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A B S T R A C T

The idea of using engineered bacteria as prospective living therapeutic agents for the treatment of different
diseases has been raised. Nevertheless, the development of safe and effective treatment strategies remains
essential to the success of living bacteria-mediated therapy. Hydrogels have presented great promise for the
delivery of living bacterial therapeutics due to their tunable physicochemical properties, good bioactivities, and
excellent protection of labile payloads. In this review, we summarize the hydrogel design strategies for living
bacteria-mediated therapy and review the recent advances in hydrogel-based living bacterial agent delivery for
the treatment of typical diseases, including those for digestive health, skin fungal infections, wound healing,
vaccines, and cancer, and discuss the current challenges and future perspectives of these strategies in the field. It is
believed that the importance of hydrogel-based living bacteria-mediated therapy is expected to further increase
with the development of both synthetic biology and biomaterials science in the future.
1. Introduction

Bacteria, a main microbial species that closely participate in human
health and disease development, have been raised as emerging living
therapeutic candidates for disease treatment and health maintenance in
recent decades, including digestive diseases [1], skin wounds [2], geni-
tourinary tract diseases [3], living vaccines [4], and cancer therapy [5,6].
Despite the increasing interest in the field of bacteriotherapy, some
essential challenges are still hard to ignore for future clinical applications
[7]. How to selectively limit the in vivo clearance and inactivation of
living bacterial therapeutics and maintain sufficient local responses after
administration are main challenges for living bacteria-mediated therapy
[8]. In addition, uncertain toxicity and deleterious side effects are also
required for bacterial therapy according to results from preclinical and
clinical studies [6]. Therefore, innovative strategies are urgently needed
to address these challenges.

Controlling colonization and delivery can not only improve the local
concentration of bacterial therapeutics and reduce toxicity to normal
tissues but also help the microorganism effectively bypass the key chal-
lenges associated with bacteriotherapy, which is considered one of the
effective approaches for enhancing this treatment modality [7]. For
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instance, to overcome the above challenges, the strategy of modifying the
bacterial surface by physical, chemical or biological techniques has
commonly been used to enhance the extra capacities of the bacteria,
improve their delivery behaviors and promote the efficiency of bacter-
iotherapy [9,10]. Despite considerable advances in living
bacteria-associated disease treatments, numerous obstacles (including
bacterial viability, the first-pass effect, systemic infection risks, and so
on) continue to limit the clinical translation of surface-modified bacteria
[8]. Local administration is another important option that can effectively
improve the concentration of engineered therapeutic bacteria at the
target site and reduce the microbial clearance rate as well as the potential
risk of systemic infection [7,11]. Notably, the use of living bacteria
hydrogel formulations has emerged as a promising method for the local
delivery of engineered therapeutic bacterial strains and bacteriotherapy
[12–14].

In this review, we will summarize the main strategies of hydrogel
design for living bacteria-mediated therapy and review the recent ad-
vances in hydrogel-based living bacterial therapeutic delivery and typical
disease treatments, including bacterial-promoted wound healing, cancer
bacteriotherapy, bacterial vaccines, probiotic-mediated digestive health
eptember 2022
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Fig. 1. Schematic illustration of hydrogels in living bacteria-mediated therapy,
primarily those involved with digestive health treatment, skin fungal infections,
wound healing, living bacterial vaccines, and cancer bacteriotherapy.
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treatment, and so on (Fig. 1). The promises and challenges of these
strategies will also be discussed.

2. Hydrogels for the delivery of living bacteria therapeutics

2.1. Advantages of hydrogels for living bacteria delivery

Hydrogels with a three-dimensional (3D) structure and high water
content are an attractive class of biomaterials owing to their tunable
physicochemical and biological properties [15]. These semisolid mate-
rials have been widely used for cell culture [16], tissue engineering [17],
medical implants [18], biosensors [13,19], drug delivery [20],
3D-printed living materials [21] and so on [22]. In particular, hydrogels
have drawn much attention as potential platforms in the field of drug
delivery, because they can not only control the release of various ther-
apeutics in a spatial and temporal manner but also offer a simple
administration method for complicated drug regimens [23–28].
Furthermore, hydrogels have presented many unique advantages for
bioactive therapeutic delivery [29]. For example, these materials have
good biocompatibility, tunable chemical permeability, and excellent
mechanical compliance that is similar to the extracellular matrix and
beneficial to maintaining the biomedical activities of bioactive thera-
peutics [15,30]. In light of the above advantages, novel hydrogel-based
bioactive drug delivery systems have been constantly emerging in
recent decades to enhance the treatment of various diseases [24,31–33].
In particular, there has been growing interest in the development of
hydrogel systems to deliver living bacteria.

Compared with other carriers, hydrogels present many unique prop-
erties to meet the demands of the delivery of living bacterial therapeutics
[34]. First, these macroscopic soft materials can provide sufficient space
to accommodate the bacteria even though they have a much larger vol-
ume than small molecule drugs [26,30]. Second, the good biocompati-
bility and tunable physicochemical properties of hydrogels are conducive
to maintaining bacterial vitality as well as improving treatment efficacy
[35,36]. Third, their adjustable pore structure and mechanical properties
provide physical barriers that can not only protect the living bacteria
from potential clearance and inactivation but also deliver the bacterial
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therapeutic agents in a controllable and safe manner [13,26,37]. More-
over, the adhesion and release behaviors of the bacteria can be regulated
by changing the biodegradability, internal charge, and chain hydrophi-
licity of the hydrogels [13,34,38]. These inherent qualities make
hydrogels promising candidates for the delivery of living bacterial
therapeutics.

