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hydrogels can be fabricated with various 
functions to create chemical gradients, 
mechanical confinement, and spatial dis-
tribution for the living cells (Figure 1). 
Compared with traditional liquid cultures 
of living cells, 3D living hydrogels exhibit 
definite macroscale shape and microscale 
organization.[1–4] In a typical engineered 
living hydrogel, the hydrogel matrix pro-
vides living cells a variety of chemical 
and physical cues to modulate the cell 
behaviors; conversely, the living cells have 
versatile functions that can change the 
mechanical and functional properties of 
the hydrogel (Figure 1). In this review, cells 
or microbial cells refer to microorganisms, 
in particular, bacteria and fungi. Since 
the interactions between hydrogels and 
animal or plant cells have been systemati-
cally discussed in other reviews,[5] they are 
not discussed in this review.

The development of engineered living 
hydrogels is enabled by technological 
advances in the engineering of microbial 

cells. Microbial cells have been known for their critical role 
in the development and maintenance of our bodies and our 
planet. For example, microbiota in the digestive tract break 
down protein, carbohydrates, and fats into forms the body can 
use.[6] In the soil, rhizobia provide ammonium and amino acids 
to plants, thereby stimulating plant growth.[7] These microbial 
cell functions are determined by genes and molecular regu-
lators (e.g., RNA, proteins), which govern gene expression 
levels.[8] Recent breakthroughs in genetic sequencing, DNA 
synthesis, and gene editing, as well as the emergence of syn-
thetic biology, have made it possible to customize regulatory 
parts and to construct genetic circuits in microbial cells for 
many user-defined functions.[9] For example, microbial cells 
have been programmed by synthetic biologists to produce 
biofuels from renewable sources,[10] to sense the presence of 
toxins and biomarkers,[11] and to release interleukin inside the 
gut for treatment in situ.[12] To alleviate cross-reactivity and 
host-cell dependence, biologists can improve the reliability, 
standardization, modularity, and automated design of these cir-
cuits. Through rigorous characterization of libraries of genetic 
parts,[13] predictable and scalable assembly of genetic parts into 
genetic circuits,[14] and mathematical modeling of cell behav-
iors,[15] it is possible to avoid unexpected interference between 
different genetic parts in a single genetic circuit and between 
host cells and the genetic circuits they harbor.[16]

Material and manufacturing innovations are also indis-
pensable for the development of engineered living hydrogels. 
Hydrogels, consisting of polymer networks infiltrated with 

Living biological systems, ranging from single cells to whole organisms, can 
sense, process information, and actuate in response to changing environ-
mental conditions. Inspired by living biological systems, engineered living 
cells and nonliving matrices are brought together, which gives rise to the 
technology of engineered living materials. By designing the functionalities of 
living cells and the structures of nonliving matrices, engineered living mate-
rials can be created to detect variability in the surrounding environment and 
to adjust their functions accordingly, thereby enabling applications in health 
monitoring, disease treatment, and environmental remediation. Hydrogels, 
a class of soft, wet, and biocompatible materials, have been widely used as 
matrices for engineered living cells, leading to the nascent field of engineered 
living hydrogels. Here, the interactions between hydrogel matrices and engi-
neered living cells are described, focusing on how hydrogels influence cell 
behaviors and how cells affect hydrogel properties. The interactions between 
engineered living hydrogels and their environments, and how these interac-
tions enable versatile applications, are also discussed. Finally, current chal-
lenges facing the field of engineered living hydrogels for their applications in 
clinical and environmental settings are highlighted.

1. Introduction

Engineered living hydrogels are a new class of living systems 
that are generated by encapsulating living microbial cells in 
hydrogel matrices. Both components in engineered living 
hydrogels are programmable for specific goals: The living cells 
can be engineered with diverse capabilities, including sensing, 
chemical production, and electricity generation; whereas the 
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water, have been adopted to form the matrices for microbial 
cells because of their unique material properties, such as bio-
compatibility, chemical permeability, and mechanical com-
pliance.[17,18] The high water content (e.g., 70–99 vol%) of the 
hydrogel provides sufficient hydration to the encapsulated 
living cells, while the crosslinked polymer network confers a 
solid form and structural integrity.[17,19] Hydrogel matrices can 
be either produced by living cells or synthesized from naturally 
occurring polymers and synthetic polymers.[18,20] Researchers 
are able to engineer the chemical composition of polymer net-
works and aqueous solutions, which provide biochemical cues 
for the living microbial cells. The hydrogel structures can be 
further designed so that they are formulated at different length 
scales (nanometer to millimeter) through versatile manufac-
turing techniques.[21] The structural features (e.g., geometry, 
porosity, dimension) of the hydrogels exert spatial constraints 
and mechanical forces on the living cells.

When the technologies of living microbial cells and hydrogel 
matrices converge, a diverse range of devices have been devel-
oped based on engineered living hydrogels, such as wearable 

biosensors,[22,23] water quality sensors,[24] tissue adhesives,[25,26] 
drug-producing implants,[27] and pollutant-degrading scaf-
folds.[28] Researchers have used engineered living hydrogels 
as a platform to study the fundamental aspects of micro-
bial cells and hydrogel materials as well as their interactions. 
For example, scientists can monitor real-time gene network 
dynamics in single microbes and quorum sensing in microbial 
populations, when they are trapped in a hydrogel matrix.[29–32] 
This knowledge, in turn, can be applied to improve the perfor-
mances of engineered living hydrogels and to extend the scope 
of their applications to biomedicine, industry, and environ-
mental protection.

Here, we first discuss two pressing questions regarding engi-
neered living hydrogels: how do hydrogel matrices alter cell 
behaviors, and how do living cells affect the matrix properties? 
Several reviews have thoroughly described existing engineered 
living materials.[3,4,33–35] Yet, the interplay between the hydrogel 
matrix and the microbial community in these materials has not 
been comprehensively discussed. We then review the ways that 
the engineered living hydrogels interact with the environment, 
focusing on the applications of sensing, treatment, and energy 
conversion that are enabled by engineered living hydrogels. 
Finally, we highlight the challenges that need to be overcome 
to unleash the full potential of engineered living hydrogels in 
real-world applications.

2. Types of Hydrogels and Hydrogel Matrices

Depending on the configuration of the hydrogel matrix, engi-
neered living hydrogels can be classified into three types: 
cell-generated hydrogels, synthetic hydrogels, and hydrogel 
chambers (Figure 2). In cell-generated and synthetic hydrogels, 
living microbial cells are dispersed throughout bulk hydrogel 
structures (Figure  2a,d), whereas in hydrogel chambers, the 
cells are contained in a hollow space inside (Figure 2g).

Designs of cell-generated hydrogels are inspired by observa-
tions of microbial cells growing in liquid culture,[1] which show 
that individual planktonic cells may spontaneously aggregate 
into microcolonies surrounded with hydrated extracellular poly-
meric substances (EPS) called biofilms (Figure 2a).[2] The ability 
to form biofilms is an important attribute of living microbes. 
The EPS in biofilms, which are generated by the microbial 
cells,[2] are composed of polysaccharides, proteins, and nucleic 
acids, but their chemical compositions and architectures vary 
greatly, depending on the microbial cells present, shear forces, 
temperature, and available nutrients.[1,2,36,37] For example, the 
Bacillus subtilis (B. subtilis) biofilm matrix consists of an exopol-
ysaccharide and secreted proteins TasA and BslA, leading to the 
formation of fruiting body structures.[38] G. xylinus can produce 
bacterial cellulose nanofibers (20–100  nm in diameter), which 
constitute the fibrous network of a biofilm matrix.[39] Micro-
bial cells that are sequestered in a biofilm matrix behave dif-
ferently from cells suspended in a liquid culture, at both the 
single-cell and population level.[1] For single cells, the biofilm 
matrix enables bridging and recognition between cells; for cell 
populations, the solid matrix temporarily immobilizes the cell 
populations and increases local cell densities.[1,2] When cell-gen-
erated biofilms are adopted as a hydrogel matrix, the engineered 
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Figure 1. The convergence of engineered living cells and hydrogels gives 
rise to the technology of engineered living hydrogels. In the engineered 
living hydrogels, cells and hydrogels interact with each other. The living 
cells can be programmed with diverse functions, including sensing, 
chemical production, and electricity generation. The hydrogels can also 
be programmed with various functions, which create chemical gradients, 
mechanical confinement and forces, and spatial distribution for the engi-
neered living cells.
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living hydrogels have unique capabilities of self-replication, 
self-replenishing and self-healing.[1] As a result, cell-generated 
hydrogels can be applied for wound healing, building construc-
tion, and material patterning.[40] For example, E. coli-generated 
curli hydrogels can act as a mucoadhesive wound patch in the 
gut (Figure  2c).[41] The hydrogels are persistent in the gastro-
intestinal (GI) tract for several days through autonomous self-
regeneration.[42] Because biofilm formation can be influenced 
by environmental factors, the engineered living hydrogels can 
exhibit externally controlled patterning and environmentally 
switchable conductivity (Figure 2b).[42]

