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Abstract
Hydrogel materials can be used to integrate bacteria cells into biohybrid systems. Here, we investigate the use of polyethylene 
glycol-based hydrogels that employ different Michael-type addition crosslinking chemistries, including thiol-acrylate, thiol-
vinyl sulfone, and thiol-maleimide click reactions, for covalent hydrogel network formation and bacteria encapsulation. All 
crosslinking chemistries generated hydrogels that provided stable encapsulation and culture of Bacillus subtilis; however, 
significant differences in cell viability and cell morphology after encapsulation were identified. Thiol-acrylate hydrogels 
provided the highest cell viability and favored encapsulation of single cells, while thiol-maleimide hydrogels had the lowest 
cell viability and favored encapsulation of larger aggregates. These findings demonstrate the impact of crosslinking strate-
gies for encapsulation of microorganisms into hydrogel networks and suggest that thiol-acrylate chemistries are favorable 
for many applications.

Introduction

Encapsulation of microorganisms within hydrogel materials 
has proven to be an effective strategy for preserving cellular 
function and for providing controlled cell release, enabling 
advancements in probiotics [1], agriculture [2], and environ-
mental applications [3]. Recent progress in synthetic biol-
ogy has also facilitated the field of living materials, where 
a primary focus is on use of engineered cells to provide 
programmable control of material properties [4]. Prominent 
examples of living materials use embedded microorganisms 
to modulate hydrogel properties [5, 6]. These emerging 
research areas highlight the importance of hydrogel chem-
istries to provide stable encapsulation of viable bacteria.

The majority of hydrogels used for microorganism encap-
sulation employ naturally occurring polysaccharide-based 
materials, most notably alginate, chitosan, cellulose, starch, 
and hyaluronic acid. While used less frequently, synthetic 
hydrogels such as poly(ethylene glycol) (PEG), poly(vinyl 
alcohol), and poly(acrylamide) hold unique advantages over 
their naturally occurring counterparts, particularly with 
respect to their flexible design options to achieve a wide 

range of tailored physicochemical properties. For example, 
hydrogels that use covalent PEG networks can be generated 
from a variety of commercially available PEG macromers 
with different end-group chemistries and molecular weights 
to yield highly tunable mesh sizes for control of mass trans-
port [7]. Novel PEG macromers can also be used to generate 
hydrogels that are responsive to environmental stimuli, such 
as light, pH, or enzymatic activity [8], enabling dynamic 
control of the cellular microenvironment or triggered release 
of microorganisms at a desired time and location [9, 10]. 
Microbial encapsulation with PEG-based hydrogels have 
enabled recent advancements in anaerobic wastewater treat-
ment systems [11, 12], bioelectrochemical systems [13], and 
selection of bacteria from microbial communities or culture 
collections [14–16].

A variety of chain and step-growth polymerization strat-
egies can be used to generate covalent PEG hydrogel net-
works. Step-growth polymerization mechanisms that use 
click reactions for covalent crosslinking, which include 
thiol-ene, copper-catalyzed, and ring strain promoted azide-
alkyne cycloaddition, inverse electron demand Diels–Alder 
cycloaddition, and Michael addition, can provide near stoi-
chiometric conversion of crosslinking moieties for uniform 
network structure and precise control of hydrogel properties 
[17, 18]. While these novel crosslinking chemistries have 
received extensive use in tissue engineering and drug deliv-
ery, little attention has been given to its potential use for 
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microorganism encapsulation. Michael addition relies on 
base-catalyzed conjugate addition between a thiolate anion 
and an electron-deficient vinyl group [19] and is an attrac-
tive option for microbe encapsulation as it does not generate 
free radicals or require initiators and external energy input 
for initiation, does not generate side products, and does not 
require catalysts that have antimicrobial properties. Finally, 
unlike free radical polymerizations, Michael addition cou-
pling reactions are insensitive to oxygen [19], making them 
equally amenable to encapsulation of aerobic and anaerobic 
microorganisms.

Here, we investigate the effects of crosslinking chemis-
try on bacteria encapsulation in PEG hydrogels when using 
three common Michael acceptors (acrylate, vinyl sulfone, 
and maleimide) present on difunctional PEG macromers. All 
groups are coupled with tetrafunctional PEG-thiol crosslink-
ers and use macromers with equivalent molecular weights 
to decipher the effects of end-group chemistry on bacteria 
encapsulation, cell viability, and growth (Fig. 1). Bacillus 
subtilis was used as a model bacteria as it is genetically trac-
table, produces endospores, and can provide host benefits in 
several biosystems, including the gut, plant rhizosphere, and 
soil. Encapsulated B. subtilis has garnered recent attention 
for controlled delivery [20, 21] and living hydrogel applica-
tions [22].