2.2. Hydrogel design strategies for living bacteria-mediated therapy

Rational hydrogel design is the key in the development of such living
bacteria delivery systems, and several important factors should be taken
into account when designing the target hydrogels. First, selecting suitable
materials is the most basic need in bacteria-compatible hydrogel design.
In general, polymers (both natural and synthetic) are the largest class of
materials currently used in both the gel and solid states [39,40]. Ac-
cording to published studies, different types of polymeric hydrogels have
been employed to develop living bacterial delivery systems. In particular,
polysaccharide-derived hydrogels, such as alginate, cellulose, chitosan,
dextran, hyaluronic acid, and their derivatives, have been widely used to
deliver such therapeutics due to their good biocompatibility and
economical cost [39]. In addition, synthetic polymers are another class of
materials that are used for the fabrication of living bacterial hydrogel
systems, such as Pluronic F-127, poly (ethylene glycol) (PEG), synthetic
polypeptides, and glycolide dimethacrylate [41,42]. Furthermore, a
number of biomacromolecule-based hydrogels with low immunogenicity
have been used to deliver microbial agents, including fibrinogen,
collagen, and albumin [15,43,44]. In addition, a reported
biofilm-inspired cell-generated living hydrogel showed the unique ca-
pabilities of self-replication, self-replenishment, and self-healing when
used as a hydrogel matrix, which endowed the system with potential for
efficient living bacteria delivery [34,44]. Due to their good biocompat-
ibility, the above materials are safe candidates for use in hydrogel-based
living bacteria therapies [45]. Nevertheless, cationic hydrogels are
generally considered to be unsuitable carriers for living bacterial delivery
systems because of the microbial lysis effects of the cationic charge [46].

Second, the hydrogel fabrication strategy is another key factor
affecting the activity and efficient delivery of the encapsulated bacteria
[34]. Hydrogels can be classified as physical or chemical gels based on
their formation method. Physical hydrogels depend on intermolecular
interactions and have been widely used to fabricate living bacterial de-
livery systems due to their mild solution phase transition behaviors and
easy operation, as well as the generation of fewer byproducts during the
gelation process [20]. As an example, alginate-derived hydrogels ioni-
cally crosslinked by Ca2þ have been widely employed to construct living
bacterial delivery systems due to their excellent cell compatibility and
gentle gelation behaviors [47–50]. Thermogelling hydrogels have also
been used in previous works to deliver living bacteria to their conve-
nience during both the preparation of the bacteria-encapsulating
hydrogel precursor solutions and in vivo administration [41,51–53].
However, the relatively high critical concentration and low mechanical
strength of physical hydrogels are unfavorable for the exchange of sub-
stances and long-term bacterial survival during the treatment process. In
addition, it is difficult for these gels, which merely depend on intermo-
lecular interactions, to form a strong physical containment barrier and
prevent microbial leakage during in vivo bacterial transmission.
Compared to physical hydrogels, hydrogels crosslinked by chemical
bonds can form a sparse and strong network and require a relatively
lower critical gelation concentration, higher mechanical strength and
physical stability, and prolonged degradation behavior, which may be
conducive to controlling the long-term encapsulation and transmission
behaviors of the bacterial therapeutics [54]. Nevertheless, possible lim-
itations resulting from some potential toxic agents (e.g., uncrosslinked
monomers, residual catalysts or initiators, and organic solvents) from gel
formation should also be considered for living bacterial delivery in vivo,
which may influence the activity of the encapsulated bacterial thera-
peutic or harm normal organs [20]. Mild chemical crosslinking reactions
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without toxic byproducts (such as biorthogonal click chemistry and long
wavelength-triggered high efficiency photoreactions) during gel forma-
tion are expected to be used for living bacterial delivery, as they facilitate
bacterial viability and positive therapeutic outcomes [55]. Overall, good
biodegradability and biocompatibility are significant for living bacteria
encapsulation and delivery, especially during the gelation and degrada-
tion processes. Furthermore, regulation of the charge or hydrophilicity of
the hydrogel can notably affect the microbe-hydrogel interface as well as
influence cell attachment and adhesion behavior, which are crucial for
improving bacterial viability and the efficiency of bacteriotherapy [34].

Third, hydrogel system design also needs to consider the physiolog-
ical characteristics of the particular disease to be treated to regulate the
bacterial release behavior and enhance living bacteria-mediated therapy.
For example, as a probiotic oral delivery vehicle, the hydrogel is required
to bypass the key challenges associated with oral delivery (including
resistance to the acidic environment of stomach acid, bile salts, and
digestive enzymes) for targeted delivery of probiotics to the intestine
[39]. While, as a carrier for living bacterial cancer therapy, hydrogel
design not only needs to consider how to evade therapeutic microbial
clearance and inactivation by the immune system but also toward
achieving the on-demand release of living bacterial agents in a safety
pattern for efficient cancer therapy [50]. It can be seen that distinct
characteristics of diseases set different requirements for hydrogel design
as well as related living bacterial therapy. The principal findings of such
investigations will be presented in detail in the following sections.

