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SUMMARY

Engineered living hydrogels that can protect cells from harsh envi-
ronments have achieved preliminary successes in biomedicine and
environmental remediation. However, their biocatalytic applica-
tions in pure organic solvents have not been explored. Here, living
hydrogels were engineered by integrating genetically modified Es-
cherichia coli cells into alginate hydrogels for robust biocatalysis in
pure organic solvents. The biocompatible hydrogels could not only
support cell growth and diminish cell escape but could also act as
protective matrices to improve organic solvent tolerance, thereby
prolonging catalytic activity of whole-cell biocatalysts. Moreover,
the influence of hydrogel microenvironments on biocatalytic effi-
ciency was thoroughly investigated. Importantly, the versatility of
engineered living hydrogels paves the way to achieve robust bio-
catalytic efficiency in a variety of pure organic co-solvents. Overall,
we are able to engineer living hydrogels for regio-selective synthe-
sis in pure organic solvents, which may be particularly useful for the
innovation of living hydrogels in biocatalysis.
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INTRODUCTION

Chemo-, regio-, and stereo-selective synthesis has always been challenging. None-

theless, the selective preparation of industrially relevant intermediates,1 (chiral)

drugs,2 and food additives3 is highly demanded by our daily life. Furthermore, selec-

tive synthesis of compounds significantly contributes to a green production process

due to the reduction of byproducts and waste. Biocatalysts (e.g., enzymes) have

inherent advantages in chemo-, regio-, and stereo-selectivity.1,4 However, these

biocatalysts often suffer from low tolerance to a high concentration of hydrophobic

compounds (e.g., substrates or organic solvents), which diminishes their biocatalytic

efficiency.5 Therefore, whole-cell biocatalysts are adopted as a desired biocatalytic

system for selective synthesis, which have individual compartments to protect inner

enzymes.6,7 In this precious work, we catalogized recent technologies for the inte-

gration of whole cells and artificial metalloenzymes that may create a novel bio-

catalytic pathway and achieve higher biocatalytic efficiency.8 Nevertheless, the

whole-cell biocatalysts are not universal and are often inactivated by a high

concentration of organic solvent.9,10 For instance, in the hydroxylation of mono-

substituted benzenes (an important reaction in industry-relevant intermediates),

whole-cell biocatalysts cannot achieve satisfactory catalytic activity because of

considerable cytotoxicity of substrate.11,12 Therefore, a versatile strategy to improve

the organic solvent tolerance of biocatalysts is highly demanded.
Cell Reports Physical Science 3, 101054, October 19, 2022 ª 2022 The Author(s).
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Figure 1. Schematic illustration of the engineered C-gels for the conversion of toluene to o-cresol by geneticallymodified E. coli cells containing P450

BM3 M2 and LbADH

Isopropanol was used as co-substrate of LbADH for NADP(H) co-factor regeneration.
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Engineered living materials are acknowledged as the most relevant contemporary rev-

olution in the fields of materials science and engineering andwhich can outperform the

existing multifunctional materials including intelligent or bioactive materials toward

real-wordapplications.13–16Given theparticular importance, theEuropeanUnionCom-

mission recently launched the EIC Pathfinder Challenge on engineered livingmaterials

to promote the researcher’s exploration at the forefront of the emerging field.17 In

practice, microbial cells are widely employed as living components due to their

responsiveness to environmental stimuli and adjustable cell programming through

gene editing.18,19 On the other hand, hydrogels have attracted great attention in

various applications because of their high water content, three-dimensional (3D)

cross-linked network, chemical diversity, and stimulus responsiveness.20–24 In partic-

ular, the biocompatible and biodegradable hydrogels are adopted to integrate living

microbial cells, which breeds a nascent field of engineered living hydrogels.25 In virtue

of their unique properties, hydrogels can meet the stringent requirements for the

design of engineered living hydrogels.26–28 For instance, the biochemical permeability

of hydrogels supports normal metabolic function of living microbial cells.29 Likewise,

the architectural characteristics of hydrogels can spatially confine livingmicrobial cells30

while protecting cells against harsh environment.31Notably, in these systems, livingmi-

crobial cells endow hydrogels with engineered functions, and hydrogel microenviron-

ments, in turn, canmodulate cell behaviors.32Although theengineered livinghydrogels

have been successfully applied in biomedicine and environment, they remain unex-

plored in the general field of biocatalysis so far.

