this metabolite in the environment.
Auxotrophic systems can be synthetically designed;
for example, E. coli can be genetically engineered to
be dependent on synthetic amino acids to remain
viable'”®, by converting the TAG stop codon into a
codon for a synthetic amino acid through an orthogonal
translation auxotrophy.

Active containment strategies can be achieved by
controlling the expression or inhibition of a lethal func-
tion through sensory systems that recognize physical or
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chemical signals in the local environment'”. For exam-
ple, the expression of a nuclease in Serratia marcescens
can be induced by arabinose'”*. The nuclease degrades
the bacterial genome and, thus, inactivates the bacteria.
Alternatively, safeguard systems have been engineered,
namely, the Deadman and Passcode kill switches. The
Deadman kill switch uses a genetic toggle switch; here,
viability of the bacteria depends on the presence of anhy-
drotetracycline (ATc), a TetR inhibitor. In the absence of
ATc, toxin genes are derepressed, which causes death
of the microorganism. The Passcode kill switch is based
on gene activation of a toxin, which degrades proteins
essential for the viability of the cell. This switch is con-
trolled by three separate inputs and requires the pres-
ence of two inputs and the absence of one to repress
toxin production. Otherwise, the toxin will be produced
to kill the bacteria. Combining both switches provides
a secure containment strategy, because cell viability
requires the presence of two molecules; the lack of one
or both molecules triggers the suicide switch. To avoid
any possible impact of mutations on these systems, mul-
tiple copies of the switch can be used to provide fail-safe
design'’®.

These synthetic biology strategies can address safety
concerns of living therapeutics, for which bacteria are
freely administered to the body. Alternatively, safety
issues can be addressed in living materials through
material design aspects. For example, cells can be
encapsulated in a way that prevents their proliferation
and dispersal into the host organism for in vivo appli-
cations. Physical containment can be achieved by using
highly crosslinked gels with a pore size smaller than the
diameter of the bacteria, by surface modification and/or
covalent binding of the bacteria to the scaffold'’>'”".
In addition to physical containment, a matrix can be
applied that slows down bacterial leakage through adhe-
sive interactions'””. Degradable drug-release matrices are
also being explored for the design of living materials. For
example, the material could be designed to release anti-
microbials that kill bacteria as it degrades, thereby estab-
lishing a defined lifetime for the device. Analogously,
matrices could be designed to release antimicrobials
in case of material breakage, to prevent the escape of
bacteria into the environment.

The use of living microorganisms as therapeu-
tics has mainly been limited to probiotics'”® thus far,
for various applications, from acute gastroenteritis to
intestinal neoplasia. Probiotics are usually marketed
as dietary supplements and, thus, commercialization
requirements are less stringent than for pharmaceutical
or biological products. Probiotics have been approved
for the treatment of diarrhoea'”>'®, chronic pouchitis,
a complication of inflammatory bowel disease'*"'**, and
non-intestinal diseases, such as atopic eczema'®'%*, as
well as psychiatric disorders, such as depression'®.

Outlook

Engineered living materials have the potential to revolu-
tionize the field of dynamic biomedical materials. This
nascent field has already shown promising results for
wound healing, drug delivery and stem cell engineer-
ing. Various fabrication approaches have been applied to
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engineer living materials, including 3D printing, micro-
fluidics, electrospinning and microencapsulation, to
encapsulate genetically engineered microorganisms that
can sense and respond to changes in the environment,
such as pH, temperature and biochemical composition.
The response of living materials (for example, release
of drugs or proteins) can be designed to be triggered by
light or small molecules in culture media. However, chal-
lenges remain to develop living materials that can ‘feel’
their environment and respond to it. For example, living
materials could be designed for stem cell engineering.
Bacteria-laden hydrogels could respond to changing
oxygen, tension or chemical gradients by secreting
growth factors and cytokines that fulfil the metabolic
demand of stem cells. Such living materials could be
applied to maintain a stem-cell-like niche or engineered
to respond to an insult (that is, self-healing materials) to
provide different biochemical environments in response
to the needs of the cell population.

Engineered living materials have mainly been
developed for in vitro applications thus far, with a few
exceptions of materials applied for wound healing.
We envisage that living materials will also be part of
advanced in vitro models, in which materials need to
have dynamic properties to recapitulate the extracellular
matrix of tissues, for example, to control cell differentia-
tion upon regenerative demand. More importantly, liv-
ing materials may be used for therapeutic applications
in the future; for example, living materials could be

engineered as drug-eluting devices that can detect glu-
cose levels and respond with insulin secretion, providing
a permanent therapeutic solution to diabetes. However,
clinical translation of living materials requires regulatory
approval, which is challenging, owing to the presence of
microorganisms. In particular, potential release of bacte-
ria needs to be prevented to avoid systemic distribution
of microorganisms. Moreover, living materials need to
be tolerated by the immune system; that is, the micro-
organisms need to be shielded from the immune sys-
tem. Finally, microorganisms may also be engineered to
contain an externally controllable switch-off function
to ensure biosafety.

To advance the field of engineered living materials,
several key areas need to be addressed. Microorganisms
need to be genetically engineered to perform more
complex functions (synthetic biology); synthetic mate-
rials need to be optimized that can encapsulate micro-
organisms and provide an adequate environment for the
microorganisms to perform their function, including
adequate oxygen permeability, porosity and stability;
and manufacturing technologies need to be developed
that allow the combination of microorganisms with
synthetic materials. We envisage that additive manu-
facturing technologies and bioink development will be
particularly relevant for the progress of engineered living
materials.