Materials and methods

Preparation of hydrogel precursor solutions and cell 
encapsulation

Bacillus subtilis or B. subtilis cells expressing GFP (B. 
subtilis-GFP) cells were grown in tryptic soy broth (TSB) 
at 28 °C for 24 h (hrs), followed by dilution into 2X ATGN 
minimal growth media in phosphate buffer (PBS) [23] to 
an optical density (OD600) of 0.1. Hydrogel precursor 
solutions consisted of cultured B. subtilis, a four-armed 
PEG-thiol crosslinker (10-kDa PEGTT, 20 mM) and PEG 

diacrylate (3.4-kDa PEGDA, 49 mM), PEG vinyl sulfone 
(3.4-kDa PEGVS, 49 mM), or PEG maleimide (3.4-kDa 
PEGMA, 49 mM) macromers to form PEG diacrylate-
PEG tetrathiol (PEGDA-PEGTT), PEG vinyl sulfone-
PEG tetrathiol (PEGVS-PEGTT), and PEG maleimide-
PEG tetrathiol (PEGMA-PEGTT) hydrogels, respectively. 
Hydrogel precursor solutions were prepared by first mixing 
B. subtilis with the difunctional PEG macromer and then 
combining the solution with PEGTT incubating over thi-
olated glass coverslips for microscopic imaging, following 
the procedure described by Fattahi et al. [24]. More details 
on this experimental protocol are provided in the Supple-
mentary Material file. A minimum of three independent 
replicates were made for each hydrogel. Average hydrogel 
mesh size for each hydrogel was measured as described 
by Canal and Peppas [25] and is further described in the 
Supplementary Material file (Table S1).

Characterization of cell morphology and viability

Cell morphology and viability immediately after bacte-
ria-hydrogel encapsulation were characterized using an 
inverted fluorescent microscope (Nikon Eclipse Ti-E). For 
cell morphology studies, B. subtilis-GFP was used for flu-
orescence imaging. ImageJ 1.54 Analysis Particle tool was 
used to quantify the cell aggregate sizes. Histogram plots 
with a bin size of 7 μm2 were generated from the raw data; 
a final bin of > 25 μm2 was used for all larger aggregates. 
B. subtilis (non-GFP) was used for cell viability studies. 
Here, cells in each hydrogel were stained using a live/
dead assay (Bacterial Viability Kit L7012). The percent-
age of live cells was determined by measuring the ratio of 
integrated green to red fluorescence intensity (RG/R) and 
using the live-dead calibration curve (Fig. S1), follow-
ing the manufacturer’s recommended protocol [26]. All 
microscopic characterizations were performed for n ≥ 3 
independent replicates.

Fig. 1   Encapsulation of B. subtilis-GFP into PEG hydrogels using 
tetrafunctional PEG-thiol crosslinkers (MW = 10  kDa) and a PEG 
diacrylate, b PEG divinyl sulfone, or c PEG dimaleimide macrom-
ers (Mw = 3.4  kDa), forming thioether ester (red), thioether sulfone 

(blue), or succinimide thioether (green) bonds, respectively, at each 
crosslink through Michael addition. Figure was prepared with assis-
tance from Biorender software
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Bacteria growth kinetics

Kinetic growth studies were performed by encapsulat-
ing B. subtilis-GFP in hydrogels at the bottom of 96-well 
plate readers using the same monomer formulations as 
before but at 50-μL volumes. After hydrogel formation, 
200 μL of ATGN minimal growth media was dispensed 
on top of the hydrogels, and cell growth was tracked by 
monitoring optical density (OD600) for 72 h at 28  °C 
(Epoch2 Microplate Reader, Biotek). To verify that the 
measured cell growth was due to cells confined in the 
hydrogel and not due to cell growth in external growth 
media, 300 μL was sampled from the supernatant growth 
media every 10–12 h for OD600 measurement.

Statistical analysis

All statistical analyses were made using statistical soft-
ware (SAS Institute Inc.). Mean and standard deviation 
were estimated based on a minimum of three independent 
replicates. Student t tests were used to compare datasets 
and determine statistical differences. A p value < 0.05 was 
considered statistically significant.