Herein, the living hydrogels are engineered by integrating genetically modified Es-

cherichia coli (E. coli) whole cells for o-hydroxylation of monosubstituted benzenes

in neat substrate or pure organic co-solvents (Figure 1). The biocompatible hydrogel

matrices are capable of sustaining cell growth, diminishing cell escape, and

improving organic solvent tolerance, thus prolonging cell activity in neat substrate.

Additionally, hydrogel microenvironments, including water content, calcium ion

(Ca(II)) concentration, and network hydrophobicity, are able to further adjust the

regio-selective catalytic efficiency. Compared with free cells in toluene, the engi-

neered living hydrogels display about 8 times higher catalytic rate within 4 h and a

2.7 times higher amount of product o-cresol. Moreover, the improved organic sol-

vent tolerance and regio-selective biocatalysis of engineered living hydrogels are
2 Cell Reports Physical Science 3, 101054, October 19, 2022
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observed in pure organic co-solvents with the log p of more than 2.7 or the organic

co-solvent of methyl tert-butyl ether (MTBE).
RESULTS AND DISCUSSION

Engineering of living hydrogels

Alginate, a natural polysaccharide, is commercially available and cost effective.33 It

can be employed to prepare the biocompatible hydrogels by the facile and mild

method for biomedical applications.34,35 To integrate living whole cells into alginate

hydrogels, E. coli cells were suspended in the alginate solution and then added

dropwise to Ca(II) solution via a syringe to obtain the engineered living hydrogels

(C-gels) by ionic cross-linking. Through adjusting the concentration of Ca(II) solution,

we found that concentrations ranging from 0.15% (m/v) to 1% (m/v) are ideal for ob-

taining the intact and stable architectures of C-gels. Clearly, single C-gel exhibited a

mean diameter of about 2.0 mm (Figure 2A) and water content of around 92.6%

(m/m) (Table S1) and could accommodate about of 2.9 3 108 cells (Table S2). The

microstructure of the fresh C-gel was observed by cryo-scanning electron micro-

scopy (cryo-SEM) imaging (Figure 2B). The C-gel displayed a typical 3D cross-linked

network with a pore size of around 5–15 mm. Meanwhile, the growth of cells in the

C-gels was then surveyed (Figure 2C). Apparently, the growth rate of cells in hydro-

gel matrices was similar to that of free cells in the medium. This is attributed to the

biocompatibility of hydrogel matrices and the hydrated microenvironment of hydro-

gels that allows for the diffusion of nutrients, antibiotics, and metabolites.

Moreover, the confinement of cells by hydrogels with different cross-linking degrees

was assessed (Figure 2D). The C-gels prepared at a low Ca(II) concentration (0.15%)

showed the escape of cells to the surrounding medium at the first test point (2 h). In

contrast, no cell escape was observed for the C-gels prepared at a high Ca(II)

concentration (1.0%) even after 4 h. These results suggested that the C-gels with a

high Ca(II)-cross-linking degree can diminish the cell escape.

Next, wild-type E. coli cells were genetically modified to co-express Lactobacillus

brevis alcohol dehydrogenase (LbADH) and P450 BM3 M2. These genetically

modified cells are capable of performing the industrially relevant hydroxylation of

monosubstituted benzenes. The biocatalytic mechanism is that the engineered

P450 BM3 variant M2 (R47S/Y51W/I401M) can produce o-substituted phenols

(i.e., from toluene to o-cresol) by forming epoxide intermediate and NIH shifting

of a methyl group at room temperature in the presence of oxygen and NADP(H)

co-factor.11,37,38 In order to obtain the strain with efficient catalytic properties,