Published online 31 August 2021

1. Marth, J. D. A unified vision of the building 16. Gilman, J. & Love, J. Synthetic promoter design 28. Gerber, L. C., Koehler, F. M., Grass, R. N. & Stark, W. J.
blocks of life. Nat. Cell Biol. 10, 1015-1015 (2008). for new microbial chassis. Biochem. Soc. Trans. 44, Incorporation of penicillin-producing fungi into living

2. Rossi, E., Paroni, M. & Landini, P. Biofilm and 731-737 (2016). materials to provide chemically active and antibiotic-
motility in response to environmental and host-related 17. Fierke, C. A. & Thompson, R. B. Fluorescence-based releasing surfaces. Angew. Chem. Int. Ed. 51,
signals in Gram negative opportunistic pathogens. biosensing of zinc using carbonic anhydrase. Biometals 11293-11296 (2012).

J. Appl. Microbiol. 125, 1587-1602 (2018). 14,205-222 (2001). 29. Sankaran, S. & del Campo, A. Optoregulated

3. Yin, W., Wang, Y., Liu, L. & He, J. Biofilms: 18. Zeng, H. H. et al. Real-time determination of protein release from an engineered living material.
the microbial “protective clothing” in extreme picomolar free Cu(ll) in seawater using a fluorescence- Adv. Biosyst. 3, 1800312 (2019).
environments. Int. J. Mol. Sci. 20, 3423 (2019). based fiber optic biosensor. Anal. Chem. 75, 30. Sankaran, S., Becker, J., Wittmann, C. & del Campo, A.

4. Karin, M. & Clevers, H. Reparative inflammation takes 6807-6812 (2003). Optoregulated drug release from an engineered living
charge of tissue regeneration. Nature 529, 307-315 19. Begam, H., Nandi, S. K., Kundu, B. & Chanda, A. material: self-replenishing drug depots for long-term,
(2016). Strategies for delivering bone morphogenetic protein for light-regulated delivery. Small 15, 1804717 (2019).

5. Nguyen, P. Q., Courchesne, N.-M. D., Duraj-Thatte, A., bone healing. Mater. Sci. Eng. C. 70, 856-869 (2017). Bacterial hydrogels have been developed for the
Praveschotinunt, P. & Joshi, N. S. Engineered living 20. Bally, L., Thabit, H. & Hovorka, R. Finding the right localized, tunable and long-term release of an
materials: prospects and challenges for using route for insulin delivery — an overview of implantable antimicrobial/antitumour drug, deoxyviolacein,
biological systems to direct the assembly of smart pump therapy. Expert Opin. Drug Deliv. 14, in a manner that can be regulated by light.
materials. Adv. Mater. 30, e1704847 (2018). 1103-1111 (2017). 31. Johnston, T. G. et al. Compartmentalized microbes and

6. Gona, R.S. & Meyer, A. S. Engineered proteins 21. van Wamelen, D. J., Grigoriou, S., Chaudhuri, K. R. & co-cultures in hydrogels for on-demand bioproduction
and three-dimensional printing of living materials. QOdin, P. Continuous drug delivery aiming continuous and preservation. Nat. Commun. 11, 563 (2020).
MRS Bull. 45, 1034—1038 (2020). dopaminergic stimulation in Parkinson’s disease. 32. Schotte, L., Steidler, L., Vandekerckhove, J.

7.  Gilbert, C. & Ellis, T. Biological engineered living J. Parkinsons. Dis. 8, S65-S72 (2018). & Remaut, E. Secretion of biologically active murine
materials: growing functional materials with 22. Batista, E. et al. Assessment of drug delivery devices. interleukin-10 by Lactococcus lactis. Enzym. Microb.
genetically programmable properties. ACS Synth. Biol. Biomed. Tech. 60, 347-357 (2015). Technol. 27, 761-765 (2000).

8, 1-15(2019). 23. Hay, J. J. et al. Bacteria-based materials for stem 33. vander Hoek, S. A. et al. Engineering the yeast
Excellent review on applications of living cell engineering. Adv. Mater. 30, 1804310 (2018). Saccharomyces cerevisiae for the production of L-(+)-
biomaterials beyond medical applications. Engineered bacteria that expresses fibronectin ergothioneine. Front. Bioeng. Biotechnol. 7, 262 (2019).

8.  Appiah, C. et al. Living materials herald a new era fragments and growth factors to support 34. Karkos, P. D., Leong, S. C., Karkos, C. D., Sivaji, N.
in soft robotics. Adv. Mater. 31, 1807747 (2019). mesenchymal stem cell adhesion and differentiation. & Assimakopoulos, D. A. Spirulina in clinical practice:

9. Rivera-Tarazona, L. K., Campbell, Z. T. & Ware, T. H. 24. Gonzalez, L. M., Mukhitov, N. & Voigt, C. A. Resilient evidence-based human applications. Evid. Based
Stimuli-responsive engineered living materials. living materials built by printing bacterial spores. Complement. Altern. Med. 2011, 531053 (2011).
Soft Matter 17, 785-809 (2021). Nat. Chem. Biol. 16, 126—133 (2020). 35. Sharifi-Rad, J. et al. Probiotics: versatile bioactive

10. Tang, T-C. et al. Materials design by synthetic biology. Highly resilient bacterial hydrogels containing components in promoting human health. Medicina
Nat. Rev. Mater. 6, 332—-350 (2021). Bacillus subtilis spores capable of biosensing and 56, 433 (2020).

11. Branda, S.S., Vik, A., Friedman, L. & Kolter, R. therapeutic functions are described in this report. 36. Markowiak, P. & Slizewska, K. Effects of probiotics,
Biofilms: the matrix revisited. Trends Microbiol. 13, 25. Lufton, M. et al. Living bacteria in thermoresponsive prebiotics, and synbiotics on human health. Nutrients
20-26 (2005). gel for treating fungal infections. Adv. Funct. Mater. 9, 1021 (2017).

