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Abstract

Biocatalytic transformation in nature is inherently dynamic, spontaneous, and adaptive, enabling complex
chemical synthesis and metabolism. These processes often involve supramolecular recognition among cells,
enzymes, and biomacromolecules, far surpassing the capabilities of isolated cells and enzymes used in
industrial synthesis. Inspired by nature, here we design a supramolecular approach to equip living cells with
these capacities, enabling recyclable, efficient cascade reactions. Our two-step "plug-and-play™ methodology
begins by coating Escherichia coli cells with guest-containing polymers (SupraBAC) via supramolecular
charge interactions, followed by the introduction of B-cyclodextrin-functionalized host enzymes through host-
guest chemistry, creating a robust cell-enzyme complex. This supramolecular coating not only protects cells
from various stresses, such as UV radiation, heat, and organic solvents, but also facilitates the overexpression
of intracellular enzymes and the attachment of extracellular enzymes within and on SupraBAC. This
combination results in efficient multienzyme cascade synthesis, enabling two- and three-step reactions in one
pot. Importantly, the multienzyme system can be recycled up to five times without significant loss of activity.
Our findings introduce a versatile, adaptive supramolecular coating for whole-cell catalysts, offering a

sustainable and efficient solution for complex synthesis in both chemistry and industrial biotechnology.

Introduction

Enzymes are indispensable components of the natural world, producing most compounds necessary for life to
exist.! They efficiently synthesize a diverse range of essential amino acids and extract energy from complex
sugars and fats while keeping the production of harmful by-products to a minimum.? Their high efficiency,
unmatched selectivity, and ability to operate in mild reaction conditions spur their application as biocatalysts
for the industrial synthesis of chemicals.®] However, these biocatalysts evolve to operate within biological
environments, making them inherently delicate and susceptible to harsh operating conditions that lead to
reduced efficiency and deactivation in industry.[! Furthermore, enzymes evolve to have high specificity in

both substrate and function, which constrains their widespread applications.™ In response to these limitations,
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scientists devise genetic and chemical engineering methods to improve or adapt biocatalysts to meet the non-

physiological environments of industrial production.!

In contrast to the significant time and effort investment required for genetic engineering, chemical engineering
strategies provide a simple and straightforward way to attach various functional molecules to cell or enzyme
surfaces for robust catalytic biosynthesis.’l Given the wide diversity and rapid availability of synthetic
chemistry, the direct and efficient chemical modification of enzymes holds substantial promise for the fast
development of improved biocatalysts.?®! Polymers,©! dyes,' organocatalysts,* !l and transition metals(*?
conjugate with biocatalysts to achieve increased catalytic performance and new-to-nature reactivity. Despite
considerable progress, chemical modification often leads to incompatibility, especially mutual inactivation
between enzymes and chemicals.i*®l Furthermore, these modifications are often irreversible and introduce
limited functionality that cannot meet the growing demands of various synthetic applications.[’a 14
Consequently, a significant challenge remains to enhance the versatility of these chemical modifications and

achieve robust and diverse biotransformation.

Supramolecules, a highly adaptive class of molecules, present exciting opportunities for integration with
biocatalysts.'>! Their dynamic and reversible non-covalent interactions and ability to incorporate diverse
functionalities and structural components open new avenues for biocatalyst engineering.!*®! Recently, our
group explored the chemical functionalization of enzymes with B-cyclodextrin for switchable and recyclable
enzyme catalysis.[*”l However, the challenges associated with direct modification of enzymes remain, with a
limited number of successful modifications reported through covalent bonding. Furthermore, working with
isolated enzymes in homogeneous media requires complex isolation and purification steps, making it difficult
to recover and reuse the biocatalyst.[*®l Combining live cells with supramolecules, however, offers an attractive
solution to these issues due to their large size, which facilitates easy recycling, and their highly functional cell
surfaces, which allow for mild physical modification.*®! In particular, bacterial cell engineering through
coating with natural or synthetic polymers can both protect cells from external stresses but also enhance