NADP(H)-dependent LbADH gene was introduced into the same strain and co-ex-

pressed P450 BM3 M2 for NADP(H) recycling (Figure 1). The co-expression of

LbADH and P450 BM3 M2 within genetically modified cells was verified by SDS-

PAGE (Figure S1) and CO difference spectroscopy (Figure S2). Furthermore, the

biocatalytic capability of genetically modified cells (also termed as free cells) was

investigated by the hydroxylation of toluene to o-cresol (Figure 2F). The generated

o-cresol was detected by gas chromatograph (Figure S3). After the addition of co-

substrate isopropanol, the amount of o-cresol produced by free cells co-expressed

of P450 BM3 and LbADH was obviously higher than that produced by free cells con-

taining P450 BM3 M2 alone, demonstrating that the co-expressed LbADH contrib-

uted to the successful generation of an efficient cofactor (NADP(H)) regeneration

system. Subsequently, the cell activity of integrated C-gels was also examined using

7-benzoxy-3-carboxycoumarin ethyl ester (BCCE) assay (Figures 2E and S4).36

Delightfully, a large area of blue fluorescence (7-hydroxycoumarin-3-carboxylic
Cell Reports Physical Science 3, 101054, October 19, 2022 3



Figure 2. Preparation and characterization of engineered living hydrogels for cell growth, escape, and biocatalysis

(A and B) Digital photo (A) and cryo-SEM image (B) of the C-gels.

(C) Growth curve and photo of E. coli cells in medium and hydrogel matrices (n = 3; error bars represent the standard deviation).

(D) Confinement of cells by hydrogels with different Ca(II)-cross-linking degrees (n = 3; error bars represent the standard deviation).

(E) Confocal microscopic images of hydrogels and C-gels after BCCE activity test. The blue fluorescence was generated with o-dealkylation of BCCE by

living cells containing P450 BM3 M2 and LbADH.36

(F) The amount of o-cresol produced by free cells containing P450 BM3 M2 alone or co-expressed P450 BM3 M2 and LbADH (n = 2; error bars represent

the standard deviation). �: no addition of isopropanol; +: with addition of isopropanol.
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acid) produced by living cells was observed, suggesting that the engineered C-gels

have an excellent cell activity.

Biocatalytic activities of C-gels in neat substrate

To assess organic solvent tolerance of C-gels, highly toxic toluene was chosen

as substrate and likewise as reaction solvent. Naturally, E. coli cells prefer aqueous me-

dium, and hence the hydratedmicroenvironment is crucial to achieve effective catalysis.

Firstly, the effect of aqueous buffer content on biocatalytic efficiency of free cells and

C-gels was investigated (Figure 3A). For free cells, 1.56 mM o-cresol was produced in

neat toluenewithout the addition of buffer. By increasing the buffer content, the product
4 Cell Reports Physical Science 3, 101054, October 19, 2022



Figure 3. Biocatalytic efficiency and cell viability of free cells and C-gels in neat toluene

(A) The amount of o-cresol produced by free cells and C-gels at different buffer contents (n = 3; error bars represent the standard deviation).

(B) Time course of biocatalysis for free cells and C-gels in neat toluene (n = 3; error bars represent the standard deviation).

(C) Product ratio of C-gels to free cells in neat toluene at different time points.

(D) Corresponding catalysis rate for free cells and C-gels in neat toluene (n = 3; error bars represent the standard deviation). Time periods: 1 (1–10 min),

2 (10–30 min), 3 (30–60 min), 4 (60–120 min), 5 (120–240 min), 6 (240–360 min), 7 (360–500 min), and 8 (500–1,440 min).

(E and F) Cell activity assay of (E) free cells and (F) C-gels before and after soaking with neat toluene.
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amount reached the highest amount of 3.56 mM at 50% buffer content and then

decreased. Therefore, the catalytic efficiency of free cells can be improved at an appro-

priate content of aqueous medium, but the formed organic/aqueous biphasic system

still remains challenging for downstream separation.5 In contrast, 2.7-foldmore product

was obtained from C-gels than from free cells in neat toluene. Notably, the product

amount decreased with increased buffer content for C-gels. This may be due to the

fact that the aqueous content of hydrogels has alreadymet the demand of cell catalysis,

and an excessive water content was not helpful for improving catalytic efficiency. These

results suggested that the hydrated microenvironment of hydrogels is favorable for

enhancing whole-cell catalysis in neat toluene.