To encapsulate living microbial cells in synthetic hydro-
gels, the cells are first dispersed in an uncrosslinked solution, 
and the cell-containing solution then undergoes crosslinking 
during manufacturing.[22] Diverse fabrication approaches, 
including molding, emulsion, electrospinning, light-mediated 
patterning, and 3D printing, are used to manufacture synthetic 

hydrogels that encapsulate living cells (Figure  2d).[22,24,43,44] 
Alternatively, living microbial cells can be introduced into 
the pores or channels of synthetic hydrogels post-manufac-
turing.[45] In synthetic hydrogel matrices, the polymer net-
works can be composed of either naturally occurring polymers 
or synthetic polymers. Synthetic hydrogel matrices have more 
controllable chemical compositions and microstructures than 
cell-generated biofilm matrices. For example, by varying the 
mesh size of the polymer network, the diffusion of chem-
ical compounds in synthetic hydrogels can be accelerated or 
decelerated.[19] The pore size in synthetic hydrogel matrices 
determines the degree of motility of the microbial cells. The 
structures and properties of synthetic hydrogels can be opti-
mized for a variety of applications, such as disease detection 
and environmental monitoring. For example, microbial cell-
laden hydrogel beads were used as a heavy-metal detector in 
the environment (Figure  2e),[24] and a 3D-printed, cell-laden 
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Figure 2. Representative hydrogel matrices in engineered living hydrogels. a–c) Living microbial cells dispersed in cell-generated hydrogels. Exam-
ples include b) an Escherichia coli (E. coli)-produced curli fibril biofilm used as an electrical switch and c) an E. coli-generated curli hydrogel used as a 
mucoadhesive patch in the gut. b) Reproduced with permission.[41] Copyright 2014, Springer Nature. c) Reproduced with permission.[42] Copyright 2019, 
Wiley-VCH. d–f) Living microbial cells dispersed in synthetic hydrogels. Examples include e) microbial cell-laden hydrogel beads used as a heavy-metal 
detector in the environment and f) a 3D-printed, cell-laden hydrogel pattern used as a biosensor on the skin. e) Reproduced with permission.[24] Copy-
right 2021, Springer Nature. f) Reproduced with permission.[22] Copyright 2018, Wiley-VCH. g–i) Living microbial cells enclosed in hydrogel chambers. 
Examples include h) a stretchable hydrogel-elastomer hybrid containing microbial cells in channels and i) a 3D-printed, core–shell hydrogel structure 
containing microbial cells in cavities. h) Reproduced with permission.[46] Copyright 2017, National Academy of Sciences. i) Reproduced with permis-
sion.[53] Copyright 2013, National Academy of Sciences.
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hydrogel pattern was able to sense the biomarkers on the skin 
(Figure 2f).[22]

Hydrogel chambers are created through either soft lithog-
raphy or light-based 3D printing[46,47] (Figure  2g). Hydrogel 
adhesion technologies help ensure that the chambers that 
enclose the living microbial cells are completely sealed.[48] 
The chamber size imposes physical constraints on micro-
bial cell growth. Depending on the desired cell popula-
tion, the chamber dimension ranges from 1  µm for single 
cells to 1  mm for cell colonies.[49–53] When the microbial 
cells are enclosed inside the chamber, the hydrogel wall 
determines the chemical exchange between microbial cells 
and the environment. Wall thickness ranges from 2  µm to 
1 mm.[46,47] In addition to geometries, the chemistry of the 
hydrogel wall also plays a role in chemical exchange. How-
ever, the enclosed microbial cells are less influenced by the 
bulk properties (e.g., chemical and mechanical properties) of 
the hydrogel, compared with microbial cells encapsulated in 
bulk hydrogels, since they grow in a liquid medium within 
the hydrogel chamber. The hydrogel chambers are especially 
useful for fundamental research on gene network dynamics, 
cell growth, and intercellular interactions in a confined 
niche. For example, a 3D-printed hydrogel structure that 
traps microbial cells in its sealed cavities has been used to 
study the pathogenicity caused by multiple microbial species 
(Figure  2i).[46] Hydrogel chambers are being used not only 
for basic research but also for biomedical applications, such 
as wearable devices that can detect environmental toxins 
(Figure 2h).[53]

3. Influence of Hydrogels on Living Cells

The study of microbial dynamics is of great interest to 
researchers in the fields of soil microbiology, water purifica-
tion, and biomedical engineering.[54] Microbial cells display 
a variety of dynamic behaviors at the levels of single cells, 
single-species populations, or mixed-species populations. 
The viability, motility, reproduction, and sporulation of plank-
tonic cells have been intensively investigated.[55,56] Yet, only a 
few studies have investigated the effect on microbial cell mor-
phology and growth when the cells are physically confined in 
a solid matrix.[51,57] Moreover, collective behaviors of microbial 
cell communities in a solid matrix, such as biofilm formation, 
quorum sensing, gene transfer, and nutrient competition, are 
highly dependent on the microbial cell organization within the 
hydrogel matrix.[2,36,58] The features of hydrogel matrices (e.g., 
chemical composition, microscale structure, and mechanical 
properties) define the local environment of microbial cells and 
affect cell dynamics and further determine whether the cells 
divide, move, secrete chemicals, exert forces, or express extra-
cellular polymers.

3.1. Influence of Chemical Composition of Polymer Networks in 
Hydrogels

One requirement for the polymer networks is to maintain 
the viability of encapsulated microbial cells. To ensure the 

biocompatibility of polymer networks, hydrogels have been 
made of polysaccharides or polyamides, which are abundant 
low-cost biomaterials that can support cell growth,[18,59] such 
as agar,[60] agarose,[61] alginate,[62] cellulose,[63] hyaluronate,[47] 
mucin,[64] curli protein,[26] silk protein,[65] gelatin,[53] and gel-
atin methacrylate.[30] However, the chemical bonds in natural 
polymers are susceptible to hydrolytic or enzymatic degrada-
tion.[66] To maintain hydrogel stability, several kinds of synthetic 
polymers have been widely adopted, including polyacrylamide 
(PAAm),[67] polyvinyl alcohol (PVA),[43,68,69] and polyethylene 
glycol (PEG).[22,70] These polymers constitute crosslinked net-
works and support hydrogel matrices by virtue of their robust 
CC and COC linkages.[18] The chemical compositions of 
these synthetic hydrogels not only guarantee the long-term 
viability of the microbial cells, but also help protect them 
from harsh environmental conditions, including low tempera-
ture,[71] low pH,[24] and antibiotics.[24] For example, the number 
of viable microbial cells in alginate hydrogel beads remains 
unchanged when the beads are exposed to pH 4 and to kana-
mycin for 2 h, possibly because the diffusion of highly charged 
molecules is restricted by the anionic polymer network of algi-
nate hydrogels.[24] Hydrogels with cationic groups in polymer 
networks, on the other hand, are usually used as antimicrobial 
materials rather than as scaffolds for engineered living hydro-
gels,[72] because the cationic charges in antimicrobial peptides 
or quaternary ammonium compounds cause microbial lysis 
(Figure 3a, left).[73,74]

Besides the final compositions, the process of fabricating the 
hydrogel may also affect its compatibility with living microbial 
cells. In general, two fabrication approaches are used to seed 
the microbial cells in the hydrogel matrices, seeding to and 
seeding from. The seeding to method involves introducing living 
microbial cells into a hydrogel matrix post-fabrication; thus, the 
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Figure 3. The chemical composition of polymer networks in hydrogels 
affects cell dynamics. a) Effects on cell viability: the antimicrobial side 
groups in the polymer network and antimicrobial precursors to prepare 
the polymer network can induce defects in the cell membrane and cause 
microbial cell death. b) Effects on cell motility: microbial cells can adhere 
to the hydrogel surface through nonspecific or specific adhesion, which 
reduces cell motility.
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final composition of the hydrogel determines its chemical inter-
actions and biocompatibility. For example, growing microbial 
cells on an agar hydrogel plate is a routine way to observe 
microbial colony development in the laboratory.[75,76] A growth 
medium, such as Lysogeny broth, and selective compounds, 
such as antibiotics, are usually added to the agar hydrogel, and 
then the cell culture will be spread across it.[76] In microfluidic 
devices, the microbial cells are seeded to the chambers after 
fabrication.[32,46] In these two cases, cell viability is independent 
of the fabrication process. In contrast, the seeding from method 
involves establishing the living microbial cells at the beginning 
stage, before hydrogel crosslinking. The chemical precursors 
for hydrogel synthesis should be biologically compatible with 
the microbes, neither penetrating the cell membranes nor 
inhibiting intracellular processes. Microbial cells stay viable 
when they are dispersed in uncrosslinked polymer solutions, 
such as polyvinyl alcohol and alginate solutions.[24,43] However, 
some monomers (e.g., acrylamide), oligomers (e.g., cationic 
peptides), and crosslinkers (e.g., glutaraldehyde) are efficient in 
microbial killing, so that they cannot be mixed with microbial 
cells in a precursor solution (Figure 3a, right).[73,77]