activity, allowing for advanced biocatalytic synthesis.?!
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Herein, we introduce for the first time engineered live bacterial cells with a supramolecular polymer coating,
named SupraBAC, for recyclable cascade synthesis (Fig. 1). To achieve this, we design polyethylenimine
polymers modified with adamantane guest groups to attach to the surfaces of Escherichia coli (E. coli) cells
via charge-charge interactions. This biocompatible coating protects the cells from harsh conditions such as UV
light, acid, heat, and organic solvents. More importantly, the guest molecules on SupraBAC facilitate host-
guest interactions with extracellular hosts, enzymes functionalized with B-cyclodextrin, resulting in enzyme-
cell complexes. As a result, this efficient "plug-and-play" approach allows seamless integration of intracellular
and extracellular enzymatic processes, enhancing mass transfer due to their close proximity. Consequently, it
leads to recyclable, robust, and efficient two- and three-step biocatalytic cascade reactions. Therefore, our
work unveils an effective strategy for integrating supramolecular polymers with live cells, enabling the rapid
development of highly robust and recyclable biocatalysts, and opens new horizons in synthetic chemistry,

supramolecular chemistry, and biocatalysis.
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Fig. 1. a) A supramolecular approach to engineering living cells with enzymes; b) recyclable multi-

enzymatic cascade reactions for the synthesis of chiral esters.
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Results and discussion

Supramolecular coating on cells

E. coli cells were coated with supramolecular polymers through a straightforward two-step process. Initially,
adamantane-modified polyethylenimine (PEl-ada) was synthesized by conjugating polyethylenimine (PEI)
with 1-adamantanecarboxylic acid. Subsequently, this functionalized polymer, PEl-ada, was incubated with
live E. coli cells. As illustrated in Fig. 2a, the positively charged PEl-ada effectively interact with the
negatively charged lipopolysaccharides and phospholipids present in the bacterial outer membrane to form a
surface coating.’?!! This process resulted in the formation of SupraBAC, which was evaluated using optical
microscopy. Notably, the microscopy revealed significant cell aggregation of SupraBAC, an effect not
observed in unmodified E. coli cells (Fig. S1). Further morphological assessment was conducted using
scanning electron microscopy (SEM), which highlighted distinct differences between the SupraBAC and
native cells. SEM images (Fig. 2b, f) showed that native cells have relatively smooth membranes, whereas
SupraBAC exhibited a rough surface due to the presence of densely packed supramolecular polymers.
Transmission electron microscopy (TEM) provided deeper insights into structural difference of cross-
sectioned cells, revealing a black shell around SupraBAC cells indicative of polymer cross-linking, a feature
absent in native cells (Fig. S2). Additional scanning transmission electron microscopy (STEM) analysis in
bright-field (BF) mode (Fig. 2c, g) identified a distinct black shell approximately 30 nm thick around the
SupraBAC, which was not detected on native cells. The thickness of the supramolecular polymer coating was
slightly lower than those reported.?° 22 Complementary high-angle annular dark-field (HAADF)-STEM
imaging (Fig. 2d, h) and spectrum imaging analysis based on energy-dispersive X-ray spectroscopy (EDXS)
(Fig. 2e, i) further confirmed these findings, showing enhanced oxygen signals within the supramolecular shell
of SupraBAC compared to the uniform oxygen distribution in native E. coli cells. These differences directly

observed by electron microscopy suggest the presence of a polymer coating on the cells.

The coating was also verified using fluorescence microscopy. For this purpose, PEI and PEl-ada were partially

modified with fluorescein isothiocyanate (FITC). After washing steps, strong fluorescence was observed in
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SupraBAC, but not in native cells with free FITC (Fig. 2j and Fig. S3), demonstrating the robustness of the
polymeric coating. This coating proved stable even after extensive washing in potassium phosphate buffer

(KPi), retaining over 95% of the FITC-labeled PEl-ada (Fig. 2k).

Taken together, these microscopic analyses not only confirm the successful coating of the supramolecular

polymers on E. coli cells but also underscore its stability and potential for further applications.
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Fig. 2. Characterization of SupraBAC. (a) Representative illustration of the supramolecular coating on E. coli
cells. (b, f) SEM images of native and SupraBAC cells, respectively. (c, g) Cross-sectional BF-STEM images

of native and SupraBAC cells, respectively. (d, h) HAADF-STEM images of native and SupraBAC cells, with
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corresponding oxygen element distribution (e, i) (scale bar 200 nm). (j) Fluorescence microscopy image (left)
and corresponding optical microscopy image (right) of SupraBAC-FITC (samples were treated with saturated
NaCl (aq) and sonicated before microscopy). (k) PEl-ada-FITC leaching over several washing steps in
SupraBAC. The results in (k) are the average values of three parallel experiments. The error bars represent the

standard deviations of three parallel measurements, n= 3.