In order to deeply study the efficiency of the C-gels in neat toluene, the catalytic

property of biocatalyst in neat toluene over time was firstly explored under opti-

mized reaction conditions, such as shaking with 1,100 RPM and the addition of

20 mM isopropanol (Figures S5 and S6). Apparently, the amount of o-cresol pro-

duced by C-gels was higher than that produced by free cells over the whole time

period (Figure 3B). Meanwhile, the obvious turning point of product amount from

C-gels came out at 4 h because the long-term penetration damage from toluene de-

activated C-gels. Nevertheless, the maximum product ratio of C-gels to free cells
Cell Reports Physical Science 3, 101054, October 19, 2022 5



Figure 4. Biocatalytic efficiency of C-gels under different hydrogel microenvironments

(A) Influence of additional buffer content on the biocatalytic efficiency of lyophilized C-gels in neat

toluene (n = 3; error bars represent the standard deviation).

(B) Comparation of biocatalytic efficiency of free cells in buffer-containing biphasic system and

C-gels in neat toluene (n = 3; error bars represent the standard deviation).

(C) Influence of washing steps on the production of o-cresol by Ca(II)-treated cells or C-gels (n = 3;

error bars represent the standard deviation).

(D) Influence of Ca(II) concentration on the production of o-cresol by C-gels (n = 3; error bars

represent the standard deviation).

ll
OPEN ACCESS Article
reached 5.9-fold at 60 min (Figure 3C). Likewise, compared with free cells, C-gels

exhibited higher catalytic efficiency within 240 min and were even able to maintain

a high catalytic rate of 1.5 mmol,L�1,h�1 for the first 60 min (Figure 3D), indicating

that the initial high and stable activity of C-gels contributed to the high productivity.

Additionally, after soaking with neat toluene for 1 h, free cells were completely inac-

tivated, while C-gels still maintained cell viability (Figures 3E and 3F). These results

demonstrated that with the protective effect of hydrogel matrices, the engineered

C-gels display superior organic solvent tolerance and can protect cells from toxic

toluene, thus prolonging the catalytic efficiency of C-gels in neat substrate.

Influence of hydrogel microenvironments on biocatalytic efficiency

The alginate hydrogel matrices contain highly organized 3D network structure, which

is controlled significantly by aqueous solution and cross-linker (Ca(II)). Therefore, the in-

fluence of hydrogel microenvironments (e.g., water content, Ca(II) concentration, and

network hydrophobicity) on biocatalytic activity was investigated. Firstly, to reveal the

importanceof inner aqueousmicroenvironment, thebiocatalytic efficiency of lyophilized

C-gels at different contents of aqueous buffer was tested (Figure 4A). The lyophilized

C-gels without buffer content showed almost no catalytic ability in neat toluene. As

the buffer content increases, the o-cresol amount firstly increased and then decreased,
6 Cell Reports Physical Science 3, 101054, October 19, 2022
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and the highest product amount was obtained at a buffer content of 30% (v/v). Notably,

each lyophilized C-gel can absorb more than 2.5 mg of the aqueous amount in the

supplement buffer content of 30% (v/v). In other words, the water content of hydrated

lyophilized C-gels reaches to the level of freshly prepared C-gels (92.6%; Table S1).

These results indicated that the internal water content of the freshly prepared hydrogels

is vital to achieve an optimal biocatalytic activity in neat substrate. Secondly, compared

with free cells with buffer, C-gels exhibited a higher product amount under neat toluene

(Figure 4B), suggesting that the hydrogels can also serve as a protectivematrix to further

improve the biocatalytic efficiency in neat substrate. Thirdly, the hydrophobic ligand

(amylamine or 2-phenethylamine) grafted alginates were employed to increase the hy-

drophobicity of gel network (Figure S7A). By nuclearmagnetic resonance (NMR) integra-

tion, the contentof amylamineor2-phenethylaminegrafted toalginatewas calculated to

be about 33%. As expected, a significantly reduced biocatalytic efficiency was observed

in the hydrophobicallymodifiedC-gels (Figure S7B). This is due to the introductionof hy-

drophobic ligands altering the aqueous microenvironment in hydrogels.