In addition to affecting viability, hydrogels with diverse 
chemical properties can regulate cell attachment and adhe-
sion (Figure 3b, left).[78] Charge and hydrophilicity are two key 
factors that affect the microbe-hydrogel interfaces.[78] Because 
microbial cells are negatively charged in general, hydrogels 
with positive or neutral charges are more readily colonized 
than hydrogels with negative surface charges, owing to elec-
trostatic forces.[79] In spite of facilitated adhesion, positively 
charged hydrogels will lead to lysis of colonized microbial cells, 
as mentioned above.[72] On the other hand, hydrophilic surfaces 
of hydrogels are generally more resistant to microbial adhe-
sion, compared with hydrophobic materials (e.g., Teflon and 
natural rubbers).[80] However, the hydrogel-microbe adhesion 
also depends on the particular degree of hydrophilicity of the 
microbial cell envelope. Still, a moderate number of microbial 
species with a hydrophilic cell surface preferentially colonize 
hydrophilic surfaces.[78,81]

Moreover, some natural polymers have exhibited specific 
chemical interactions with microbial cells (Figure  3b, right). 
Serum proteins are recognized for their ability to specifi-
cally bind some microbial strains. For example, fibronectin 
and fibrinogen bind Staphylococcus aureus,[82] and laminin 
binds Streptococcus pyogenes[83] via ligand-receptor interac-
tions. Microbial adhesion to hydrogels can be promoted by 
either grafting these proteins to existing hydrogels or con-
structing hydrogels with these proteins as backbones.[84] 
Selective adhesion has also been observed between microbial 
cells and polysaccharides. The binding between Clostridium 
thermocellum and cellulose is achieved through the cellulose-
binding factor on the microbial cell surface.[85] In natural bio-
films, the EPS can adhere to microbial cells and play a vital 
role in cell clustering and microcolony development.[86] The 
adhesion between microbial cells and hydrogel matrices limits 
the motility of microbial cells in the engineered living hydro-
gels (Figure 3b).[87,88] For example, in a living hydrogel system 
built by Guo et al., there is a high affinity between E. coli and 
the dextran-based hydrogels, and cell motility is reduced by 
100-fold.[88]

3.2. Influence of Chemical Composition of Aqueous Solution in 
Hydrogels

The hydrogel’s molecular architecture (e.g., network meshes 
on the nanoscale) and microstructures (e.g., pores, channels, 
and chambers on the microscale) generate the spatial hetero-
geneity of nutrients, metabolites, oxygen, and signaling com-
pounds.[19,36] The heterogeneous distribution of these chemical 
species in the hydrogel matrix determines the microbial cell 
organization and regulates the growth, motility, signaling, 
metabolism, and responsiveness of the embedded microbial 
cells.[36]

Hydrogels can be either nonporous or porous. For nonporous 
hydrogels, the mesh size of the polymer network, defined as the 
linear distance between two adjacent crosslinks, regulates the 
chemical diffusion of compounds (Figure 4a).[19,89] Depending 
on the crosslinking density of hydrogels, the mesh size of non-
porous hydrogels is around 10 nm.[19,90] Most small molecules 
involved in microbial metabolism (e.g., oxygen, glucose, lac-
tose, acetate, and ammonium) have dimensions of 0.1–1 nm, so 
they can freely diffuse through a hydrogel (Figure  4a, left).[91] 
The spatiotemporal distribution of small-molecule species in 
hydrogel matrices is governed by Fick’s laws of diffusion.[92] 
The hydrodynamic diameters of extracellular biopolymers, 
such as polysaccharides and proteins, are comparable to the 
mesh size (1–10  nm), thus posing a significant steric barrier 
for chemical diffusion (Figure  4a, right).[19,89,90] Besides the 
size effect, chemical-polymer and chemical-cell interactions 
also play a role in establishing the chemical gradients in the 
hydrogels (Figure  4b). For example, alginate hydrogels can 
sequester cationic ions due to electrostatic attraction (Figure 4b, 
left).[93] In addition, cells themselves can act as either a sink or 
a source of chemical species and tune the spatiotemporal pro-
file of the chemical species in the hydrogel matrix (Figure 4b, 
right).[94,95] Therefore, in analyzing chemical heterogeneity, the 
simultaneous production, consumption, and transportation of 
chemical species should be considered, in alignment with the 
reaction-diffusion theory.[95,96]

In porous hydrogels, the macroscopic interconnected pores 
(pore size: 10–500 µm) allow the convective transport of chem-
ical compounds (Figure 4c, right). Fabrication techniques used 
to create porous hydrogels include electrospinning,[97] freeze-
drying,[69] and particle packing.[21,45] Porous hydrogels also exist 
in nature as biofilms, which have large and nonuniform pore 
sizes.[1,2] Wilking et al. discovered that the channels (≈200 µm) 
formed in B. subtilis biofilms can effectively enhance the 
liquid flow and facilitate the transport of nutrients and waste 
for microbial cells.[98] By injecting a fluorescent solution into 
the channel, these authors visualized the rapid flow across 
the whole biofilm.[98] The convection-diffusion equation can 
depict the transport of chemical species in porous hydrogels 
(Figure 4c, right).

Microbial cells can grow and move through the soft and 
porous hydrogels,[45] and their growth and movement are reg-
ulated by the concentration gradients of metabolic substrates 
and products in the hydrogel matrix (Figure 4d). For example, 
oxygen is highly concentrated at the air–solid interface and 
depleted in the center of nonporous hydrogels, as confirmed 
by microelectrode measurement.[36,99,100] Different cells exhibit 
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varied oxygen requirements, so they tend to grow nonuni-
formly at different locations of the hydrogel matrix:[101] Obli-
gate aerobes and microaerophiles thrive near the hydrogel sur-
face, where they obtain a sufficient supply of oxygen, whereas 
obligate anaerobes grow in the deep regions of the hydrogel, 
where oxygen is present at very low concentrations. On the 
other hand, facultative and aerotolerant anaerobes can be found 
throughout the hydrogel. Similarly, the distribution of nutri-
ents leads to the collective movement of the cell population in 
the hydrogel matrix to maximize nutrient availability and cell 
survival (Figure  4d).[1,36] In contrast to oxygen and nutrients, 
localized high concentrations of antimicrobials and metabolic 
wastes gradually diminish microbial cell activity.[1,36]

The heterogeneous distribution of microbial cells within the 
hydrogel can be established not only through spontaneous cell 
growth or migration but also through programmed cell alloca-
tion to different regions. For example, the symbiotic growth 
of two microorganisms (e.g., Acetobacter and photosynthetic 
microalgae) generates a biological hydrogel made of bacterial 
cellulose, in which the two microorganisms are randomly dis-
tributed.[63,102,103] On the other hand, the microfabrication (e.g., 
multimaterial 3D printing, soft lithography) of cell-laden hydro-
gels can compartmentalize different types of microbial cells to 
build spatially segregated microbial consortia.[22,31,53,71] In the 
compartmentalized  microbial  consortia, the communication 
between microbial communities is usually enabled by the dif-
fusion of signaling molecules through the hydrogel matrix.[46]

Besides heterogeneous cell distribution, chemical gradients 
in the hydrogel matrix also regulate the metabolic pathways and 
physiological activities of microbial cells are (Figure 4e). Micro-
bial cells can sense their chemical environment locally (e.g., oxi-
dative/osmotic/pH stress, and electron donors/acceptors) and 
adjust their gene expression and physiological activities accord-
ingly. For example, cells may respond to antibiotics, which can 
reduce metabolic activity or even cause death.[104] Cell popula-
tions produce quorum-sensing molecules and change their 
behaviors according to cell density.[105] In addition, yeast cells 
immobilized in hydrogel matrices exhibit a higher metabolic 
rate and increased ethanol and protein production, compared 
to planktonic yeast cells in suspension cultures.[44,100,106,107] A 
possible explanation is that the chemical concentrations (e.g., 
hydrogen ion, oxygen) and the osmotic stress which the hydro-
gels present are different from those in the liquid culture.[106]

3.3. Influence of Mechanical Constraints in Hydrogels

At the single-cell level, the spatial constriction imposed by the 
hydrogel structure affects microbial cell motility. Cell motility 
in a porous hydrogel matrix is similar to the conventional 
run-and-tumble mode in liquid media.[49,108] As reported by 
Bhattacharjee et al., in jammed packings of hydrogel particles with 
pore sizes of 1.5–3.6 µm, the microbial cells follow the hop-and-
trap dynamics: during the hopping phase, microbial cells move 
through extended, directed paths in the pore space; whereas 
during the trapping phase, cells are confined for extended 
periods of time (Figure 5a,  top).[45] The hop length decreases 
as the pore size in the hydrogel matrix becomes smaller.[109] 
For smaller structures in microfluidic devices, Mannik et  al. 
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Chemi