Besides, it is necessary that the strategy for biological containment be
considered in the design of hydrogel systems, as it will undoubtedly
enhance people's confidence in the biosafety of bacterial therapy
involving hydrogels [6]. Presently, efforts in this regard are already being
made. For instance, Zhao and coworkers demonstrated that a
well-designed hydrogel-based encapsulation system could not only pro-
tect the activity of encapsulated genetically modified microorganisms
(GMMs) but also effectively avoid GMM escape and environmental in-
sults [13]. In another work, Han et al. also demonstrated that
chitosan-derived hydrogel microcapsules prepared in tripolyphosphate
solution could notably prevent leakage of engineered E. coli according to
hematoxylin and eosin (H&E) and inflammatory factor assay results [56].

In recent years, a number of chemical design strategies have been
successfully used to engineer hydrogels for cell culture, which will bring
new development opportunities to hydrogel-living bacterial delivery
systems [57].

3. Recent advances in the use of hydrogels for living bacteria-
mediated therapy

3.1. Living bacterial hydrogels for intestinal health

The human body hosts complex microbial communities that play
significant roles in physiology and disease [58]. Research has shown that
the constant interaction between the intestinal microbiota and host is
associated with certain types of inflammatory intestinal diseases,
including ulcerative colitis and Crohn's disease [59,60]. Probiotic mi-
croorganisms (Lactobacillus species, Clostridium butyricum, Bifidobacte-
rium, etc.) are becoming increasingly popular in digestive health due to
their widely recognized health benefits to the host [61]. Despite oral
administration being considered as the best way to take probiotics, how
to maintain the activity of these microorganisms during storage and
gastrointestinal transit remains a challenge [61].

In the most recent decade, the encapsulation of probiotics within
biocompatible hydrogels has been demonstrated to be an encouraging
approach for improving survival and efficacy for the oral delivery of
probiotics [61–76]. In these studies, natural polysaccharides (e.g.,
agarose, alginate, cellulose, chitosan, dextran, and starch) have been
widely used to develop hydrogel-based probiotic delivery systems due to
their easy biodegradability, good biocompatibility and economic prac-
ticability [39]. In addition to the above advantages, their structures can
3

be easily modified to form functional gel matrixes with diverse archi-
tectures and mechanical properties, which benefit the maintenance of
biotherapeutic activity. Not only that, natural polysaccharides are also
required to be resistant to the acidic environment of the stomach but
disintegration under neutral-basic pH conditions for the targeted delivery
of probiotics to the intestine [43,72,75]. According to actual demands,
these matrixes are usually designed to generate hydrogel/microgel for-
mations for probiotic delivery [63,66,67,75]. The recent progress in
hydrogel-based probiotic delivery systems is discussed in the following
section based on these two perspectives.

Hydrogels have generated considerable interest in the past few years
as carriers for the protection and delivery of probiotics [66,75,76]. For
example, Risbo and coworkers developed a chitosan and dextran
sulfate-based physical and chemical crosslinked hydrogel for probiotic
encapsulation targeting the gastrointestinal tract [66]. The results
showed that the swelling behavior of this hydrogel was mainly depen-
dent on the material composition but slightly influenced by the pH of the
media. Although culturability tests showed that the viability of Lacto-
bacillus acidophilus in the gel decreased by approximately 3.6 log CFU/mL
compared to the number of viable native cells because of the consider-
able amount of entrapped viable cells in the hydrogel network; however,
this material is still an appealing biomatrix for probiotic encapsulation.
Recently, pH-sensitive hydrogels have attracted increasing interest in the
field of probiotic delivery [72,75,76]. In particular, alginate-based
hydrogels not only protect the loaded bacterial cells under simulated
stomach conditions but also release the loaded viable probiotic payload
in a timely manner under neutral-basic pH conditions [43,72]. For
instance, Yuan and coworkers demonstrated that a fabricated
pH-sensitive propylene glycol alginate-based hydrogel could greatly
reduce the chemical degradation of curcumin and increase the survival of
Lactobacillus under both simulated gastrointestinal tract conditions and
after long-term storage [75]. Although the above works suggested that
these hydrogels are promising carriers for improving probiotic delivery,
some of the present results still need functional verification in vivo.

Microgels, water-swollen networks of crosslinks with diameters
ranging from 1–1000 μm, have great potential as biomacromolecule
delivery platforms [14,77–80]. In terms of oral probiotic delivery,
microgels exhibit several advantages compared to traditional hydrogels.
First, the smaller size of the microgels not only allows them to be easily
injected and swallowed but also gives them a better ability to cross the
biological barriers in the digestive system (including low pH, bile salts,
enzymes, etc.), which is beneficial for the development of safe and effi-
cient oral probiotic delivery systems [80]. Second, after surface func-
tionalization, microgels can maintain better intestinal adhesion and
release the encapsulated probiotics at the target sites in a sustained
manner, which is favorable for the long-term treatment of intestinal
diseases. The above advantages of microgels have attracted significant
interest in the community of oral probiotic delivery [68–70,73,81,82].
For example, the work of Li et al. showed that encapsulating Lactobacillus
rhamnosus GG (LGG) with polysaccharide-based hydrogel beads
increased the tolerance of LGG under acidic conditions and enhanced P40
protein (an LGG-derived protein that contributes to the ability of LGG to
maintain intestinal homeostasis) production, which had greater effects
on the prevention of dextran sulfate sodium-induced colonic injury and
colitis than free LGG in mice [63]. In another work, an LGG-loaded
exfoliated bentonite/alginate nanocomposite hydrogel was developed
by Yoo and coworkers for effective intestinal probiotic delivery in vivo.
The results demonstrated that the survival rate of LGG within the
nanocomposite hydrogels notably improved, and the viable counts of
LGG were sixfold higher than those in the control groups in the mouse
fecal recovery experiment [47]. The above findings indicate that
microgels can be engineered into a favorable platform for the intestinal
delivery of probiotics.