12. Flemming, H.-C. & Wingender, J. The biofilm matrix. 28, 1801581 (2018). 37. Parvez, S., Malik, K. A., Ah Kang, S. & Kim, H.-Y.

Nat. Rev. Microbiol. 8, 623-633 (2010). 26. Praveschotinunt, P. et al. Engineered E. coli Nissle Probiotics and their fermented food products are

13. Tolker-Nielsen, T. Biofilm development. Microbiol. 1917 for the delivery of matrix-tethered therapeutic beneficial for health. J. Appl. Microbiol. 100,
Spectr. https://doi.org/10.1128/microbiolspec. domains to the gut. Nat. Commun. 10, 5580 (2019). 1171-1185 (2006).

MB-0001-2014 (2015). Engineered protein-based bacterial biofilms as 38. Acosta, S. et al. Antifungal films based on

14. Liu, X. et al. 3D printing of living responsive materials therapeutic living materials capable of colonizing starch-gelatin blend, containing essential oils.
and devices. Adv. Mater. 30, 1704821 (2018). and promoting regeneration of intestinal tissues Food Hydrocoll. 61, 233-240 (2016).
3D printing of living materials to implement logic in colitis-induced mice. 39. Li, S. et al. Cassava starch/carboxymethylcellulose
gates using programmed bacteria in hydrogels. 27. An, B. et al. Programming living glue systems to edible films embedded with lactic acid bacteria to

15. Brophy, J. A. N. & Voigt, C. A. Principles of genetic perform autonomous mechanical repairs. Matter 3, extend the shelf life of banana. Carbohydr. Polym.

circuit design. Nat. Methods 11, 508-520 (2014).

2080-2092 (2020).

248, 116805 (2020).

1188 | DECEMBER 2021 | VOLUME 6

www.nature.com/natrevmats


https://doi.org/10.1128/microbiolspec.MB-0001-2014
https://doi.org/10.1128/microbiolspec.MB-0001-2014

40.

42.

43,

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

De Prisco, A. & Mauriello, G. Probiotication of foods:
A focus on microencapsulation tool. Trends Food Sci.
Technol. 48, 27-39 (2016).

Bourtoom, T. Edible films and coatings: characteristics
and properties. Int. Food Res. J. 15, 237-248 (2008).
Rojas-Grau, M. A., Soliva-Fortuny, R. &
Martin-Belloso, O. Edible coatings to incorporate
active ingredients to fresh-cut fruits: a review.

Trends Food Sci. Technol. 20, 438-447 (2009).
Valencia-Chamorro, S. A., Palou, L., del Rio, M. A.

& Pérez-Gago, M. B. Antimicrobial edible films and
coatings for fresh and minimally processed fruits

and vegetables: a review. Crit. Rev. Food Sci. Nutr. 51,
872-900 (2011).

Corrales, M., Han, J. H. & Tauscher, B. Antimicrobial
properties of grape seed extracts and their
effectiveness after incorporation into pea starch films.
Int. J. Food Sci. Technol. 44, 425-433 (2009).

Tapia, M. S. et al. Use of alginate- and gellan-based
coatings for improving barrier, texture and nutritional
properties of fresh-cut papaya. Food Hydrocoll. 22,
1493-1503 (2008).

Suput, D., Lazic, V., Popovic, S. & Hromis, N.

Edible films and coatings: Sources, properties and
application. Food Feed. Res. 42, 11-22 (2015).
Ozyurt, V. H. & Otles, S. Properties of probiotics and
encapsulated probiotics in food. Acta Sci. Pol. Technol.
Aliment. 13, 413-424 (2014).

Maxmen, A. Living therapeutics: Scientists genetically
modify bacteria to deliver drugs. Nat. Med. 23, 5-7
2017).

Vandenbroucke, K. et al. Orally administered L. lactis
secreting an anti-TNF Nanobody demonstrate efficacy
in chronic colitis. Mucosal Immunol. 3, 49-56 (2010).
Limaye, S. A. et al. Phase 1b, multicenter, single
blinded, placebo-controlled, sequential dose
escalation study to assess the safety and tolerability
of topically applied AGO13 in subjects with locally
advanced head and neck cancer receiving induction
chemotherapy. Cancer 119, 4268-4276 (2013).
Lagenaur, L. A. et al. Prevention of vaginal SHIV
transmission in macaques by a live recombinant
Lactobacillus. Mucosal Immunol. 4, 648—-657 (2011).
US National Library of Medicine. Clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT03751007 (2021).
US National Library of Medicine. Clinicaltrials.gov
https://www.clinicaltrials.gov/ct2/show/NCT02766023
(2020).

Flores Bueso, Y., Lehouritis, P. & Tangney, M. In situ
biomolecule production by bacteria; a synthetic
biology approach to medicine. J. Control. Rel. 275,
217-228(2018).

Kramli, A. & Horvath, J. Microbiological oxidation

of sterols. Nature 162, 619 (1948).

Lintner, C. J. & Liebig, H. J. v. Uber die Reduktion des
Furfurols durch Hefe bei der alkoholischen Garung.
Hoppe Seylers Z. Physiol. Chem. 12, 449-454 (1911).
Burkovski, A. (ed.) Corynebacterium Glutamicum:
From Systems Biology to Biotechnological
Applications (Caister Academic Press, 2015)

Lee, B. H. Fundamentals of Food Biotechnology
(Wiley, 1996).

Young, A. L. The World Congress on Industrial
Biotechnology and Bioprocessing. Environ. Sci.

Pollut. Res. 11, 202 (2004).

Bucko, M. et al. Continuous testing system for Baeyer-
Villiger biooxidation using recombinant Escherichia
coli expressing cyclohexanone monooxygenase
encapsulated in polyelectrolyte complex capsules.
Enzym. Microb. Technol. 49, 284-288 (2011).