Figure 4. The chemical composition of aqueous solutions in hydrogels 
affects cell dynamics. a) In nonporous hydrogels the diffusion of chem-
ical species is regulated by the nanoscale mesh of polymer networks. 
Nonporous hydrogels allow the diffusion of small molecules, but macro-
molecules are immobilized. b) Biochemical reactions in hydrogels may 
interfere with the diffusion of chemical species. For example, the chemi-
cals may be consumed if they interact with the polymer network or cells. 
c) In porous hydrogels, the convection of chemical species is regulated by 
the macroscale pores. In contrast to the slow diffusion observed in non-
porous hydrogels, porous hydrogels allow fast convection of chemicals. 
d) The chemical composition of aqueous solutions in hydrogels affects 
cell distribution. For example, the chemical gradient of nutrients sets up 
the gradient of cell-population densities: a sufficient nutrient supply leads 
to a high cell density, while an insufficient nutrient supply leads to a low 
cell density. e) The chemical composition of aqueous solutions in hydro-
gels affects the cell phenotype. For example, the chemical gradient of 
signaling molecules causes the population-density gradient of activated 
cells: a high concentration of signaling molecules leads to cell activation, 
while a low concentration does not affect the cell phenotypes.
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observed that flagellated microbial cells still retain their motility 
if the channel width is 1.3 times the cell diameter (i.e., width: 
1.2  µm).[49] However, when the feature size of the hydrogel 
microstructures is comparable to or even smaller than cell 
dimensions (≤1  µm), microbial cell movement is prevented. 
Microbial cells then elongate and divide, rather than move 
through very narrow microchannels (width: 0.4 µm) (Figure 5a, 
bottom).[49]

In addition to motility, the morphology of microbial cells can 
be altered by the hydrogel. Cell shape is altered after they exit 
narrow microchannels, possibly because the mechanical stress 

applied by the microchannels deforms the microbial cell walls 
(Figure 5a, bottom).[49–51] Takeuchi et al. reported an embossing 
technique of microchambers (feature size: 2.0 µm) in agarose 
hydrogels, in which filamentous microbial cells grow into 
defined shapes (Figure  5b, bottom).[110] In their experiments, 
the cells can bend during elongation and adapt their shapes 
according to the microchamber structures (e.g., crescents, zig-
zags, sinusoids, and spirals) in the hydrogel.[110] When yeast 
cells are encapsulated in hydrogel inks for 3D printing, the vis-
coelastic property of hydrogels appear to affect the proliferation 
patterns of yeast colonies and alter the sizes of yeast cells.[111]

At the population level, the microstructures are physical bar-
riers that limit cell division and population growth. With a suf-
ficient nutrient supply and space, the cell population undergoes 
fast, exponential growth, because the microbial cells divide by 
binary fission and double in numbers after each generation 
time (i.e., 20–60  min).[56,86] On the contrary, when microbial 
cells are embedded in a microscale chamber made of hydro-
gels (feature size: 10–20  µm), the rapid population expansion 
is retarded after microbial cells occupy all available spaces in 
the chamber (Figure 5b, top).[52,53,112] For example, in one study 
microbial cells in the microfabricated chambers of protein or 
gelatin-based hydrogel chambers were observed to be densely 
packed after ten to twelve hours of incubation, and the expan-
sion rate of the cell population dramatically decreased due to 
the limited space.[52,53]

3.4. Influence of Mechanical Forces in Hydrogels

Although the effects of mechanical forces on eukaryotic cells 
have been investigated,[113] only a few studies have addressed 
how microbial cells are regulated by their mechanical environ-
ment.[111,114,115] In fact, various mechanical forces in the hydrogel 
matrix can actively modulate cell phenotypes, including mor-
phology, growth, adhesion, motility, and biofilm formation and 
dispersion.

Cell growth in a nonporous hydrogel leads to chain 
stretching of the polymer network. Stretching of polymer 
chains at the molecule level then builds up the elastic stress 
around the microbial cells. When encapsulated in a hydrogel 
matrix, the cells experience mechanical compression as they 
grow within the solid environment.[116] Compared to cells in soft 
hydrogels, the cell growth rate decreases in stiff hydrogels with 
a high Young’s modulus.[43,116,117] The elongation of rod-shaped 
microbial cells is inhibited by the hydrogel matrix, although the 
cells can remain metabolically active (Figure 6a, left).[116] At a 
higher cell density, the repulsive forces between microbial cells 
and EPS-based biopolymers lead to spontaneous cell aggrega-
tion in the hydrogels owing to the effect of macromolecular 
crowding.[96,118] The initial cell aggregates expand by recruiting 
neighboring microbial cells and grow into densely populated 
microcolonies.[86] The growth of these microcolonies in the 
hydrogels generates additional mechanical stress by deforming 
the matrix, which in turn suppresses the continued expansion 
of the microcolonies (Figure 6a, right).[112,115]

As biofilms are usually generated at air–solid or air–
liquid interfaces, they are subject to mechanical interactions 
with solid and liquid substrates.[115,119] Typical mechanical 
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Figure 5. The mechanical constraints imposed by hydrogel structures 
affect cells dynamics. a) Effects on cell motility when cells pass through 
a spatially constrained structure. For example, in a porous matrix with 
the pore dimension larger than the cells, the cells exhibit hop-and-trap 
dynamics (top); in a narrow channel with the channel diameter smaller 
than the cells, the cells “move” via cell growth with shape change 
(bottom). Note that the microfluidic channels shown here are made of 
silicon and polydimethylsiloxane instead of hydrogels. b) Effects on cell 
growth when the hydrogel structure constitutes a confined space. For 
example, in a closed chamber, cell growth is limited by the chamber size 
(top); in a narrow chamber, filamentous microbial cells grow into the 
structure of the chamber (bottom).
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interactions between biofilms and substrates include sur-
face adhesion and shear stress (Figure  6b,c). As a result of 
receptor-ligand interactions between the microbial cell sur-
face and its attached substrate, cell adhesion is the initial 
step in biofilm formation (Figure  6b, left).[2] Microbial cells 
have the ability to strengthen this adhesion under a tensile 
load.[120] As reported in a few papers, mechanical stress can 
promote the adhesion of S. aureus and Staphylococcus epi-
dermidis, and trigger E. coli biofilm generation (Figure  6b, 
right).[121,122]

In the presence of fluid motion, shear stress applied to 
the microbial biofilm can deform biofilm architecture by pro-
moting the formation of filamentous structures (i.e., streamers, 
Figure  6c, left).[114,123] Moreover, vigorous fluid flow may lead 
to the dispersion or detachment of the cohesive cell commu-
nity (Figure  6c, right);[124] formerly biofilm-embedded micro-
bial cells can be transferred to and colonize new sections of a 
microfluidic channel.[86,125] To ensure mechanical stability and 
structural integrity, living hydrogels are engineered such that 
the matrices resist fracture and fatigue.[20,126] For example, in 
a hybrid scaffold made of hydrogel and elastomer, both bulk 
properties and hydrogel-elastomer interfaces were designed to 
be tough enough to prevent undesirable leakage of the encap-
sulated cells.[46]

4. Influence of Living Cells on Hydrogels

Conventional materials and devices that have been deployed in 
factories are generally unresponsive to dynamic environments. 
In contrast, living organisms can navigate environments, com-
municate, and build complex materials by initiating changes 
in gene expression in response to specific signals.[127] In engi-
neered living hydrogels, living cells can generate, regenerate, 
reinforce, or degrade hydrogel materials and also form patterns 
on hydrogel surfaces.[33,40] In addition, living cells, equipped 
with natural or synthetic genetic circuits, are designed to tune 
the hydrogel properties in response to environmental varia-
tions; the ability to interact with their surroundings consider-
ably expands the applications of hydrogels.[128]

4.1. Influence of Living Cells on Hydrogel Generation

Microorganisms can be viewed as biological factories that can 
efficiently convert carbon sources to a wide range of extracel-
lular biopolymers, including polysaccharides, polyamides, and 
polyesters.[129,130] The biopolymers they produce can be used 
to create new structures for numerous industrial and medical 
applications. Engineering the biosynthetic pathways of micro-
bial cells via genes and culture environments provides opportu-
nities to regulate the structures and properties of the material 
produced.[35,131]