In addition to their benefits for digestive health, the use of living
bacterial hydrogels also appears to be a reliable solution for intestinal
disease treatment. For example, Joshi and coworkers developed a
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genetically programmable self-regenerating living bacterial curli hydro-
gel as a mucoadhesive patch for potential medical applications in the gut
(Fig. 2) [44]. This livingmaterial was created with Escherichia coli (E. coli)
through protein secretion and self-assembly processes, which resulted in
tunable rheological properties and tissue adhesion by genetically enco-
ded factors and processing steps. Importantly, this living hydrogel can
persist for several days in the mammalian gastrointestinal tract,
benefiting from its excellent regeneration capacity. The above advan-
tages make this living material a potential platform for future intestinal
disease treatment with a prolonged residence time, such as for the
treatment of gastric ulcers, postoperative wound healing, and local
anticancer drug release [83].
3.2. Hydrogel-derived living bacterial wound dressings

Skin wound repair is an important biological process for the resto-
ration of skin integrity after injury. The dressing of wounds is a general
and efficient method for promoting wound repair. Recently, various
wound dressings have been developed for improving wound healing ef-
ficiency, including semipermeable membranes/foams, hydrocolloids,
and hydrogels [84]. In particular, hydrogels have attracted much interest
in wound care due to their specific advantages, including conserving
moisture, preventing dehydration, protecting underlying tissues from
infection, reducing pain by cooling and accelerating the healing process
[85–87]. Although numerous hydrogel-based wound dressings have
Fig. 2. (A) Schematic illustration of the delivery, adhesion, and self-regeneration of
investigation of the E. coli-generated curli hydrogel labeled by Cy5-Ni-NTA dye in v
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appeared in the clinic, novel hydrogel-based smart wound dressings are
still desirable in this field today [17]. Favorably, the recent developments
in the development of engineered living materials has brought promise
for designing hydrogel-based bioactive wound dressings [36,88,89]. In
particular, living bacterial hydrogel dressings with creative designs have
been demonstrated to promote wound healing in mouse models [51,55,
90,91].

For instance, traditional antibacterial wound dressings cannot avoid
the suppression of the growth of beneficial bacteria in the process of
killing pathogenic bacteria escape disturbing the balance of the local
microbial ecosystem [92]. Nevertheless, the modality by which living
Bacillus subtilis-incorporated hydrogels continuously produce antifungal
agents to combat fungal infection has been indicated to be a safe and
cost-efficient therapeutic option [41]. Given this, Liu and coworkers
fabricated a living Lactobacillus-encapsulated hydrogel scaffold to pro-
mote infected wound healing [55]. In this work, probiotics were
encapsulated in methacrylate-modified gelatin-based microgels and
further immobilized in a hyaluronic acid-based hydrogel network. The
results showed that this living bacterial hydrogel scaffold had excellent
capabilities to eliminate harmful bacterial infection and inflammation,
thus accelerating wound healing and local tissue repair. In another work,
a living Lactococcus-loaded heparin-poloxamer thermoresponsive
hydrogel delivery system was fabricated by Deng and coworkers to
regulate therapeutic angiogenesis and enhance diabetic wound healing
[51]. The results indicated that this living bacterial wound dressing
an E. coli-generated living mucoadhesive hydrogel in the gut. (B) Functionality
ivo [44]. Copyright 2019. Reproduced with permission from Wiley-VCH.
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scaffold could bioengineer the wound microenvironment and promote
angiogenesis in diabetic wounds by protecting vascular endothelial
growth factor (VEGF), promoting the proliferation of endothelial cells
and secreting lactic acid to polarize macrophages into an
anti-inflammatory phenotype. Additionally, the fabricated hydrogel
scaffolds in the above works could not only protect living bacteria from
immune clearance but also restrict unwanted extravasation and growth,
thereby minimizing potential threats [51,55].

Photosynthetic bacteria (PSB), with the original photoenergy syn-
thesis system, have applications in human healthcare due to their bio-
logical activities [93]. In recent years, PSBs have been encapsulated in
hydrogels for wound healing applications [90,91]. For example, a living
PSB (Spirulina platensis, SP)-loaded carboxymethyl chitosan-based
hydrogel scaffold was developed to promote infected wound healing by
producing and locally delivering O2 to hypoxic tissues [90]. The results
indicated that the hydrogel not only maintained the O2-generating
capability of SP but also enhanced its adhesion to the infection. Under
650 nm laser irradiation, the generated reactive oxygen species (ROS)
from the loaded SP caused the photodynamic death of bacteria in the
infected area and enhanced wound healing progress. All of the evidence
demonstrated that this combined wound treatment strategy possessed
the capability to accelerate the healing of an infected wound. In another
work, a symbiotic algae-bacteria hydrogel was fabricated for the local
production of hydrogen as well as acceleration of diabetic wound healing
[91]. The results showed that this hydrogel continuously produced
hydrogen over 3 days, which could selectively consume the highly toxic
species �OH and ONOO�, subsequently reducing wound inflammation
(Fig. 3). This symbiotic algae-bacteria hydrogel-based wound dressing
with good biocompatibility and ROS scavenging features has promising
potential for clinical use.