Edel, M., Horn, H. & Gescher, J. Biofilm systems as
tools in biotechnological production. Appl. Microbiol.
Biotechnol. 103, 5095-5103 (2019).

Cheng, K.-C., Demirci, A. & Catchmark, J. M. Advances in
biofilm reactors for production of value-added products.
Appl. Microbiol. Biotechnol. 87, 445-456 (2010).
Rudroff, F. Whole-cell based synthetic enzyme
cascades — light and shadow of a promising
technology. Curr. Opin. Chem. Biol. 49, 84—90 (2019).
Han, L., Zhao, Y., Cui, S. & Liang, B. Redesigning

of microbial cell surface and its application to
whole-cell biocatalysis and biosensors. Appl. Biochem.
Biotechnol. 185, 396418 (2018).

Rosano, G. L. & Ceccarelli, E. A. Recombinant protein
expression in Escherichia coli: advances and
challenges. Front. Microbiol. 5, 172 (2014).

Park, M., Tsai, S.-L. & Chen, W. Microbial biosensors:
engineered microorganisms as the sensing machinery.
Sensors 13,5777-5795 (2013).

Metkar, S. K. & Girigoswami, K. Diagnostic biosensors
in medicine — A review. Biocatal. Agric. Biotechnol.
17,271-283 (2019).

68.

69.

70.

72.

73.

T4.

75.

76.

7.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

Gui, Q., Lawson, T., Shan, S., Yan, L. & Liu, Y.

The application of whole cell-based biosensors for use
in environmental analysis and in medical diagnostics.
Sensors 17, 1623 (2017).

Liu, X. et al. Stretchable living materials and devices
with hydrogel—elastomer hybrids hosting programmed
cells. Proc. Natl Acad. Sci. USA 114, 2200-2205
(2017).

Mimee, M. et al. An ingestible bacterial-electronic
system to monitor gastrointestinal health. Science
360,915-918 (2018).

Mora, C. A., Herzog, A. F.,, Raso, R. A. & Stark, W. J.
Programmable living material containing reporter
micro-organisms permits quantitative detection

of oligosaccharides. Biomaterials 61, 1-9 (2015).
Schulz-Schénhagen, K., Lobsiger, N. & Stark, W. J.
Continuous production of a shelf-stable living material
as a biosensor platform. Adv. Mater. Technol. 4,
1900266 (2019).

Gilbert, C. et al. Living materials with programmable
functionalities grown from engineered microbial
co-cultures. Nat. Mater. 20, 691-700 (2021).
Bacteria and yeast used for the production

of bacterial cellulose-based engineered living
materials with potential applications in biosensing
and biocatalysis.

Lim, J. W,, Ha, D., Lee, J., Lee, S. K. & Kim, T. Review
of micro/nanotechnologies for microbial biosensors.
Front. Bioeng. Biotechnol. 3, 61 (2015).

Hicks, M., Bachmann, T. T. & Wang, B. Synthetic
biology enables programmable cell-based biosensors.
ChemPhysChem 21, 132—144 (2020).

Saltepe, B., Kehribar, E. §., Su Yirmibesoglu, S. S. &
Safak Seker, U. O. Cellular biosensors with engineered
genetic circuits. ACS Sens. 3, 13-26 (2018).
Prescott, S. L. et al. The skin microbiome: impact

of modern environments on skin ecology, barrier
integrity, and systemic immune programming.

World Allergy Organ. J. 10, 29 (2017).

Vargason, A. M. & Anselmo, A. C. Clinical translation
of microbe-based therapies: Current clinical landscape
and preclinical outlook. Bioeng. Transl. Med. 3,
124-137 (2018).

Glinel, K., Behrens, A., Langer, R. S., Jaklenec, A. &
Jonas, A. M. Nanofibrillar patches of commensal skin
bacteria. Biomacromolecules 20, 102—-108 (2019).
Nussbaumer, M. G. et al. Bootstrapped biocatalysis:
biofilm-derived materials as reversibly functionalizable
multienzyme surfaces. ChemCatChem 9, 4328-4333
(2017).

Tay, P. K. R., Nguyen, P. Q. & Joshi, N. S.

A synthetic circuit for mercury bioremediation using
self-assembling functional amyloids. ACS Synth. Biol.
6, 1841-1850 (2017).

Zhong, C. et al. Strong underwater adhesives made
by self-assembling multi-protein nanofibres.

Nat. Nanotechnol. 9, 858—-866 (2014).

Wang, Y. et al. Living materials fabricated via gradient
mineralization of light-inducible biofilms. Nat. Chem.
Biol. 17, 351-359 (2021).

Barnhart, M. M. & Chapman, M. R. Curli biogenesis
and function. Annu. Rev. Microbiol. 60, 131-147
(2006).

Pu, J. et al. Virus disinfection from environmental
water sources using living engineered biofilm
materials. Adv. Sci. 7, 1903558 (2020).

Huang, J. et al. Programmable and printable Bacillus
subtilis biofilms as engineered living materials.

Nat. Chem. Biol. 15, 34—41 (2019).

Lu, P, Takai, K., Weaver, V. M. & Werb, Z. Extracellular
matrix degradation and remodeling in development
and disease. Cold Spring Harb. Perspect. Biol. 3,
a005058 (2011).

Oxford, J. T., Reeck, J. C. & Hardy, M. J. Extracellular
matrix in development and disease. Int. J. Mol. Sci.
20, 205 (2019).

Zhang, J., Jensen, M. K. & Keasling, J. D. Development
of biosensors and their application in metabolic
engineering. Curr. Opin. Chem. Biol. 28, 1-8 (2015).
Saadeddin, A. et al. Functional living biointerphases.
Adv. Healthc. Mater. 2, 1213-1218 (2013).