Results and discussion

The encapsulation and resulting morphology of B. subti-
lis-GFP cells into PEGDA-PEGTT, PEGVS-PEGTT, and 
PEGMA-PEGTT hydrogels were first investigated, and 
cell aggregation levels in each hydrogel were compared 
(Fig. 2A). Assuming an average diameter and length of a 
B. subtilis cell to be 1 and 2–6 μm, respectively [27], it can 
be estimated that particles with areas greater than ~ 19 μm2 
represent aggregated cells, while particles with lower areas 
represent individual cells or only a small number of cells. 
Lowest levels of aggregation were identified in PEGDA-
PEGTT hydrogels. Here, the majority of particles fell into 
the lowest size range (0–7 μm2), indicating individual cells. 
This was different than PEGMA-PEGTT hydrogels, where 
a significant decrease in particle numbers was identified at 
this size range (Fig. 2B). No significant differences were 
found across the three hydrogels for larger particle sizes; 
however, comparison of the percent of particles falling into 
each size category demonstrates the shifting particle size 
distribution (Fig. 2C). For PEGDA-PEGTT hydrogels, only 
20.9% of particles were representative of aggregates (> 19 
μm2). A shift toward higher aggregation levels is noted in 
PEGVS-PEGTT hydrogels; here, 28.2% of particles repre-
sented aggregated cells, while PEGMA-PEGTT hydrogels 
showed a further shift to 31.1% of aggregated particles. In 
addition, sub-millimeter heterogeneities in cell distribution 

Fig. 2   Cell morphology after encapsulation in PEG hydrogels. A 
Representative 10X (left column) and 20X (right column) fluores-
cent images of B. subtilis-GFP cells after encapsulation into PEGDA-
PEGTT, PEGVS-PEGTT, and PEGMA-PEGTT hydrogels. B Aver-
age number and C percentage of encapsulated bacteria falling into 

size categories after particle size analysis (*p < 0.05). Darker shading 
in C) indicates a larger particle size range. Dashed white line in C) 
represent the cut-off area above which all particles are cellular aggre-
gates. 10X images were used to quantify cell aggregation levels. Con-
trast was adjusted in Fig. 2A to improve visualization
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were observed across PEGMA-PEGTT hydrogels, whereas 
cell distribution in PEGDA-PEGTT and PEGVS-PEGTT 
hydrogels appeared relatively uniform (Fig. 2A).

We hypothesized that the differences in aggregation levels 
were due to the reactivity of the different Michael acceptors 
toward thiol groups. Maleimide-thiol reaction kinetics are 
rapid, while vinyl sulfone-thiol and then acrylate-thiol reac-
tion kinetics are successively slower [19, 28]. Fast gelation 
times of less than 6 s were observed when forming PEGMA-
PEGTT hydrogels, which limited mixing to cause higher 
levels of crosslinking heterogeneity and non-uniform cell 
distribution, ultimately leading to bacterial aggregation. 
Similar trends have been noted when using thiol-maleimide 
crosslinking strategies to encapsulate mammalian cell lines 
in tissue culture applications [29]. The higher reactivity of 
the difunctional maleimides can also lead to cross-reactivity 
with native thiols present on the cell surface [30] or in the 
extracellular polymer substance (e.g., cysteine residues), 
which may also be a contributing factor to aggregation. By 
contrast, PEGVS-PEGTT hydrogels showed more uniform 
dispersion of bacteria throughout the hydrogel and PEGDA-
PEGTT hydrogels, which required ~ 25 min for gelation, 
showed highest uniformity, which is potentially advanta-
geous in applications where controlled release of beneficial 
bacteria is desired.

Live-dead staining of B. subtilis encapsulated in PEGDA-
PEGTT, PEGVS-PEGTT, and PEGMA-PEGTT hydrogels 
revealed variations in cell viability (Fig. 3). Cell viability 
decreased with increased Michael acceptor reactivity, with 
PEGDA-PEGTT showing highest cell viability, followed 

by PEGVS-PEGTT hydrogels, where lower but statistically 
equivalent cell viability was found. However, PEGMA-
PEGTT hydrogels did show a statistically significant 
decrease when compared to PEGDA-PEGTT hydrogels. 
These trends are again comparable to tissue culture studies, 
where reactive crosslinking groups can have varied effects 
on cell toxicity due to cross-reactivity with mammalian 
cell lines [28] and where high cytotoxicity of maleimide 
crosslinkers has been reported [30]. Interestingly, many 
dead B. subtilis cells appeared within larger aggregates as 
opposed to single cells (Fig. 3A, PEGMA-PEGTT), again 
suggesting that cellular cross-reactivity and resulting cell 
aggregation were a cause of cytotoxicity in this system. 
By contrast, the uniform cell distributions within PEGDA-
PEGTT hydrogels, as noted previously, appeared to promote 
cell survival.