In summary, hydrogel-derived living bacterial dressing materials
have shown considerable opportunities for smart wound care.
Fig. 3. Schematic illustration of the symbiotic Algae-Bacteria hydrogel patch
that reduces oxidative stress and inflammation in chronic diabetic wounds [91].
This hydrogel patch can scavenge hydroxyl radicals and neutralize chemokines
by releasing hydrogen. The sequestration of chemokines by the hydrogel scaf-
fold reduces immune cell invasion, which in turn lowers the levels of inflam-
matory chemokines and leads to the resolution of inflammation. Copyright
2022, American Chemical Society.
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Nevertheless, this field is still in its infancy, and investigations of the in-
depth mechanism behind living bacterial hydrogel-induced wound
healing is needed in the future.

3.3. Hydrogel-based living bacterial vaccines

Vaccines are one of the most important medical interventions, as they
provide active acquired immunity for preventing diseases [9,94]. In
particular, live bacterial vaccines have been shown to stimulate durable
humoral and cellular immunity as a consequence of their mimicry of
natural infection and intrinsic adjuvant properties [95,96]. Several bac-
teria, such as Listeria, lactic acid bacteria, and Salmonella, have been
engineered for use as live vaccines against infectious diseases and cancer
[97–100]. Nevertheless, safety concerns are the main problem owing to
the risks of infection or sepsis from the living bacterial products in
immunocompromised patients [9]. Inoculation of attenuated bacterial
vaccines via genetic engineering and recombinant technology is consid-
ered an effective method to overcome the above limitations [101,102]. In
addition, diversified delivery strategies could also increase delivery ef-
ficiency and safety [96]. Among them, hydrogels have become an
important platform for living bacterial vaccine development, benefiting
from their spatiotemporal control during therapeutic delivery [26,103].

In recent decades, different types of hydrogel-based vaccines have
been explored for prophylactic or therapeutic treatments [104]. As a
delivery vehicle, hydrogels can provide a local antigen depot, prolong the
residence time of antigens, and continuously induce a high immune
response [105,106]. For example, a recombinant elastin-like poly-
peptide-based tetanus toxoid-loaded hydrogel produced high levels of
tetanus antibodies with good avidity for over 4 months after a single
injection [105]. In another study, a silk fibroin hydrogel-based mucosal
vaccine broadened the distribution of gastric intraepithelial CD4þ

tissue-resident memory T cells, which induced optimal immune protec-
tion against Helicobacter felis [107]. Hydrogel-based therapeutic tumor
vaccines have attracted significant attention in the field of cancer therapy
[108–112]. In these studies, different types of drugs (such as tumor an-
tigens, cytokine granulocyte-macrophage colony-stimulating factor
(GM-CSF), Toll-like receptor 9 agonists, activate dendritic cells (DCs),
cytosine-phosphodiester-guanine (CpG), a BRD4 inhibitor, tumor cell
lysates (TLs), etc.) were selectively encapsulated in hydrogel carriers
with different designs [109–112]. These hydrogel-based tumor vaccines
induced long-lasting antitumor immunity and enhanced tumor immu-
notherapy by providing sustained release of the immunomodulators,
antigens and other components (Fig. 4) [110].

Hydrogels have also been employed to develop effective platforms for
living bacterial vaccines [42,113,114]. For instance, Grainger and co-
workers developed a photopolymerized PEG-crosslinked hydrogel-based
live bacterial vaccine (Brucella abortus strain RB51) ballistic delivery
[42]. They found that the RB51 live vaccine showed excellent viability
after photopolymerized encapsulation within the gel matrixes. After
being loaded within the hydrogel vaccine, the biobullet showed ballistic
properties similar to those of commercially available biobullets. Then, its
vaccine performance was evaluated in bison calves in another work
[113]. The results indicated that this hydrogel biobullet produced
increased immunologic responses when compared to the control bison
groups that were vaccinated with saline, parenteral SRB51 alone, or
ballistically with compressed SRB51. Further investigation showed that
the living RB51 bacterial vaccine remained highly viable in model ani-
mals after hydrogel polymerization, lyophilization, and storage [114].
Additionally, hydrogel-based living bacterial vaccines have gained
increasing attention for the treatment of cancers. For example, engi-
neered E. coli with a production-lysis circuit were encapsulated into
chitosan-based hydrogel microcapsules to durably produce and release
self-assembled protein nanovaccines that were based on bacterial
microcomponents fused with the antigen ovalbumin, which activated
specific immunity in mice and achieved obvious tumor prevention [56].
In another work, Liu and coworkers also found that a hydrogel-loaded



Fig. 4. Scheme of the preparation of a tumor-penetrable peptide (Fmoc-KCRGDK) hydrogel personalized cancer vaccine for cancer immunotherapy [110]. (A)
Preparation of hydrogels involved in personalized cancer vaccines. (B) Mechanism of vaccine-mediated cancer immunotherapy against postoperative tumor recurrence
and metastasis. Copyright 2018, Nature Publishing Group.
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living engineered attenuated Salmonella typhimurium strain could activate
antitumor immunity to inhibit tumor metastasis and rechallenge [50].

Although related research on hydrogel-based living bacterial vaccines
is relatively scarce, there is a strong possibility that the situation will
improve with the cross-development of both synthetic biology and ma-
terials science in the near future [115].