Hay, J. J. et al. Living biointerfaces based on
non-pathogenic bacteria support stem cell
differentiation. Sci. Rep. 6, 21809 (2016).
Rodrigo-Navarro, A., Rico, P., Saadeddin, A.,

Garcia, A. J. & Salmeron-Sanchez, M. Living
biointerfaces based on non-pathogenic bacteria

to direct cell differentiation. Sci. Rep. &, 5849 (2014).
Mierau, I. & Kleerebezem, M. 10 years of the
nisin-controlled gene expression system (NICE) in
Lactococcus lactis. Appl. Microbiol. Biotechnol. 68,
705-717 (2005).

94,

95.

96.

97.

98.

99.

100.

10

102.

103.

104.

105.

106.

107.

108.

109.

110.

2.

113.

115.

116.

17.

REVIEWS

Zollinger, A. J. & Smith, M. L. Fibronectin, the
extracellular glue. Matrix Biol. 60—61, 27-37 (2017).
Sankaran, S., Zhao, S., Muth, C., Paez, J. &

Del Campo, A. Toward light-regulated living
biomaterials. Adv. Sci. 5, 1800383 (2018).
Light-responsive living biointerfaces capable of
adhesively interacting with mammalian cells and
delivering proteins within their cytosol.

Bernhagen, D., De Laporte, L. & Timmerman, P.
High-affinity RGD-knottin peptide as a new tool for
rapid evaluation of the binding strength of unlabeled
RGD-peptides to a,B;, a,fs, and asB, integrin receptors.
Anal. Chem. 89, 5991-5997 (2017).
Kesik-Brodacka, M. Progress in biopharmaceutical
development. Biotechnol. Appl. Biochem. 65,
306-322 (2018).

Cordaillat-Simmons, M., Rouanet, A. & Pot, B.

Live biotherapeutic products: the importance of a
defined regulatory framework. Exp. Mol. Med. 52,
1397-1406 (2020).

Al-Mujaini, A., Al-Kharusi, N., Thakral, A. & Wali, U. K.
Bacterial keratitis: perspective on epidemiology,
clinico-pathogenesis, diagnosis and treatment.

Sultan Qaboos Univ. Med. J. 9, 184—195 (2009).
Cole, P. The damaging role of bacteria in chronic lung
infection. J. Antimicrob. Chemother. 40, 510 (1997).

. Ferreiro, A., Dantas, G. & Ciorba, M. A. Insights into

how probiotics colonize the healthy human gut.
Gastroenterology 156, 820-822 (2019).

Guo, S. et al. Engineered living materials based on
adhesin-mediated trapping of programmable cells.
ACS Synth. Biol. 9, 475-485 (2020).

Interesting approach to harness the ability of
bacterial adhesins to immobilize cells in synthetic
matrices.

Park, J. K. & Chang, H. N. Microencapsulation of
microbial cells. Biotechnol. Adv. 18, 303-319 (2000).
de Vos, P. et al. Multiscale requirements for
bioencapsulation in medicine and biotechnology.
Biomaterials 30, 2559-2570 (2009).
Ramakrishna, S. V. & Prakasham, R. S. Microbial
fermentations with immobilized cells. Curr. Sci. 77,
87-100 (1999).

Jung, |. et al. A dip-stick type biosensor using
bioluminescent bacteria encapsulated in color-coded
alginate microbeads for detection of water toxicity.
Analyst 139, 4696—-4701 (2014).

Avnir, D., Coradin, T., Lev, O. & Livage, J. Recent
bio-applications of sol—gel materials. J. Mater. Chem.
16, 1013-1030 (2006).

Xu, L. et al. Encapsulation of Pannonibacter
phragmitetus LSSE-09 in alginate—carboxymethyl
cellulose capsules for reduction of hexavalent
chromium under alkaline conditions. J. Ind. Microbiol.
Biotechnol. 38, 1709—-1718 (2011).

Costerton, J. W., Stewart, P. S. & Greenberg, E. P.
Bacterial biofilms: A common cause of persistent
infections. Science 284, 1318—-1322 (1999).

Xu, H. et al. Characterizing pilus-mediated adhesion
of biofilm-forming E. coli to chemically diverse
surfaces using atomic force microscopy. Langmuir
29,3000-3011 (2013).

. Wong, J. X, Gonzalez-Miro, M., Sutherland-Smith, A. J.

& Rehm, B. H. A. Covalent functionalization of
bioengineered polyhydroxyalkanoate spheres directed
by specific protein-protein interactions. Front. Bioeng.
Biotechnol. 8, 44 (2020).

Asenjo, J. A. Bioreactor System Design

(CRC Press, 1994).

Simdes, M., Simdes, L. C. & Vieira, M. J. A review

of current and emergent biofilm control strategies.
LWT Food Sci. Technol. 43, 573-583 (2010).

. Teughels, W,, Van Assche, N., Sliepen, I. & Quirynen, M.

Effect of material characteristics and/or surface
topography on biofilm development. Clin. Oral.
Implant. Res. 17, 68-81 (2006).

Scheuerman, T. R., Camper, A. K. & Hamilton, M. A.
Effects of substratum topography on bacterial
adhesion. J. Colloid Interface Sci. 208, 23—33 (1998).
Garrett, T. R., Bhakoo, M. & Zhang, Z. Bacterial
adhesion and biofilms on surfaces. Prog. Nat. Sci. 18,
1049-1056 (2008).

Hori, K. & Matsumoto, S. Bacterial adhesion: From
mechanism to control. Biochem. Eng. J. 48, 424—434
(2010).