Finally, the influence of Ca(II) concentration on the catalytic efficiency of free cells and

C-gels was evaluated. After free cells were treated with Ca(II) solution, they produced

a higher amount of o-cresol than untreated cells in neat substrate, and the product

amount increased with the Ca(II) concentrations (Figure S8). This is attributed to the for-

mation of a compact and rigid cell membrane through Ca(II)-mediated cross-linking of

lipopolysaccharide (LPS) in the extracellular matrix, resulting in the improved organic

solvent tolerance and biocatalytic efficiency.39,40 However, when Ca(II)-treated cells un-

derwent a washing step, their product amount reduced to the level of untreated cells

(Figure 4C) due to the loss of Ca(II) from the cell surface and surrounding microenviron-

ment. Remarkably, cells in the Ca(II)-cross-linked hydrogel network produced a higher

product amount (100%) than Ca(II)-treated cells (76%) in neat toluene. More impor-

tantly, the biocatalytic efficiency of C-gels did not decrease after washing steps due

to the stable coordination of Ca(II) ions in the hydrogel network.

Furthermore, the biocatalytic efficiency of C-gels with different Ca(II) concentrations

in hydrogel network was investigated (Figure 4D). While the increased product

amount was observed at the higher Ca(II) concentrations, C-gels displayed a high

product formation (>92.3%) at the Ca(II) concentration as low as 0.15% (m/v). Such

stable biocatalytic activity indicated that Ca(II) ions are not only crucial for the forma-

tion of hydrogels but also beneficial for maintaining biocatalytic efficiency of C-gels

in neat toluene. Overall, hydrogel microenvironments, including water content,

Ca(II) concentration, and network hydrophobicity, play key roles in adjusting bio-

catalytic efficiency of C-gels.

Organic co-solvent tolerance of C-gels

Next, the versatility of C-gels for improved solvent tolerance and biocatalytic effi-

ciency was studied in different organic co-solvents, with a broad range of log p

values. Normally, water-insoluble substrates need to be dissolved in organic co-sol-

vent to obtain a high concentration of substrate. Therefore, biocatalysis in pure

organic co-solvents will undoubtedly enhance the substrate solubility and stability,

as well as simplify the downstream separation process and even improve the catalyst

selectivity.5 When the log p of organic co-solvents was less than 2.3, both free cells

and C-gels showed very low biocatalytic efficiency (Figure 5A). The exceptional

example is that C-gels displayed a higher biocatalytic efficiency than free cells in

the organic co-solvent of MTBE.41–44 Likewise, C-gels also displayed a higher prod-

uct amount in other organic co-solvents with a log p above 2.7. These results sug-

gested that the engineered C-gels can indeed improve the biocatalytic efficiency
Cell Reports Physical Science 3, 101054, October 19, 2022 7



Figure 5. Biocatalytic efficiency and cell viability of free cells and C-gels in varied pure organic co-

solvents

(A) Biocatalysis of free cells and C-gels in different organic co-solvents containing 10% (v/v) toluene

(n = 3; error bars represent the standard deviation).

(B) Cell activity assay of free cells and C-gels before and after soaking with the organic co-solvents

with different log p.

(C) Cryo-SEM images of C-gels after soaking with the organic co-solvents with different log p. Log

p: the logarithm of partitioning coefficient of a solvent in a defined n-octanol-water mixture.
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in a variety of organic co-solvents. To better understand the interaction between

C-gels and organic co-solvents, the transmutation of hydrogel structure and the

bioactivity of cells under the representative organic co-solvents with different log

p were investigated, i.e., methanol (log p =�0.9), MTBE (log p = 0.9), and n-pentane