The ability to engineer microbial cells to produce biopoly-
mers and generate hydrogel materials depends on under-
standing biopolymer synthesis and secretion pathways. For 
metabolic engineering, the first step is to quantify metabolic 
pathways, enzyme kinetics, and cell growth rates (Figure 7a). 
Researchers can then modify existing pathways, by making 
reactions more efficient or removing undesirable side reac-
tions (Figure  7a).[132] Strategies such as directed evolution 
and environmental selection have been used to optimize 
production.[132,133] As a bottom-up approach, genetic engi-
neering can be used for versatile biopolymer production. 
Sequencing and cloning of biosynthetic genes and the selec-
tion of proper genetic parts (e.g., promoters, ribosome 
binding sites, genes of interest, and origin of replication) 
have expanded the available genetic toolkit and improved pro-
duction efficiency (Figure  7b). For example, the biosynthesis 
of highly ordered cellulose fibrils is dictated by the bacterial 
cellulose synthase operon.[134] The genes of bacterial cellu-
lose synthase in G. xylinus were placed under the control of 
a stronger promoter, which increased the cellulose produc-
tion rate 10-fold.[135,136] By using inducible promoters, syn-
thase expression could be regulated by an external chemical 
signal (e.g., arabinose) (Figure  7b).[136,137] Besides the engi-
neering of genetic parts, biosynthetic gene expression can be 
controlled by other transcriptional (e.g., CRISPR-dCas9-based 
systems[138]) and post-transcriptional (e.g., engineered riboreg-
ulators[139,140]) approaches. Researchers also engineered B. sub-
tilis to secrete a protein-based hydrogel matrix that allows cell 
attachment and silica biomineralization.[141]

The microbial biofilm is a ubiquitous form of aggre-
gated biopolymers generated by microbial cells and com-
posed of exopolysaccharides (for example, cellulose, alginate, 
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Figure 6. The mechanical forces in hydrogels affect cell growth, adhe-
sion, and escape. a) The compression forces limit cell growth at the 
single-cell level and population level. b) The adhesion forces between the 
cell and substrate surface promote cell adhesion and biofilm formation.  
c) The shear forces caused by the fluid flow induce the deformation and 
dispersion of the natural hydrogel matrix, which allow the encapsulated 
microbial cells to escape.
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and hyaluronate) (Figure 8a).[1,2] However, natural biofilms 
are usually weak and tend to lose their structural integrity 
under shear loading.[142] Bacterial cellulose is an exceptional 
material with high mechanical robustness. Gluconacetobacter 
xylinus (G. xylinus) in a liquid culture produces cellulose 
nanofibrils at the liquid-air interface, thereby generating a 
pellicle of bacterial cellulose (Figure  8a,b).[143] Owing to its 
highly crystalline cellulose nanofibrils, the bacterial cellulose 
is ultrastiff (Young’s modulus: 7–12  GPa) and strong (tensile 
strength: 50–200  MPa) in the hydrated state.[144] Besides bac-
terial cellulose, protein-based amyloid fibers and polysaccha-
ride-based mycelia are two other biopolymers produced by 
microorganisms (Figure  8a). Amyloid fibers are readily gen-
erated by enterobacteria (e.g., E. coli) and develop into any 
functional 2D architectures,[41,145] while mycelia are produced 
by fungi (e.g., Ganoderma lucidum) and can be grown as 3D 
shapes determined by molds.[146] The biosynthesis circuits 
can be transplanted to nonpolymer-producing microbial cells 
for the production of tailor-made biopolymers, e.g., polyhy-
droxyalkanoate, hyaluronate, and poly-γ-glutamate.[147] Other 
than biopolymers, synthetic polymers such as poly(methyl 
methacrylate) and polystyrene can be mediated by microbial 
metabolism.[148] Shewanella oneidensis (S. oneidensis) can con-
trol the radical polymerization of monomers and crosslinking 
of polymers by first consuming dissolved oxygen via aerobic 
respiration, and then directing extracellular electron flux to a 
metal catalyst.[148,149]

Cell culture conditions can be used to adjust the structures 
of cell-generated materials.[131] The common bacterial cellu-
lose pellicle is a flat-sheet structure floating at the interface 
between the culture medium and air (Figure  8b).[39] Spherical 
particles of bacterial cellulose can be generated in an agitated 
culture (diameter: 0.5–8  mm), in contrast to the flat sheet 
grown on a static culture.[39,150] The higher agitation frequency 
leads to a higher mass transfer rate and a smaller particles size 
(Figure  8b).[39,151] Moreover, researchers can fabricate bacterial 
cellulose with various geometries and curvatures, including 

solid spheres, hollow capsules, and customized 3D shapes, by 
surrounding the culture media with hydrophobic particles or 
hydrophobic liquids (Figure 8b).[152] The hydrophobic materials 
stabilize the curved air–water interface, allowing for macro-
scopic shape control during bacterial cellulose production.

The mechanical and physical properties of cell-generated 
materials can further be modulated by adjusting the cell culture 
parameters. The addition of materials such as chitosan, gelatin, 
clay, or silica to the cell culture media alters the molecular 
composition of the bacterial cellulose as well as its mechanical 
properties.[153,154] Cell-generated nanofibrils can be aligned by 
directing anisotropic cell growth in situ. For example, elec-
trical fields,[155] physical structures,[156,157] and mechanical 
stresses[154,158] can guide nanofibril orientation during or 
after material production (Figure  8b). As a result, mechanical 
strength and toughness can be simultaneously enhanced com-
pared to what is obtained with randomly oriented bacterial 
cellulose.[154,156]

4.2. Influence of Living Cells on Hydrogel Repair and 
Reinforcement

There is a growing demand for self-regenerating materials for 
industrial and biomedical applications. Cell-generated living 
hydrogels are regenerative, which means, they can be reused 
and expanded to additional living materials.[42,141,159,160] The 
autonomous expansion of engineered living hydrogels indicates 
their potential applications in cost-effective manufacturing and 
scalable building materials.[160,161]

Another critical capability of cell-produced materials is 
to repair damaged materials.[26,141,160,162–166] The metabolites 
involved in microbial cells can heal cracks in matrix mate-
rials.[162] For example, cracks in concrete can be repaired when 
the incorporated microbial spores recover their metabolic 
activity and induce calcium carbonate precipitation in the con-
crete, as reported by Ehrlich et al. in 1996.[167] Sequentially, the 
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Figure 7. Cell engineering to regulate the generation of biopolymers. a) Metabolic engineering involves a-1) adding or a-2) removing biochemical 
pathways to optimize the production of the desired biopolymers. b) Genetic engineering involves b-1) plasmid engineering and b-2) transformation, 
resulting in the expression of desired genes in b-3) microbial cells. Genetic engineering allows the constitutive and inducible gene expression of 
biopolymer production by microbial cells. RBS, ribosome binding site; ori, origin of replication.
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precipitates build up and form a cohesive seal in the crack, 
repairing the concrete (Figure 9b).[167,168] Sustainable replenish-
ment of materials is particularly crucial in dynamic environ-
ments. For example, peristalsis in the intestine washes away 
materials attached to the intestinal wall. When continuously 
replenished by microbial cells, hydrogels are able to maintain 
their structure and therapeutic effects.[25,42,169] Newly generated 
materials adhere to substrates (e.g., crack surface or intestinal 
mucus) through surface-binding proteins, such as mussel foot 
proteins[170] and trefoil factors.[25]

In addition to self-regeneration and self-repair, the 
existing hydrogel matrix can also be reinforced by living 
cells (Figure  9c).[37,159,171] Monomers released by microbial 
cells can react and form a polymer network in the existing 
polymer network of a hydrogel matrix, leading to increased 
mechanical strength.[166] Bacterially induced calcium carbonate 

biomineralization can efficiently increase the toughness of 
sand-gelatin hydrogels by 1.5-fold.[160] Glucose, a small-molecule 
product of photosynthesis in living cells, can crosslink with iso-
cyanate groups in synthetic hydrogels. Yu et al. used localized 
light exposure to adjust the glucose production of chloroplasts, 
thereby controlling the local reinforcement and repair of hydro-
gels (Figure 9c).[172]

4.3. Influence of Living Cells on Hydrogel Degradation

Microbial cells can induce the mechanical and chemical deg-
radation of hydrogel matrices. On the one hand, population 
growth of microbial cells can deform the hydrogel, followed 
by the mechanical fracture of the hydrogel chambers.[52,53] 
Localized cell growth and death may initiate mechanical 
instabilities, such as wrinkling and buckling, during biofilm 
development.[122,173]

On the other hand, microbial species found in nature 
degrade a wide range of natural polymers; thus, microbes 
can trigger the chemical degradation of hydrogel matrices 
(Figure  9d). For example, hydrolytic exoenzymes produced by 
enterobacteria are effective in decomposing lipid- and protein-
based polymers;[174] while cellulase-producing microbial cells 
(i.e., Pseudomonas fluorescens, B. subtilis) isolated from the soil 
can be used to degrade cellulose-based polymers.[175] Through 
a series of metabolic activities, extracellular depolymerases and 
hydrolases secreted by cells can break down the long-chain 
polymers of the hydrogel matrices into low-molecular-weight 
oligomers or monomers (Figure 9d). The low-molecular-weight 
degradation products can then be taken up by the cells and 
used as carbon and energy sources.[130]

In contrast to natural polymers, synthetic polymers (in par-
ticular, CH2CHR) are less vulnerable to enzymatic or 
hydrolytic attack, because of the stable carbon-carbon bonds on 
their synthetic polymer backbone.[176] The great natural source 
of diverse microorganisms remains unexploited for efficient 
degradation of PAAm, PVA, polyacrylic acid (PAA), and other 
compounds. PEG was found to be degraded by a strain of Pseu-
domonas aerugirosa in 1975:[177] the microbial cells excrete an 
enzyme which converts low- and high-molecular-weight PEG 
to a product the cells can utilize.[177,178] The recent discovery of 
polyester-degrading enzymes produced by Ideonella sakaiensis 
has been put to use to decompose polyethylene terephthalate 
(PET) bottles.[179] Compared to dry plastics, hydrogels have 
a higher water content and more surface area that cells can 
colonize; therefore, they are more likely to undergo enzymatic 
degradation.