3.4. Hydrogel-based cancer bacteriotherapy

Bacteriotherapy possesses many unique advantages for cancer treat-
ment compared with conventional strategies for cancer therapy, such as
tumor hypoxia targeting motility, good tissue penetration, anticancer
toxin production, and the induction of an antitumor immune response [5,
9,116,117]. Despite this, finding more potent bacterial agents with less
off-target toxicity is still a main challenge for cancer bacterial therapy
[117]. Engineering commensal bacterial species (e.g., Salmonella, Clos-
tridium and E. coli) is considered to be an efficient method for cancer
treatment [5,7]. Presently, some of these bacterial agents have shown
promising effects in controlling tumor growth and promoting survival in
experimental models [118]. Nevertheless, several studies have also
demonstrated that the use of bacteria alone (whether engineered or not)
was improbable to stamp out tumors [5,119]. Engineered bacterial
multimodality therapy was previously thought to be a promising strategy
to improve bacterial anticancer efficiency [4,120]. In particular, com-
bined immune regulatory treatment and bacterial therapy would likely
be a curative therapeutic approach for cancer therapy [121].

On the other hand, how to selectively evade therapeutic microbial
clearance and inactivation by the immune system is another key chal-
lenge for cancer bacteriotherapy [117]. As such, local administration
offers an important way to overcome the abovementioned adverse effects
6

[11,50]. For example, Danino and coworkers fabricated a novel engi-
neered probiotic system for local cancer treatment by coupling immu-
notherapeutic expression with an optimized lysing mechanism [11]. The
engineered E. coli could home to the hypoxic tumor core and release the
programmed cell death ligand 1 antibody (anti-PD-L1) and CTLA-4
antibody (anti-CTLA-4) through probiotic lysis within the tumor micro-
environment (TME). The sustained therapeutic nanobodies expressed
and delivered by the bacteria not only enhanced the antitumor activity in
different tumor-bearing mouse models but also restrained the bacteria to
the tumor site and minimized the risk of toxic systemic effects to some
degree. However, the potential risk of uncontrolled toxicity associated
with local therapeutic infection still remains for these strategies. There-
fore, a rational, controlled delivery system is essential for improving the
efficiency of cancer bacteriotherapy.

Hydrogels are considered an effective platform for the construction of
living bacterial antitumor systems [36,89]. These platforms can not only
provide sufficient space for bacterial survival and therapeutic biosyn-
thesis as biofactories but also achieve the on-demand release of both
living bacterial agents and other therapeutic payloads for multimodal
cancer therapy [2,14,50,88,122]. For example, Campo and coworkers
developed a novel strategy by embedding an engineered optogenetic
E. coli into an agarose hydrogel for opto-regulating protein release [122].
In this system, the engineered bacteria expressed and secreted a red
fluorescent protein under a low dose of blue light irradiation, which
displayed dose-dependent release behavior over several weeks within the
bacterial hydrogel. In another work, an active endotoxin-free E. coli strain
was encapsulated into an agarose hydrogel by Campo and coworkers for
the light-regulated secretion of the antimicrobial and antitumoral drug
deoxyviolacein [123]. Benefiting from the sustained-release effect of the
gel depot, the production and release of deoxyviolacein was maintained
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at a meaningful level for at least 6 weeks. Recently, an engineered
bioluminescent bacterium was developed by transforming an attenuated
S. typhimurium strain with a firefly luciferase-expressing plasmid to
locally illuminate tumors and boost photodynamic therapy (PDT). Once
fixed into the tumor with an alginate hydrogel, this colonized biolumi-
nescent bacterium provided sufficient luciferase that continually emitted
light to activate the photosensitizer chlorin e6 (Ce6) and improve PDT
(Fig. 5) [50]. This strategy is a general and highly effective synergistic
cancer treatment approach for different tumors affected by
light-penetration that can not only suppress different types of tumors but
also evoke potent antitumor immunity.

Furthermore, designed hydrogel formulations can coregulate the
human microbiota and enhance cancer immunotherapy [31,124]. It has
been demonstrated that a phospholipid-based phase separation hydrogel
could sustain the release of the anti-programmed cell death-1 peptide
AUNP-12 for at least 6 weeks, which maintained an immunopermissive
TME and increased bacteria-mediated immunotherapy [124]. In another
work, Zhang and coworkers found that silver nanoparticles (NPs) con-
taining adhesive hydrogels could not only inhibit competing bacterial
growth but also assist with exogenous Peptostreptococcus anaerobius to
upregulate the intratumoral level of Peptostreptococcus in vivo. This
combination strategy of oral microbiota modulation has been proven to
notably enhance the efficacy of oral squamous cell carcinoma (OSCC)
immunotherapy after synergy with checkpoint inhibition [31].

Accordingly, hydrogels have enviable advantages as carriers and
biofactories in local cancer bacteriotherapy. With the cross-development
of both synthetic biology and cancer immunotherapy, hydrogels as
promising living bacterial delivery platforms may have more opportu-
nities to contribute to this field.
3.5. Living bacterial hydrogels for the treatment of other diseases

In recent years, living bacterial hydrogels have also been investigated
for the treatment of other diseases. For instance, Mizrahi and coworkers
Fig. 5. Schematic illustrating the coloading of engineered bioluminescent bacteria
immunity boost [50]. Copyright 2022. Reproduced with permission from Elsevier S
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developed a novel living B. subtilis-incorporated Pluronic thermogel for
treating skin fungal infections [41]. The bacterial-containing Pluronic
solution (18% w/v) could transform into a semisolid B. subtilis cultural
depot and continuously secrete antifungal agents after administration to
the fungi-infected skin. This system showed strong antifungal activity
and completely inhibited Candida growth, which was clinically compa-
rable to the effects of ketoconazole. Furthermore, the tunable mechanical
properties and penetrability of this living bacterial agent increased its
potential for antifungal applications. Moreover, their subsequent study
revealed that B. subtilis in Pluronic F-127 has the capability to modulate
the composition of the skin microbiota, which is beneficial for skin dis-
ease treatment [52].