(log p = 3.4) (Figures 5B and 5C). Clearly, after soaking with methanol, both free cells

and C-gels were completely inactivated, and the hydrogel network collapsed. This

was attributed to the fact that methanol could rapidly penetrate into the hydrogel

network and alter the interaction between alginate and calcium ions. As a compar-

ison, after soaking with MTBE, free cells were inactivated, whereas C-gels still
8 Cell Reports Physical Science 3, 101054, October 19, 2022
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maintained cell viability, and their hydrogel network was also intact. Notably, after

soaking with n-pentane, both free cells and C-gels displayed high cell activity, and

the hydrogel network also remained intact, suggesting that the cytotoxicity of

n-pentane is minimal and that the hydrophobicity limits its penetration within the hy-

drogel network. However, the final low biocatalytic efficiency of free cells in the

organic co-solvent of n-pentane was entirely attributable to the prolonged penetra-

tion of highly toxic toluene. These results again demonstrated that the hydrogel ma-

trix as a protective shell can improve their organic solvent tolerance and enhance the

catalytic efficiency. However, a bottleneck is that high cell viability is more favorable

in the organic co-solvents with high log p, yet these organic co-solvents may in turn

impede the transportation of preferred substances to the catalyst active center.

In summary,weengineered livinghydrogelswith improvedorganic solvent tolerance for

robust biocatalysis in neat substrate or pure organic co-solvents. The biocompatible hy-

drogelmatriceswithhighaqueouscontent allow for thediffusionofnutrientsandmetab-

olites through the network to sustain cell growth. Likewise, hydrogel matrices can also

diminish cell escapeand improveorganic solvent toleranceand thusprolongcell activity

in neat substrate. Moreover, hydrogel microenvironments, such as water content, Ca(II)

concentration,andnetworkhydrophobicity, areable toadjust thebiocatalytic efficiency.

More importantly, the versatility of engineered living hydrogels paves the way for

biocatalysts to obtain higher catalytic activity in a variety of pure organic co-solvents.

According to our extensive literature survey, this is the first example to demonstrate

the use of engineered living hydrogels for improved regio-selective biocatalysis in o-hy-

droxylation of monosubstituted benzenes.

This studymaymark the beginning of a new field of engineered living hydrogels for bio-

catalysis in pure organic solvents. In the future, we will focus on optimizing

the interactions between living cells and hydrogels and explore the relationship

between hydrogel microenvironment and cell function of engineered living hydrogels.

Moreover, hydrogels with multilayered core/shell structures should be constructed to

protect the cells from insults of organic solvents in a controlled manner, thereby further

improving biocatalytic efficiency in pure organic solvents. We believe that the engi-

neered living hydrogels as ‘‘compatibilizers’’ can be employed to facilitate the mixing

of incompatible liquids in the hydrogel network and are expected to address the contra-

diction between insoluble substrates and aqueous favorable biocatalysts.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Xin Li (xli@dwi.rwth-aachen.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data supporting the findings of this study are available within the article and are

described in the supplemental information or are available from the lead contact

upon reasonable request. This study did not generate/analyze datasets/code.

Preparation of C-gels

E. coli cells (OD600 = 40, 5 mL) were centrifuged and resuspended in alginate solu-

tion (1% [m/v], 5 mL, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Cell Reports Physical Science 3, 101054, October 19, 2022 9
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[HEPES] [pH 7.0]). C-gels were achieved through dropping the cell-alginate mixture

into CaCl2$2H2O solution (1% [m/v], 25 mL) using the syringe (needle’s diameter:

0.6 mm) with stirring (350 RPM). The C-gels were collected and washed three times

using HEPES buffer (50 mM, pH 7.0).45 Subsequently, the amount of C-gels beads

was counted. Varied Ca(II) concentrations (0.15%, 0.5%, 1%, 3%, 5% [m/v]) were

set up to study effect of Ca(II) on o-cresol production using C-gels. C-gels (11 beads,

corresponding to free cells [200 mL, OD600 = 20]) were transferred into the reactor

(1.5 mL GC glass vial), and the rest of the free liquid in the reactor was gotten rid

of by pipetting. For free cells (200 mL, OD600 = 20) in the GC vial, the aqueous solu-

tion was piped away after centrifugation (4,000 RPM, 4�C, 15 min).