4.4. Influence of Living Cells on Hydrogel Pattern Formation

Microbial cell populations and cell phenotypes are being used 
to produce dynamic patterns on materials at different length 
and time scales that can represent complex tasks, including 
computing, image processing, and display.[96,180] The patterns 
can be produced through either applying external cues or engi-
neering genetic circuits. The heterogeneity of single-strain 
cell phenotypes in hydrogel matrices usually can be set up by 
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Figure 8. Living cells generate biopolymers with diverse chemistries 
and forming diverse structures. a) Microbial cells can produce diverse 
biopolymers, including polysaccharides (alginate, cellulose, hyaluro-
nate) and polyamides (poly-γ-glutamate and protein). b) Microbial cells 
can produce biopolymers that form diverse structures and microstruc-
tures, including flat sheets, solid particles, hollow particles, and aligned 
fibrils.
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morphogen gradients (Figure 10a, left).[22,36] The morphogens 
can be nutrients or signaling molecules, which act as spatial 
cues to activate or inhibit localized microbial cell responses. 
Besides chemical signals, optical signals can precisely regulate 
pattern formation at high spatial resolution. When microbial 
cells were engineered to produce pigments in response to light, 
they could display greyscale or color photographs in hydrogels 
(Figure 10a, right).[76,181]

Self-organized patterns of gene expression can also be engi-
neered in the absence of any external stimuli (Figure  10b, 
left).[182,183] For example, cells harboring both locally acti-
vating and globally inhibitory genetic modules exhibited a 
ring-shaped fluorescent population pattern on an agar gel 
(Figure  10b, left).[182,184] A similar design of genetic circuits 
applied in a microfluidic cell culture produced a dynamic pat-
tern with temporal oscillation in a microfluidic chamber and 
spatial variation in different chambers.[185] Eventually, the syn-
chronized oscillation in the whole microfluidic device could 
be achieved through the global modulation of cell-released, 
quorum-sensing molecules.[185] Gene expression is more com-
plicated for multiple microbial strains than for single strains 
due to cell–cell interactions.[186,187] The population of each 
microbial strain can exhibit stable and oscillating dynamics 
over time (Figure  10b, right). For example, in a cooperative 
cell system, subpopulations of different microbial strains 
showed in-phase oscillations (Figure 10b, right).[186] Moreover, 
the coordination among multiple microbial strains could pro-
duce delicate patterns and versatile functions, such as band 
detection and XOR logic gates.[188,189] Spatial patterns for the 
band detection and XOR logic gates consisted of two and four 
microbial biofilms, respectively.[188,189] The microbial strains 
in different biofilms carried different genetic circuits, and 
their inputs and outputs were wired to each other for cell–cell 
communication.[22]

5. Applications of Engineered Living Hydrogels

Besides the reciprocal influences between living microbial cells 
and hydrogel matrices within it, the engineered living hydrogel 
can also interact with external environments, and these inter-
actions enable versatile applications in industry and biomedi-
cine.[3,4] In an engineered living hydrogel, the microbial cells 
usually perform active functions in response to environmental 
variations,[11,127] whereas the hydrogel matrix usually acts as a 
passive scaffold for maintaining cell viability, chemical diffu-
sion, and light transmission. In most cases, the hydrogels do 
not significantly interfere with active functions of cells, though 
in some cases, the hydrogels are involved in signal transduc-
tion and amplification, as well as readout.[17] The bidirectional 
communication between engineered living hydrogels and the 
environment facilitates their use as sensors for health or envi-
ronmental conditions, therapies for diseases, treatments for 
environmental pollution, actuators for mechanical energy con-
version, and batteries for electrical energy conversion.

5.1. Engineered Living Hydrogels for Sensing

In a typical sensing process, external signals (e.g., heat, light 
or chemicals) are first delivered through the hydrogel matrix to 
the living microbial cells within it (Figure 11a). Upon receiving 
the signals, cells report on these external signals through nat-
ural or engineered genetic modules. The sensing outputs are 
usually fluorescence, bioluminescence, or conductivity in cells 
(Figure  11a),[11,46,190,191] and the collective cell expression in the 
hydrogel matrix can be further quantified in terms of light 
intensity or electrical resistance.[22,43,46] During the sensing pro-
cess, signal transportation is coupled to biochemical reactions. 
The pathways of signal transportation include heat conduction, 
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Figure 9. Living cells produce biomass for hydrogel generation, repair, reinforcement, and degradation. a) Microbial cells in liquid culture can generate 
new solid matrices by producing biopolymers. b) Microbial cells can repair damaged materials by sealing cracks in the matrix. c) Microbial cells can 
reinforce existing architectures by introducing another polymer network into the matrix. d) Microbial cells can induce degradation of a polymer network 
by secreting depolymerases in the matrix.
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light transmission, and chemical diffusion. The overall sensing 
kinetics is usually dependent on the slow biochemical reac-
tions in cells, rather than the fast signal transportation in 
hydrogels.[46]

Because cells can be distributed at different regions in 
the hydrogel matrix, living sensors can have multiple func-
tions. First, the increased spatial complexity provides more 
detailed information about the signal source, such as where 
and how many signals are produced in the environment 
(Figure  11b,  top).[170] For example, both the location and the 
degree of mineralization in an E. coli biofilm can be regulated 
by light intensity. As shown in Figure  11b (top), the part of 
the biofilm that was exposed to the highest light intensity[170] 
had the highest mineral density. Second, when multiple types 
of cells are incorporated in a single hydrogel matrix and each 
cell type is exclusively sensitive to a specific signal, various 
signals can be sensed in an efficient manner (Figure  11b, 
middle).[22,46,192,193] For example, a dip-stick type living sensor 
that incorporates eight bacterial strains can detect eight dif-
ferent toxins simultaneously (Figure  11b, middle).[193] Third, 
the distribution of different microbial cells and their connec-
tivity allow engineered living hydrogels to perform advanced 
computing functions, such as signal digitization, signal ampli-
fication, Boolean logic gates, and data storage (Figure  11b, 
bottom).[22,188,189,194] In a logic gate sensor, the engineered living 

hydrogel can simultaneously receive a multitude of signals as 
inputs, and it can return an output after a series of Boolean 
operations (Figure 11b, bottom).[22,188]

The sensing ability of engineered living hydrogels enables 
numerous applications in personal health and environmental 
sustainability,[190,195] such as monitoring metabolite produc-
tion, disease signals, and environmental hazards. For example, 
living sensors to detect pathological glycosuria in urine from 
diabetic patients were created by encapsulating genetically 
engineered E. coli and B. subtilis in PVA-alginate hydrogel 
beads.[68] As another example, the fluorescent protein expres-
sion of living microbial cells in a PAAm-alginate hydrogel is 
proportionate to the concentration of heavy metal in the sur-
roundings,[24] indicating that heavy-metal ions in water samples 
can be quantified by fluorescence in the hydrogels for environ-
mental evaluation.[24]

There are still several technical challenges in applying living 
sensors to practical problems regarding response time, detect-
able limit, sensitivity, and reliability. These challenges can be 
addressed by optimizing the genetic circuits in the microbial 
cells and the cell density in the hydrogel matrix. For example, 
researchers optimized the transcriptional and translational 
levels of sensing elements to enhance the sensitivity of living 
sensors.[196] The distribution and population control of dif-
ferent cell types in the engineered living hydrogels ensure the 
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Figure 10. Living cells generate patterns on hydrogels. a) Nonuniform distribution of external stimuli (e.g., chemical gradient and light exposure) trig-
gers the variation of gene expression of microbial cells, so that gradually or suddenly varied patterns are displayed on the material. b) Synthetic genetic 
circuits in single-strain and multistrain systems can produce spatially or temporally varied patterns on the material.
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reliability and ultrasensitivity of the living sensors.[197] In addi-
tion, decreased path length for signal transportation in hydro-
gels can increase the accelerate the sensing process.[19,46] Com-
pared to planktonic cells, chemical sensing by cells encapsu-
lated in hydrogels exhibits higher signal-to-noise and increased 
linearity.[198]