Finally, as cell growth within hydrogels is a pre-requisite 
for most applications, the growth kinetics of encapsulated 
B. subtilis within the different hydrogels was studied. Here, 
B. subtilis was encapsulated into the respective hydrogels, 
and growth was monitored in 96-well plate format. Multiple 
controls were included for comparison. The first was culture 
of non-encapsulated B. subtilis present in bulk culture media 
(no hydrogel) of equivalent volume, which was used to deci-
pher the effects of hydrogel confinement on growth. Sec-
ond, free liquid media above B. subtilis-loaded hydrogel was 
sampled at 10–12-h increments during culture to check for 
release of cells from the hydrogel into the supernatant solu-
tion. A final set of control samples included empty hydrogels 
to decipher any interference of the hydrogels on the optical 

Fig. 3   B. subtilis cell viability 
after hydrogel encapsulation. 
A Representative green–red 
fluorescent images of B. subtilis 
after encapsulation and live-
dead staining (green denotes 
live cells, red denotes dead 
cells). B Quantified cell viabili-
ties (*p < 0.05). Contrast was 
adjusted in Fig. 3A to improve 
visualization
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density measurement. OD600 readings in empty hydrogels 
during exposure to growth media remained unchanged 
through the entire experiment, indicating no interference or 
growth from contaminant microorganisms (Fig. S2).

Hydrogel-encapsulated bacteria showed significant differ-
ences in growth kinetics and final growth levels compared 
to bacteria in bulk solution (Fig. 4). Increases in the lag 
phase were noted for bacteria encapsulated in all hydrogels 
(lag phase: no hydrogel = 12.5 h; PEGDA-PEGTT = 33.6 h; 
PEGVS-PEGTT = 22.6 h; PEGMA-PEGTT = 42.3 h), as 
well as decreases in exponential phase growth rates (growth 
rate: no hydrogel = 0.129 h−1; PEGDA-PEGTT = 0.060 h−1; 
PEGVS-PEGTT = 0.096 h−1; PEGMA-PEGTT = 0.055 h−1). 
Both metrics indicate that nutrient diffusion limitations were 
prevalent in each hydrogel. Average mesh sizes determined 
by equilibrium swelling theory [25] were measured to be 
12 ± 0.3 nm, 10 ± 0.3 nm, and 10 ± 0.8 nm for PEGDA-
PEGTT, PEGVS-PEGTT, and PEGMA-PEGTT, respec-
tively (Fig. S3), which are small enough to cause mass trans-
port limitations during culture [7]. Despite this, cells were 
able to grow to significant and comparable levels within each 
hydrogel matrix during the 70-h culture period, showing a 
49% to 59% reduction in final carrying capacity compared to 
bulk culture in equivalent volume and growth media. It was 
also necessary to verify that hydrogels could provide stable 
encapsulation of bacteria during culture, as motile bacteria 
can potentially squeeze through non-uniformities within 

hydrogels or degrade liable hydrogel crosslinks for release. 
OD600 readings taken from supernatant culture media (trian-
gles, Fig. 4) were low and did not increase with time, indi-
cating that all hydrogels provided stable cell encapsulation 
during the growth period. Had cells escaped the hydrogels, 
OD600 readings in the supernatant culture fluid would have 
increased in a manner comparable to bulk B. subtilis cultures 
(black line, Fig. 4).

Conclusion

These findings advance synthetic hydrogel materials formed 
with Michael addition click chemistries for integration of 
viable, functional bacteria into biohybrid systems. The high-
est levels of uniformity, viability, and single-cell encapsula-
tion found in PEGDA-PEGTT hydrogels make it a strong 
candidate for use in many applications; however, other con-
siderations may be necessary. For example, acrylate-thiol 
coupling generates thioester groups at each crosslink that 
are susceptible to acid or base hydrolysis. If pH stability is 
desired, PEGVS-PEGTT hydrogels that generate hydrolyti-
cally stable thioether sulfone bonds may provide a reason-
able alternative. While PEGMA-PEGTT hydrogels in their 
current form are likely unfeasible for application, recent 
efforts to slow maleimide-thiol reactions have been reported 

Fig. 4   Growth kinetics of B. 
subtilis in bulk culture media 
(no hydrogel) and B. subtilis 
encapsulated in PEGDA-
PEGTT, PEGVS-PEGTT, and 
PEGMA-PEGTT hydrogels. 
Triangles represent OD600 read-
ings from supernatant culture 
fluid outside of the hydrogels. 
Replicate trials were performed 
at n ≥ 3
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[27], which may improve this crosslinking chemistry for 
bacteria encapsulation.
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