In another work, Sagar et al. developed an iron-containing and anti-
inflammatory probiotic bacteria coencapsulated alginate/starch hydro-
gel to improve the efficiency of treating iron deficiency anemia (IDA)
orally (Fig. 6) [48]. In this system, the drug-loaded alginate/starch
hydrogel remained protected in the acidic environment of the stomach
but displayed sustained release of the encapsulated iron and probiotics
with the pH increase in the intestine. The released probiotics continu-
ously stimulated the healthy gut bacteria and reduced the intestinal in-
flammatory response as well as improved iron absorption with minimal
side effects. Such treatment strategies may contribute to the development
of oral IDA treatment.

4. Conclusions and future perspectives

In this review, we briefly summarized the recent advances in hydro-
gels involved in living bacteria-mediated therapy for typical diseases and
conditions, including digestive health treatment, skin fungal infections,
wound healing, living bacterial vaccines, and cancer bacteriotherapy
(Table 1). All of these studies indicate that hydrogels are attractive
platforms for living bacterial medicine delivery because of their high
similarity to physiological tissue and adjustable physicochemical prop-
erties. Hydrogels can not only protect and smartly release living bacterial
and Ce6 into hydrogel depots for self-activated PDT and systemic anticancer
cience Ltd.



Fig. 6. Schematic illustration of iron and anti-inflammatory probiotic bacteria coencapsulated in alginate/starch hydrogels to improve the efficiency of IDA treatment
[48]. (A) Ionic crosslinked iron and probiotic bacteria coloaded in the hydrogel formation, (B) physical appearance of the formed hydrogel, and (C) scheme of hydrogel
disintegration and payload release at intestinal pH. Copyright 2021. Reproduced with permission from American Chemical Society.

Table 1
Representative formulations of the hydrogels involved in living bacteriotherapy described in this review.

Disease Type Hydrogel Base Therapeutic(s) Administration Route Treatment Strategy Model Ref.

Intestinal disease
treatment

Pectin hydrogel beads Lactobacillus rhamnosus GG Oral administration Colitis therapy Mouse colitis model [63]
Alginate and chitosan
microgel

Bifidobacterium longum Oral administration Probiotic delivery Simulated gastric/
intestinal fluid

[61]

Pectin/starch hydrogel Lactobacillus plantarum Oral administration Probiotic colon delivery Simulated gastric/
intestinal fluid

[64]

Cellulose-based microgel Lactobacillus plantarum Oral administration Probiotic intestinal
delivery

Simulated intestinal fluid [65]

Chitosan-dextran sulfate
hydrogel

Lactobacillus acidophilus Oral administration Probiotic encapsulation Simulated intestinal fluid [66]

Ca-alginate/chitosan
microgel

Lactobacillus plantarum Oral administration Probiotic encapsulation Simulated gastrointestinal
conditions

[67]

EDTA-Ca-alginate-based
hydrogel

Lactobacillus rhamnosus Oral administration Probiotic intestinal
delivery

Simulated gastrointestinal
conditions

[68]

Cellulose/chitosan-based
microgel

Lactobacillus rhamnosus GG Oral administration Probiotic intestinal
delivery

Simulated gastrointestinal
conditions

[69]

Oil-induced biphasic
microgel

Bifidobacterium
pseudocatenulatum

Oral administration Probiotic encapsulation Simulated digestion [70]

Alginate and carrageenan-
based hydrogel beads

Lactobacillus acidophilus Oral administration Probiotic encapsulation Simulated gastrointestinal
and thermal conditions

[71]

Alginate-based hydrogel Lactobacillus casei Oral administration Probiotic intestinal
delivery

Simulated stomach acid
and intestinal fluid
conditions

[72]

Alginate-based double
network hydrogel

Lactobacillus rhamnosus GG Oral administration Probiotic intestinal
delivery

Simulated sequential
gastrointestinal digestion

[73]

(continued on next page)
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Table 1 (continued )

Disease Type Hydrogel Base Therapeutic(s) Administration Route Treatment Strategy Model Ref.

Alginate/pectin-based
hydrogel bilayer beads

Lactobacillus bulgaricus Oral administration Probiotic encapsulation Simulated saliva, gastric
juice, and intestinal juice

[81]

Bentonite/alginate
nanocomposite hydrogel

Lactobacillus rhamnosus GG Oral administration Probiotic intestinal
delivery

Male ICR mice [47]

Fish gelatin/alginate double
network gel

Bifidobacterium longum Oral administration Probiotic encapsulation Simulated gastric fluid [43]

Ca-alginate hydrogel Lactobacillus Plantarum Oral administration Probiotic colon-
targeted release

Simulated stomach acid
and intestinal fluid
conditions

[82]

Sodium tripolyphosphate gel Lactobacillus plantarum Oral administration Probiotic intestinal
delivery

Acidic environment of
simulated gastric juice

[76]

Propylene glycol alginate/
β-lactoglobulin composite
hydrogel

Lactobacillus rhamnosus GG
and curcumin

Oral administration Probiotic and drug
intestinal codelivery

Simulated gastrointestinal
tract conditions

[75]