. Rashid, H. The effect of surface roughness on ceramics

used in dentistry: A review of literature. Eur. J. Dent.
08,571-579 (2014).

. Fernandez-Moure, J. S., Mydlowska, A., Shin, C.,

Vella, M. & Kaplan, L. J. Nanometric considerations in
biofilm formation. Surg. Infect. 20, 167-173 (2019).

NATURE REVIEWS | MATERIALS

VOLUME 6 | DECEMBER 2021 | 1189



https://clinicaltrials.gov/ct2/show/NCT03751007
https://www.clinicaltrials.gov/ct2/show/NCT02766023

REVIEWS

120.

12

122.

123.

124.

125.

12

12

128.

129.

130.

13

132.

133.

134.

135.

136.

137.

138.

139.

140.

14

142.

143.

o

~

Sarao, L. K. & Arora, M. Probiotics, prebiotics, and
microencapsulation: a review. Crit. Rev. Food Sci. Nutr.
57, 344-371 (2017).

. Martin, M. J., Lara-Villoslada, F., Ruiz, M. A. &

Morales, M. E. Microencapsulation of bacteria:

A review of different technologies and their impact on
the probiotic effects. Innov. Food Sci. Emerg. Technol.
27, 15-25 (2015).

Mohamed, M. G. A. et al. Microfluidics-based
fabrication of cell-laden microgels. Biomicrofluidics
14,021501 (2020).

Kupikowska-Stobba, B. & Lewinska, D. Polymer
microcapsules and microbeads as cell carriers for

in vivo biomedical applications. Biomater. Sci. 8,
1536-1574 (2020).

Li, P, Miller, M., Chang, M. W,, Frettloh, M. &
Schénherr, H. Encapsulation of autoinducer sensing
reporter bacteria in reinforced alginate-based
microbeads. ACS Appl. Mater. Interfaces 9,
22321-22331 (2017).

Witte, K., Rodrigo-Navarro, A. & Salmeron-Sanchez, M.
Bacteria-laden microgels as autonomous three-
dimensional environments for stem cell engineering.
Mater. Today Bio. 2, 100011 (2019).

Balusamy, B., Sarioglu, O. F., Senthamizhan, A.

& Uyar, T. Rational design and development of
electrospun nanofibrous biohybrid composites.

ACS Appl. Bio Mater. 2, 3128-3143 (2019).
Christian, K. et al. Living composites of bacteria and
polymers as biomimetic films for metal sequestration
and bioremediation. Macromol. Biosci. 15,
1052-1059 (2015).

Abdali, Z., Logsetty, S. & Liu, S. Bacteria-responsive
single and core—shell nanofibrous membranes

based on polycaprolactone/poly(ethylene succinate)
for on-demand release of biocides. ACS Omega 4,
4063-4070 (2019).

Kaiser, P. et al. Electrogenic single-species
biocomposites as anodes for microbial fuel cells.
Macromol. Biosci. 17, 1600442 (2017).

Kaiser, P, Reich, S., Greiner, A. & Freitag, R. Preparation
of biocomposite microfibers ready for processing into
biologically active textile fabrics for bioremediation.
Macromol. Biosci. 18, 1800046 (2018).

. Liu, Y., Rafailovich, M. H., Malal, R., Cohn, D. &

Chidambaram, D. Engineering of bio-hybrid materials
by electrospinning polymer-microbe fibers. Proc. Nat/
Acad. Sci. USA 106, 14201-14206 (2009).

Letnik, I. et al. Living composites of electrospun yeast
cells for bioremediation and ethanol production.
Biomacromolecules 16, 3322-3328 (2015).

Reich, S. et al. High-temperature spray-dried
polymer/bacteria microparticles for electrospinning
of composite nonwovens. Macromol. Biosci. 19,
1800356 (2019).

Xie, S. et al. Genetically engineering of Escherichia coli
and immobilization on electrospun fibers for drug
delivery purposes. J. Mater. Chem. B 4, 6820-6829
(2016).

de Morais, M. G. et al. Preparation of nanofibers
containing the microalga Spirulina (Arthrospira).
Bioresour. Technol. 101, 2872-2876 (2010).

Kim, S. H., Shin, C., Min, S. K., Jung, S.-M. & Shin, H. S.
In vitro evaluation of the effects of electrospun PCL
nanofiber mats containing the microalgae Spirulina
(Arthrospira) extract on primary astrocytes. Colloids
Surf. B Biointerfaces 90, 113—-118 (2012).

Cha, B. G. et al. Structural characteristics and
biological performance of silk fibroin nanofiber
containing microalgae spirulina extract. Biopolymers
101, 307-318 (2014).

Schaffner, M., Riihs, P. A, Coulter, F, Kilcher, S. &
Studart, A. R. 3D printing of bacteria into functional
complex materials. Sci. Adv. 3, eaao6804 (2017).
3D bacteria-printing platform for the creation of
functional materials by embedding bacteria into

a functionalized bioink.

Schmieden, D. T. et al. Printing of patterned,
engineered E. coli biofilms with a low-cost 3D printer.
ACS Synth. Biol. 7, 1328-1337 (2018).

Qian, F. et al. Direct writing of tunable living inks

for bioprocess intensification. Nano Lett. 19,
5829-5835 (2019).

. Joshi, S., Cook, E. & Mannoor, M. S. Bacterial

nanobionics via 3D printing. Nano Lett. 18,
7448-7456 (2018).

Lehner, B. A. E., Schmieden, D. T. & Meyer, A. S.

A straightforward approach for 3D bacterial printing.
ACS Synth. Biol. 6, 1124-1130 (2017).

Spiesz, E. M. et al. Three-dimensional patterning

of engineered biofilms with a do-it-yourself bioprinter.
J. Vis. Exp. https://doi.org/10.3791/59477 (2019).