5.2. Engineered Living Hydrogels for Treatment

Engineered living hydrogels can produce a wide range of soluble 
biomolecules, including metabolites, antibiotics, and enzymes 
for disease treatment and environmental remediation.[3,164,199] 
Biomolecules produced by living microbial cells can be trans-
ported through the hydrogel matrix and delivered to the envi-
ronment (Figure 12a). For example, antimicrobial  agents (e.g., 
penicillin,[60] lysostaphin,[61] thiocillin,[61] and deoxyviolacein[200]) 
and extracellular proteins (e.g., laccases,[63] lactamase,[201] organ-
ophosphate hydrolase[164]) can be readily released from micro-
organism-containing hydrogels; these molecules can be used 
to treat diseases (e.g., therapeutics) or to reduce environmental 
pollution (e.g., pollutant-degrading enzymes). Toxin and pollut-
ants in the environment can also be absorbed by the hydrogel 

matrix and metabolized by the cells (Figure 12b).[47,103,164,202] For 
example, genetically engineered E. coli immobilized in alginate 
hydrogels can effectively remove urea and ammonia in uremic 
rats with renal failure.[203] Ralstonia metallidurans in alginate 
hydrogels can convert the toxic Hg(II) to nontoxic Hg(0).[204] 
The phenol degradation capability of Pseudomonas putida has 
been demonstrated in a 3D-printed hydrogel matrix.[47] Thus, 
engineered living hydrogels can help break down body wastes, 
disease by-products and environmental hazards.
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Figure 11. Engineered living hydrogels can sense environmental sig-
nals. a) Sensing by engineered living hydrogels in two coupled steps: 
signal transportation in hydrogels and biochemical reactions in cells.  
b) Sensing functions and examples by engineered living hydrogels. b, top) 
Spatial identification of light intensity. Reproduced with permission.[170] 
Copyright 2021, Springer Nature. b, middle) High-throughput detection 
of toxic chemicals. Reproduced with permission.[193] Copyright 2014, Royal 
Society of Chemistry. (b, bottom) Logic gate sensing and computation. 
Reproduced with permission.[22] Copyright 2018, Wiley-VCH.

Figure 12. Engineered living hydrogels can treat diseases or alleviate 
environmental pollution. a) Molecular production: synthesis of the 
molecules in cells and transportation of the synthesized molecules 
in hydrogels, which can be used to treat diseases (e.g., therapeutics) 
or to remediate the environment (e.g., pollutant-degrading enzymes). 
b) Molecular depletion: transportation of the molecules in hydrogels 
and consumption of the molecules by cells, which can be used to treat 
diseases (e.g., by removing body wastes or disease by-products) or to 
remediate the environment (i.e., by removing pollutants). c) Production 
functions and examples by engineered living hydrogels. c, top) Contin-
uous production of alcohol. Reproduced with permission.[206] Copyright 
2018, Frontiers Media. c, middle) On-demand production of penicillin. 
Reproduced with permission.[60] Copyright 2012, Wiley-VCH. c, bottom) 
Localized generation of therapeutics. Reproduced with permission.[42] 
Copyright 2019, Wiley-VCH.
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Furthermore, the production of biomolecules by engineered 
living hydrogels can be controlled temporally and spatially. For 
the treatment of chronic diseases and prolonged environmental 
issues, continuous production of therapeutics is needed, thus 
necessitating robust, constitutive gene expression in microbial 
cells (Figure  12c,  top).[63,205] As an example of sustained pro-
duction, yeast immobilized in hydrogel beads can constantly 
produce alcohol (Figure 12c,  top).[206] On the other hand, tem-
porally controlled, on-demand production of molecules may be 
required for acute diseases or incidents of environmental pol-
lution. In this case, biomolecules can be produced in response 
to environmental stimuli, such as pollutants or pathogenic bio-
markers via the inducible synthesis or the controllable release 
of biomolecules (Figure  12c, middle).[61,107,207] For example, 
fungi in a living hydrogel can produce penicillin once nutri-
ents are provided (Figure  12c, middle).[60] The spatial confine-
ment of microbial cells within hydrogel matrices can alleviate 
biosafety concerns of genetically engineered cells. Whereas 
direct administration of free drug-producing microbial cells 
to the body may alter the original microbiota and cause severe 
immune responses,[25,208] encapsulating such cells in a hydrogel 
matrix leaves the microbiota and host unaffected.[25,43,209] When 
the engineered living hydrogels are localized at target sites, 
therapeutic molecules can be produced and delivered locally 
to overcome the side effects of systemic delivery (Figure  12c, 
bottom).[25,43] For example, self-generated hydrogels can be pro-
grammed to adhere to specific tissues of the GI tract selectively 
for therapy (Figure 12c, bottom).[42]

In addition to soluble biomolecules, insoluble nano-
materials, such as protein-based or polysaccharide-based nano-
fibrils, can be generated by engineered living hydrogels; these 
may eventually be used to treat skin or gut injuries. Microbial 
biofilms composed of curli amyloid nanofibrils can be grown 
from engineered E. coli and used as wound dressing and tissue 
adhesives.[25,165,169,210] When applied on the intestinal walls of 
colitis-induced mice, these biofilms promote tissue regenera-
tion (Figure  12c, bottom). Furthermore, Lactococcus lactis can 
produce nonsoluble matrix materials (e.g., fibronectin) and sol-
uble proteins (e.g., growth factors) at the same time.[27,211] The 
growth factor-containing living hydrogels trigger the adhesion 
and differentiation of mammalian cells cultured on top of it.

5.3. Engineered Living Hydrogels for Energy Conversion

Engineered living hydrogels can convert one type of energy 
into another, providing an alternative and sustainable way of 
producing energy and fuel.[212,213] As a result of their metabolic 
activities, microbial cells generate chemical, electrical, and 
mechanical energy. Hydrogels that encapsulate the microbial 
cells can either serve as an inert matrix or facilitate the energy 
conversion of the cells by improving light absorption for solar 
harvesting, promoting electron transfer for electricity genera-
tion, and lowering the energy barrier for mechanical actuation.

Photosynthetic microalgae or cyanobacteria incorporated 
into the hydrogels can convert light energy into chemical 
energy through cellular respiration (Figure 13a).[102,214,215] 
Photosynthesis allows sustainable production of metabolites 
(e.g., glucose, hydrogen) and high-value chemical compounds 

(e.g.,  biofuels, pharmaceuticals) (Figure  13a).[103,216] The 
cyanobacteria  exhibit a similar hydrogen production rate 
whether or not they are encapsulated in a hydrogel matrix 
(Figure 13d, top).[215] By genetically engineering metabolic path-
ways, metabolic yield can be improved and advanced biofuels 
can be produced.[217] Besides metabolic engineering, interfacing 
nonphotosynthetic microbial cells (e.g., Moorella thermoacetica) 
with light-responsive nanoparticles can lead to the photo-
synthesis of high-value chemicals from sunlight and carbon 
dioxide.[218] In addition, photosynthetic microorganisms can 
harvest solar energy to produce electricity,[219] and thus enable a 
series of optoelectronic devices such as phototransistors, photo-
detectors, and photovoltaics.[220]

Engineered living hydrogels with electroactive microbial 
cells (i.e., exoelectrogens) can generate electrical energy from 
chemical energy.[221] Exoelectrogens such as S. oneidensis 
and Geobacter species consume chemical energy in organic 
waste and renewable biomass and produce electrons 
(Figure  13b).[213,222,223] If cells are attached to an electrode sur-
face, electrons can be transferred directly to the anode via the 
outer-membrane proteins (e.g., c-type cytochrome) or conduc-
tive pilis.[213,222,224] If the cells are distributed in a hydrogel elec-
trolyte, electrons can be transferred from the microbial cells to 
the electrodes via indirect mechanisms, for example, metabolic 
products (e.g., hydrogen) or electron-shuttling mediators (e.g., 
neutral red) (Figure  13b).[213,224] The addition of extracellular 
mediators, such as carbon nanotubes, graphene, or polyani-
line, to the hydrogel matrix can increase electron transfer effi-
ciency.[225,226] For example, increased amounts of polyaniline 
in bacterial cellulose hydrogels can enhance the output power 
density of microbial fuel cells (Figure 13d, middle).[225]

Engineered living hydrogels can also convert chemical 
energy to mechanical energy (Figure 13c). Individual microbial 
cells move freely in liquid by transforming chemical energy 
to mechanical energy. Cell motility, e.g., chemotaxis or gal-
vanotaxis, is high-speed (i.e., >100  body lengths per second) 
and responsive to stimuli.[227] This motility is significantly 
retarded when the cells are encapsulated in hydrogels. On the 
other hand, macroscopic actuation of the overall engineered 
living hydrogel can be driven by reversible cell hydration[23] 
and irreversible cell growth.[228] Soft substrates or encapsula-
tions made of hydrogels ensure the deformability of the bio-
hybrid structures. When microbial biofilms are grown on the 
soft substrates, cell morphology changes in accordance with 
the environmental humidity, leading to the mechanical actua-
tion of the engineered living hydrogel (Figure 13c; Figure 13d, 
bottom).[23,229] Furthermore, spatially controlled cell prolifera-
tion can program 3D shape transformation of engineered living 
hydrogels.[228]

6. Challenges and Perspectives

Since the 2000s, the development of engineered living hydro-
gels has been facilitated by technological advances in genetic 
engineering, metabolic engineering, and fabrication tools. 
Advances in the fundamental understanding of material chem-
istry, polymer physics, and cell biology have also contributed to 
research on engineered living hydrogels. A search in PubMed 
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for “engineered living materials,” a broad category that includes 
engineered living hydrogels, yielded more than 6000 published 
papers since 2010, which indicates a booming topic in aca-
demia. However, maximizing the applicability of engineered 
living hydrogels to biomedical, industrial, and environmental 
fields will require a deeper examination of the design principles 
used in their production.