E. coli-generated curli
hydrogel

E. coli Oral administration Probiotic intestinal
delivery

C57BL/6 mice [44]

Wound healing 3D-printed agarose hydrogel
patch

Bacillus subtilis Wound patching Infected wound healing Infected mouse wounds [36]

Carboxymethyl chitosan-
based hydrogel

Spirulina platensis Wound patching and
laser irradiation (650
nm)

Infected wound healing Infected mouse wounds [90]

Methacrylate-modified
hyaluronic acid crosslinked
hydrogel

Lactobacillus reuteri Wound patching Infected wound healing Infected mouse wounds [55]

Heparin poloxamer
thermoresponsive hydrogel

Lactococcus Wound patching Diabetic wound healing Diabetic mouse wounds [51]

Symbiotic algae-bacteria
hydrogel

Chlorella and Bacillus
licheniformis

Wound patching Diabetic wound healing Diabetic mouse wounds [91]

Bacterial vaccines Photopolymerized PEG-
crosslinked hydrogel

Brucella abortus strain RB51 Ballistic delivery Prevention of infection Live elk and bison calves [42]

Photopolymerized PEG-
based hydrogel

Brucella abortus strain RB51 Ballistic delivery Prevention of infection Bison calves [113]

Lyophilized PEG-glycolide
dimethacrylate crosslinked
hydrogel

Brucella abortus strain RB51 Ballistic delivery Prevention of infection Bison [114]

Polymer Gantrez AN 119 and
Pluronic F-127 composite
hydrogel

Shigella flexneri outer
membrane vesicle antigen

Intranasal
administration

Mucosal active
immunization

BALB/c mice [106]

Cancer therapy Alginate-based hydrogel E. coli Subcutaneous
implantation

Cell therapy PC3 tumor-bearing mice [49]

Alginate-based hydrogel Firefly luciferase-expressing
Salmonella typhimurium and
chlorin e6

Intratumoral injection
and laser irradiation

Cancer photodynamic
therapy and
immunotherapy

B16 and CT26 tumor-
bearing mice, VX2 tumor-
bearing rabbits

[50]

Polyaldehyde dextran and
chitosan viscous hydrogel

Exogenous P. anaerobius, Ag
NPs and anti-PD-1

Local administration Immunotherapy OSCC-bearing mice [31]

Skin infection
treatment

Pluronic F-127
thermoresponsive hydrogel

Bacillus subtilis Local administration Local fungal infection
treatment

Mice with cutaneous
fungal infection

[41]

Pluronic F-127
thermoresponsive hydrogel

Bacillus subtilis Local administration Skin microbiota
dysbiosis

Mouse skin microbiota [52]

Iron deficiency
anemia

Alginate/starch hydrogel Lactobacillus fermentum and
iron dextran

Oral administration Iron deficiency anemia Iron-depleted mouse
model

[48]

S. Yu et al. Materials Today Bio 16 (2022) 100435
payloads to the lesion site but also offer a type of versatile carrier for the
codelivery of various therapeutics and effective combination therapies.

Despite this, the field of hydrogel-based living bacteria-mediated
therapy is still in its infancy, and there remain many improvements
that should be made before the translation from bench to bedside. First,
living bacteriotherapy has not reached its full potential based on existing
hydrogel technologies, and more custom-built properties for advanced
hydrogel design are still required to mediate the complex treatment
processes of different diseases. These challenges may be addressed well
following the future cross-development of synthetic biology and mate-
rials science [115]. Second, these living bacterial therapeutics do not
follow the conventional small molecule pharmacokinetic and dose‒
response patterns in vivo; thus, choosing the correct starting dose and
schedule for administration can be challenging [9]. Generally, dose
escalation is standard practice in drug clinical trials, which applies to this
field. Fortunately, it has been well demonstrated by previous studies that
hydrogel formulations could improve the local concentration of
9

therapeutics for local disease treatment [26]. This advantage may reduce
the required efficacious dose of the therapeutic bacteria and lower the
side effects, thereby enhancing the therapeutic index of living bacterial
medicines. Third, the systematic biosafety of these hydrogel-based living
bacterial agents should be considered. Thus, using recombination to
modify bacterial strains with controllable inactivation mechanisms is an
encouraging way to improve the therapeutic role and biosafety of living
bacteria during disease treatment [6,56]. Furthermore, the careful design
of physical containment in hydrogel vehicles to inhibit unnecessary
bacterial escape and minimize infection risk should be a practical
approach to improve the biosafety of hydrogel-based bacteriotherapy
[13,56,125]. Last, a therapeutic approach using live bacteria as a mon-
otherapy has been demonstrated to be insufficient for the treatment of
complex diseases, and how to efficiently combine this strategy with other
treatments to achieve an efficient therapeutic response is also a chal-
lenge. Pleasantly, as a macroscale platform, hydrogels can not only
provide sufficient biological space for bacteria to survive and “work” but
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they can also leverage the release needs of different types of payloads,
which benefits the development of multimodal bacterial-involved dis-
ease treatment [21,26].

As this field is still growing, future advances rely on a deep under-
standing of living bacteria-mediated therapy, the advanced design of
hydrogel-based drug delivery systems, and effective collaborations be-
tween relevant fields. The exciting application of hydrogel-involved
living bacteria-mediated therapy to treat various diseases is very prom-
ising with the further cross-development of both synthetic biology and
materials science in the future.
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