14

o~

145.

146.

147.

148.

149.

150.

o

153.

154.

155.

156.

157.

158.

159.

160.

163.

164.

165.

166.

167.

168.

. Connell, J. L., Ritschdorff, E. T., Whiteley, M. &

Shear, J. B. 3D printing of microscopic bacterial
communities. Proc. Natl Acad. Sci. USA 110,
18380-18385 (2013).

Kandemir, N., Vollmer, W., Jakubovics, N. S. &

Chen, J. Mechanical interactions between bacteria
and hydrogels. Sci. Rep. 8, 10893 (2018).

Stewart, E. J., Ganesan, M., Younger, J. G. &
Solomon, M. J. Artificial biofilms establish the role of
matrix interactions in staphylococcal biofilm assembly
and disassembly. Sci. Rep. 5, 13081 (2015).

Chen, X. & Stewart, P. S. Chlorine penetration into
artificial biofilm is limited by a reaction—diffusion
interaction. Environ. Sci. Technol. 30, 2078-2083
(1996).

Eun, Y.-J., Utada, A. S., Copeland, M. F,, Takeuchi, S.
& Weibel, D. B. Encapsulating bacteria in agarose
microparticles using microfluidics for high-throughput
cell analysis and isolation. ACS Chem. Biol. 6,
260-266 (2011).

Pabst, B., Pitts, B., Lauchnor, E. & Stewart, P. S.
Gel-entrapped Staphylococcus aureus bacteria as
models of biofilm infection exhibit growth in dense
aggregates, oxygen limitation, antibiotic tolerance,
and heterogeneous gene expression. Antimicrob.
Agents Chemother. 60, 6294—-6301 (2016).

Priks, H. et al. Physical confinement impacts cellular
phenotypes within living materials. ACS Appl. Bio
Mater. 3, 4273-4281 (2020).

. Johnston, T. G. et al. Cell-laden hydrogels for

multikingdom 3D printing. Macromol. Biosci. 20,
2000121 (2020).

. Williams, D. F. On the mechanisms of biocompatibility.

Biomaterials 29, 2941-2953 (2008).

Williams, D. in Bio-Implant Interface (eds Ellingsen, J. E.
& Lyngstadaas, S. P.) (CRC Press, 2003)

U.S. Food and Drug Administration. Use of
International Standard ISO-10993, ‘Biological
Evaluation of Medical Devices Part 1: Evaluation and
Testing’ (blue book memo) (International Standards
Organization, 2018).

Anderson, J. M., Rodriguez, A. & Chang, D. T. Foreign
body reaction to biomaterials. Semin. Immunol. 20,
86—-100 (2008).

Levine, M. M., Barry, E. M. & Chen, W. H. A roadmap
for enterotoxigenic Escherichia coli vaccine
development based on volunteer challenge studies.
Hum. Vaccin. Inmunother. 15, 1357-1378 (2019).
Wang, J. et al. Intranasal administration with
recombinant Bacillus subtilis induces strong mucosal
immune responses against pseudorabies. Microb. Cell
Fact. 18, 103 (2019).

Guo, M. et al. Construction of a recombinant
Lactococcus lactis strain expressing a variant porcine
epidemic diarrhea virus S1 gene and its immunogenicity
analysis in mice. Viral Immunol. 32, 144—150 (2019).
Narvhus, J. A. & Axelsson, L. in Encyclopedia of Food
Sciences and Nutrition 3465-3472 (Elsevier, 2003).
Wyszynska, A., Kobierecka, P., Bardowski, J. &
Jagusztyn-Krynicka, E. K. Lactic acid bacteria —

20 years exploring their potential as live vectors

for mucosal vaccination. Appl. Microbiol. Biotechnol.
99, 2967-2977 (2015).

. Cook, D. P, Gysemans, C. & Mathieu, C. Lactococcus

lactis as a versatile vehicle for tolerogenic
immunotherapy. Front. Immunol. 8, 1961 (2018).

. Bermidez-Humaran, L. G., Kharrat, P., Chatel, J.-M. M.

& Langella, P. Lactococci and lactobacilli as mucosal
delivery vectors for therapeutic proteins and DNA
vaccines. Microb. Cell Fact. 10, S4 (2011).

Kaper, J. B., Nataro, J. P. & Mobley, H. L. T. Pathogenic
Escherichia coli. Nat. Rev. Microbiol. 2, 123—140
(2004).

Daegelen, P., Studier, F. W., Lenski, R. E., Cure, S.

& Kim, J. F. Tracing ancestors and relatives of
Escherichia coli B, and the derivation of B Strains
REL606 and BL21(DE3). J. Mol. Biol. 394, 634—643
(2009).

Archer, C. T. et al. The genome sequence of E. coli

W (ATCC 9637): comparative genome analysis and

an improved genome-scale reconstruction of E. coli.
BMC Genomics 12,9 (2011).

Brzuszkiewicz, E. et al. Genome sequence analyses of
two isolates from the recent Escherichia coli outbreak
in Germany reveal the emergence of a new pathotype:
Entero-Aggregative-Haemorrhagic Escherichia coli
(EAHEC). Arch. Microbiol. 193, 883-891 (2011).
Morschhéuser, J. et al. Evolution of microbial
pathogens. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci.
355, 695-704 (2000).

Liao, M. J., Din, M. O., Tsimring, L. & Hasty, J.
Rock-paper-scissors: Engineered population dynamics

169.

170.

17

17

173.

174.

175.

176.

17

~

17

oo

179.

180.

18

182.

183.

184.

185.

186.

N

increase genetic stability. Science 365, 1045—-1049
(2019).

Bull, J. J. & Barrick, J. E. Arresting evolution.

Trends Genet. 33,910-920 (2017).