Growth of cells in hydrogel beads

To test the growth of bacteria in alginate hydrogel bead, one bead containing encap-

sulated cells under 1% (m/v) CaCl2$2H2O (approx. 3.53 106 cells per bead) was trans-

ferred into one well and incubated in LB medium (200 mL, 50 mg/mL kanamycin) using

96-well microtiter plates (37�C, 900 RPM, 70% humidity). The bead was retrieved at a

certain time point by washing three times with HEPES buffer (200 mL, 50 mM, pH 7.0).

Afterward, the bead was transferred into sodium citrate solution (55 mM, 1 mL) and dis-

solved totally through shaking (1 min). The above solution (1 mL) was further diluted into

HEPES buffer (1 mL, 50 mM, pH 7.0). Finally, 100 mL solution was plated on an LB agar

plate (50 mg/mL kanamycin) and incubated overnight (37�C). The clones were subse-

quently counted for calculation of the cell amount in the hydrogel bead at time points

of 0, 2, 4, and 6 h. Non-encapsulated cells (starting OD600 = 0.022, approx. 3.5 3 106

cells per well) incubated in LB medium were set up as control. All samples were pre-

pared independently with triplication.

Cell escape from hydrogel beads

E. coli cells, containing empty vector pET28a, were pre-cultured in LB medium

(10 mL, 50 mg/mL kanamycin) using a 25 mL flask (37�C, 200 RPM) overnight. The

cells were then collected by centrifugation (11,000 RPM, 1 min). The cell pellet

was washed once, resuspendedwith HEPES buffer (4 mL, 50mM, pH 7.0), and stored

on ice for further use.

E. coli cells (OD600 = 20, 20 mL) were centrifuged and resuspended in alginate

solution (1% [m/v], 2 mL, 50 mM HEPES [pH 7.0]). C-gels were achieved through

dropping the cell-alginate mixture into CaCl2$2H2O solution (0.15%, 0.5%, or 1%

[m/v], 25 mL) using the syringe (needle’s diameter: 0.6 mm) with stirring (350

RPM). The beads formed under different Ca(II) concentrations were collected and

washed three times using HEPES buffer (25 mL, 50 mM, pH 7.0), respectively. One

bead containing encapsulated cells under 0.15%–1% (m/v) CaCl2$2H2O (approx.

3.5 3 106 cells per bead) was transferred into one well, respectively, and incubated

in LB medium (200 mL, 50 mg/mL kanamycin) using 96-well microtiter plates (37�C,
900 RPM, 70% humidity). The cell density in the LB medium was detected (values

of OD600) at certain time points (0, 2, 4, and 6 h) using non-encapsulated cells as con-

trol. All samples were prepared independently with triplication.

Conversion of toluene to o-cresol using free cells and C-gels

The reaction mixture (200 mL) consisting of HEPES buffer (50 mM, pH 7.0), toluene,

and isopropanol was supplied into the GC vial containing free cells or C-gels to start

the reaction under shaking (1,100 RPM, 25�C, 24 h). In order to investigate the iso-

propanol affection on biocatalysis, different isopropanol concentrations (20–

1,000 mM) were applied in the reaction mixture to check the final o-cresol

concentration.
10 Cell Reports Physical Science 3, 101054, October 19, 2022
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For reactions under neat toluene, the HEPES buffer was excluded in the reaction

mixture. Moreover, whether mechanical shaking (11,000 RPM) or magnetic stirring

(500 RPM) affect the o-cresol production for non-encapsulated free cells and

C-gels was investigated under neat toluene. The o-cresol concentration (4.26 mM)

of C-gels was set as 100% for comparison with that of non-encapsulated free cells.

For the reaction using cells encapsulated in hydrophobic ligands modified alginate

hydrogels, the biocatalytic process was performed for 24 h under neat toluene, and

the o-cresol concentration (4.26 mM) from C-gels (no modified alginate) was set as

100%. In case of organic co-solvents affection, 16 different solvents with different log

p values were selected for toluene conversion using non-encapsulated free cells and

C-gels. The o-cresol concentration (1.52 mM) from C-gels under pure MTBE was set

as 100%. See the supplemental experimental procedures for further information.
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