One of the biggest hurdles for translation is that the unde-
fined, changing environment surrounding the engineered 
living hydrogel can lead to high variability in its behavior. 
A variety of synthesis and fabrication techniques have been 
adopted to expand the experimental scope for gaining external 
control of living cell phenotypes and hydrogel architectures. 
When engineered living hydrogels are intended to be deployed 

in environments that are nutrient-deficient (e.g., tap water) 
or toxic (e.g., wastewater), the hydrogel matrices need to be 
designed to support the long-term functioning of microbial 
cells. For example, engineered living hydrogels that will be 
used in wastewater can be programmed for nutrient diffu-
sion and toxin sequestration. In this case, hydrogel chemistry 
and microfabrication can be applied so that the transport of 
these molecules is controllable. For topical drug delivery, local-
ized environmental remediation, and other functions adapted 
to particular environments, hydrogel matrices can be engi-
neered through polymer physics and lab-on-a-chip technology 
to provide precise spatiotemporal modulation of biochem-
ical and biophysical cues and to accommodate living cells to 
dynamic environments. One of these fabrication techniques, 
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Figure 13. Engineered living hydrogels that can generate chemical, electrical, or mechanical energy. a) Chemical energy is generated by engineered 
living hydrogels in three coupled steps: sunlight absorption in hydrogels, chemical production in cells, and molecule transportation in hydrogels. 
b) Electrical energy is generated by engineered living hydrogels in three coupled steps: nutrient transportation in hydrogels, nutrient consumption and 
electron generation in cells, and electron transfer in hydrogels. c) Mechanical energy is generated by engineered living hydrogels in two coupled steps: 
morphological change of the cells and mechanical deformation of hydrogels. d) Representative applications of engineered living hydrogels used for 
energy conversion. d, top) Solar to chemical energy conversion. Representative curves of hydrogen production by cyanobacteria entrapped in different 
hydrogels in the sunlight. Reproduced with permission.[215] Copyright 2018, Royal Society of Chemistry. (d, middle) Chemical to electrical energy con-
version. Representative curves of power density when the cellulose–polyaniline hydrogel is used as an anode in microbial fuel cells. Reproduced with 
permission.[225] Copyright 2016, Elsevier. (d, bottom) Chemical to mechanical energy conversion. Representative curves of plane stress at the interface 
and energy density of the biofilm layer, when the bilayer of the biofilm and substrate are at different relative humidity. Reproduced with permission.[229] 
Copyright 2014, Springer Nature.
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3D printing, is an emerging technology for additive manufac-
turing that allows precise control over matrix geometry and 
cell populations.[22,47,53,62,230] High-resolution extrusion-based 
3D printing can be achieved by optimizing printing para-
meters (e.g., nozzle diameter, nozzle movement speed, extru-
sion flow rate) and ink properties (e.g., rheological behavior 
and crosslinking mechanism). Furthermore, multimaterial 3D 
printing enables different microbes to be immobilized at desig-
nated locations within the hydrogel matrix.[22,53] With precisely 
allocated microbial cells in it, the 3D-printed engineered living 
hydrogels can respond to the changing environment in a syner-
gistic mode.

At a more fundamental level, the functionality of engineered 
living hydrogels can be expanded by genetically engineering the 
behavior of living cells, for example, by tailoring responses to 
specific stimuli or enhancing recombinant protein yields. An 
enlarged genetic toolkit could be used to engineer more micro-
bial species with versatile functions, for example, gut microbes 
that can treat GI disorders[231] or soil bacteria that can promote 
plant growth.[232] In addition, the high expression levels of 
recombinant proteins for sensing and treatment usually repre-
sent a metabolic burden for microbial cells, which may reduce 
protein yields in harsh environments.[233] For the cells to work 
as efficient factories delivering the intended products at high 
yields, greater consistency in protein production is required. 
Finally, under the actual working conditions, living cells 
respond not only to the stimuli in the environment, but also to 
the hydrogel matrices. The precise characterization of genetic 
circuits and the physiology of the cells when they are inside the 
hydrogels remains rather underexplored. Understanding the 
ways that microbial cells respond to mechanical forces and con-
straints, as well as other changing conditions, will help improve 
their fitness.

Advances in computational techniques are helping to 
increase the programmability and predictability of engineered 
living hydrogels. However, theoretical modeling of engineered 
living hydrogels is still a challenge in the field due to a lack of 
tools to measure dynamic conditions in cells and hydrogels. 
The design of genetic circuits in microbial cells is tradition-
ally supported by mechanistic mathematical modeling, which 
involves analysis of complex biochemical reactions and quan-
tification of reaction kinetics.[234] In addition, many parameters 
in existing models remain to be quantified. The important 
tools of computational biology and bioinformatics, particularly, 
machine learning and artificial intelligence, are gaining atten-
tion for genetic engineering of microbial cells and deciphering 
of genetic networks and biological activities; furthermore, these 
tools can be applied to large and complex biological datasets.[235] 
Material modeling and simulation have been used to guide 
choices not only about the biotic components but also about 
hydrogel chemistry and the manufacturing of hydrogel struc-
tures.[236] Last but not least, multiscale and multiphysics mod-
eling of the processes (e.g., sensing, producing) is highlighting 
new opportunities to predict the spatiotemporal responses of 
engineered living hydrogels under various conditions.[22,46]

For environmental and clinical applications, some engi-
neered living hydrogels do not yet meet the requirements of 
biosafety and biocompatibility, which depend on specific regu-
latory frameworks. Concerns about the biosafety of genetically 

modified cells[237] can be addressed by introducing genetic 
kill switches in the genetically engineered microbial cells or 
adopting auxotrophic cells, to effectively impede cell escape and 
survival in the environment.[140,237,238] In addition to biological 
approaches, the physical encapsulation of microbial cells in a 
nonporous, highly crosslinked hydrogel matrix can also reduce 
the chance of inadvertent escape.[24] When the engineered 
living hydrogels are intended to be used for biomedical appli-
cations, the biocompatibility and immunogenicity of the for-
eign materials (e.g., hydrogel matrices and living cells) with the 
body should be considered.[239] Several types of microbial cells, 
including Lactococcus, Lactobacillus, and Bifidobacterium, have 
been classified as Generally Recognized as Safe (GRAS status) 
for human consumption.[240] Furthermore, hydrogel encapsu-
lation can provide better integration between the implanted 
microbial cells and the host mammalian cells.[241] Hydrogels’ 
superior biocompatibility and biofunctionality enable bridging 
interfaces that closely mimic the mechanical and chemical 
properties of extracellular matrices.[18] For example, several 
hydrogel components made of PVA and hyaluronate have 
been used in devices approved by U.S. Food and Drug Admin-
istration, due to their extraordinary biocompatibility.[242] Once 
implanted, the hydrogels can even promote cell adhesion, pro-
liferation, and tissue in-growth, providing biocompatible inter-
faces between microbial cells and surrounding tissues.[25]

7. Conclusion

The convergence of engineering, biology, and materials science 
is providing unprecedented opportunities to integrate living 
cells (e.g., microbes or microbial consortia) into soft materials 
(e.g., hydrogels).[18,242] This integration yields engineered living 
hydrogels with the capabilities of self-replication, self-regula-
tion, and environmental responsiveness. The combinations 
of microbial cells and hydrogel matrices are often selected in 
an empirical manner. In this review, we have summarized the 
interactions between hydrogels and microbial cells, as well as 
the interactions between engineered living hydrogels and the 
environment. Our understanding of these fundamental interac-
tions provides a foundation for the rational design and fabrica-
tion of living hydrogels and can spur technological innovations 
in designing new living hydrogels. Looking forward, acceler-
ating the future testing and application of engineered living 
hydrogels in the real world will require collaboration among 
engineers, biologists, clinicians, regulatory agencies, and 
others. Once the associated ethical, legal, and social implica-
tions have been thoroughly explored, engineered living hydro-
gels can be built to address a variety of societal needs, ranging 
from health management to environmental remediation to 
infrastructure construction.
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