Geng, P, Leonard, S. P., Mishler, D. M. & Barrick, J. E.
Synthetic genome defenses against selfish DNA
elements stabilize engineered bacteria against
evolutionary failure. ACS Synth. Biol. 8, 521-531
(2019).

. Plavec, T. V. & Berlec, A. Safety aspects of genetically

modified lactic acid bacteria. Microorganisms 8, 297
(2020).

Steidler, L. et al. Biological containment of genetically
modified Lactococcus lactis for intestinal delivery of
human interleukin 10. Nat. Biotechnol. 21, 785-789
(2003).

Rovner, A. J. et al. Recoded organisms engineered to
depend on synthetic amino acids. Nature 518, 89-93
(2015).

Molina, L., Ramos, C., Ronchel, M.-C., Molin, S. &
Ramos, J. L. Construction of an efficient biologically
contained Pseudomonas putida strain and its survival
in outdoor assays. Appl. Environ. Microbiol. 64,
2072-2078 (1998).

Li, Q. & Wu, Y.-J. A fluorescent, genetically engineered
microorganism that degrades organophosphates and
commits suicide when required. Appl. Microbiol.
Biotechnol. 82, 749-756 (2009).

Garcia, J. L. & Diaz, E. Plasmids as tools for
containment. Microbiol. Spectr. https://doi.org/
10.1128/microbiolspec.PLAS-0011-2013 (2014).

. Pifiero-Lambea, C., Ruano-Gallego, D. &

Fernandez, L. A. Engineered bacteria as therapeutic
agents. Curr. Opin. Biotechnol. 35, 94—-102 (2015).

. Marteau, P. R. Probiotics in clinical conditions.

Clin. Rev. Allergy Immunol. 22, 255-273 (2002).
D’Souza, A. L., Rajkumar, C., Cooke, J. & Bulpitt, C. J.
Probiotics in prevention of antibiotic associated
diarrhoea: meta-analysis. BMJ 324, 1361 (2002).
Allen, S. J., Martinez, E. G., Gregorio, G. V. & Dans, L. F.
Probiotics for treating acute infectious diarrhoea.
Cochrane Database Syst. Rev. https://doi.org/
10.1002/14651858.CD003048.pub3 (2010).

. Gionchetti, P. et al. Oral bacteriotherapy as

maintenance treatment in patients with chronic
pouchitis: A double-blind, placebo-controlled trial.
Gastroenterology 119, 305-309 (2000).
Weizman, Z., Asli, G. & Alsheikh, A. Effect of a
probiotic infant formula on infections in child care
centers: comparison of two probiotic agents.
Pediatrics 115, 5-9 (2005).

Kalliom&ki, M. et al. Probiotics in primary prevention
of atopic disease: a randomised placebo-controlled
trial. Lancet 357, 1076—1079 (2001).

Rosenfeldt, V. et al. Effect of probiotic Lactobacillus
strains in children with atopic dermatitis. J. Allergy
Clin. Immunol. 111, 389-395 (2003).

Chahwan, B. et al. Gut feelings: A randomised,
triple-blind, placebo-controlled trial of probiotics
for depressive symptoms. J. Affect. Disord. 253,
317-326(2019).

Samonin, V. V. & Elikova, E. E. A study of the
adsorption of bacterial cells on porous materials.
Microbiology 13, 696-701 (2004).

Acknowledgements

Support from EPSRC through a programme grant (EP/
P0O01114/1) is acknowledged. M.S.-S. and M.J.D acknowl-
edge support from a grant from the UK Regenerative
Medicine Platform “Acellular/Smart Materials — 3D
Architecture” (MR/R015651/1). S.S. and A.d.C. acknowledge
support from the Deutsche Forschungsgemeinschaft’s
Collaborative Research Centre, SFB 1027 and the Leibniz
Science Campus on Living Therapeutic Materials, LifeMat.

Author contributions
All authors contributed to the manuscript. A.R.-N. and S.S.
contributed equally to this work and sketched the figures.

Competing interests
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

RELATED LINKS
Tu Delft iGEM: http://2015.igem.org/Team:TU_Delft/Design

© Springer Nature Limited 2021

1190 | DECEMBER 2021 | VOLUME 6

www.nature.com/natrevmats


https://doi.org/10.3791/59477
https://doi.org/10.1128/microbiolspec.PLAS-0011-2013
https://doi.org/10.1128/microbiolspec.PLAS-0011-2013
https://doi.org/10.1002/14651858.CD003048.pub3
https://doi.org/10.1002/14651858.CD003048.pub3
http://2015.igem.org/Team:TU_Delft/Design

	Engineered living biomaterials

	Traditional living materials

	Probiotics. 
	Biocatalysts. 

	Biomedical applications of living materials

	Encapsulated whole-​cell biosensors. 
	Skin patches restore the skin microbiome. 
	Self-​growing biofilms as wound patches and tissue adhesives. 
	Living instructive scaffolds support tissue regeneration. 
	Self-​replenishable and personalized drug-​eluting materials. 

	Microorganism encapsulation

	Biofilm engineering. 
	Microencapsulation. 
	Spinning. 
	3D printing. 

	The future of engineered living materials

	Understanding microorganism–material interactions. 
	Biocompatibility and immunogenicity testing. 
	Biosafety concerns. 

	Outlook

	Acknowledgements

	Fig. 1 Fabrication and biomedical applications of living materials.
	Fig. 2 Living materials as biosensors.
	Fig. 3 Living materials as tissue adhesives.
	Fig. 4 Light-responsive living therapeutic materials.
	Fig. 5 Spinning techniques for the fabrication of living materials.
	Fig. 6 3D printing of living materials.
	Table 1 Microbial strains in living materials.
	Table 2 Materials used in living materials.