Host-guest chemistry on cells

The successful incorporation of guest-containing polymers onto cellular surfaces prompted us to explore their
potential for supramolecular host-guest interactions.?® To this end, we selected its well-known host molecule,
B-cyclodextrin (CD), which was modified with either FITC or green fluorescent protein (GFP) to investigate
its interactions with the adamantane moieties on cells (Fig. 3a).2* The synthesis of FITC-labeled-B-CD (CD-
FITC) involved a two-step procedure (Scheme. S1&2). Briefly, B-CD was firstly functionalized with 4,7,10-
trioxa-1,13-tridecanediamine to introduce amine groups while preserving its agueous solubility. Subsequently,
FITC was conjugated to CD amines, resulting in CD-FITC. The GFP-modified B-CD (GFP-CD) was prepared

following the reported method (Fig. S4).17!

Next, both CD-FITC and GFP-CD were incubated with the adamantane-containing SupraBAC, forming
complexes designated as SupraBAC@CD-FITC and SupraBAC@GFP-CD, respectively. The complexes
could be easily separated by gentle washing with KPi buffer. UV-vis spectroscopy was then employed to assess
the binding efficiency by quantifying residual unbound host molecules in the supernatant. The
SupraBAC@CD-FITC cells displayed strong fluorescence (Fig. S5) and achieved nearly 100% loading of CD-
FITC, while either native E. coli or SupraBAC cells mixed with free FITC showed less than 5% loading (Fig.
3b). This indicates strong host-guest interaction between CD-FITC and SupraBAC. Similarly,
SupraBAC@GFP-CD exhibited strong GFP fluorescence (Fig. S6a), with negligible fluorescence observed in
native cells (Fig. S6b). Additional control experiments further confirmed the formation of stable host-guest
complexes between SupraBAC and the FITC-CD/GFP-CD (Fig. S7-9). Furthermore, to enhance the loading

efficiency of GFP-CD, we optimized the adamantane content on the polymer (Fig. S10a) and adjusted the
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polymer dosage (Fig. S10b), achieving nearly 100% loading while maintaining the morphology of the native
cells. The stability of the GFP-CD attachment was verified through a rigorous leaching test involving multiple
wash cycles. The results demonstrated that almost no GFP-CD was released from the cells (Fig. 3c), and
fluorescence imaging after washing showed strong fluorescence signals, indicating robust and stable

supramolecular binding (Fig. S11).

The host-guest interactions on SupraBAC are not only stable but also reversible. Investigations into their
reversibility were performed by adding excess free B-CD (100 equivalents) to a suspension of
SupraBAC@CD-FITC, followed by a 30-min incubation. After three-time washing, the released CD-FITC
from SupraBAC was evidenced by the disappearance of fluorescence on the cell surface (Fig. 3d, S12).
Subsequent re-loading of the cells with CD-FITC restored the high fluorescence, demonstrating the adaptive

and reversible host-guest chemistry on cells (Fig. 3e).
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(samples were treated with saturated NaCl (aq) and sonicated before microscopy). The results in (b, c) are the
average values of three parallel experiments. The error bars represent the standard deviations of three parallel

measurements, n= 3.

Cell viability and proliferation

The above successful observation of polymer coating and subsequent supramolecular interaction raised our
great interests about the impact of both polymers and B-CD hosts to the cells. To this end, we performed a
live/dead assay with two fluorescent dyes: SYTQO9, which emits green fluorescence for live cells, and
propidium iodide, which emits red fluorescence for dead cells.?? Results indicated that high viability was
observed when cells were coated or subsequently interacted with B-CD (Fig. 4a, b, ¢). Specifically, over 90%
viability was observed on the cases of SupraBAC, SupraBAC+CD, as well as SupraBAC combined with CD-
NH; (Fig. S13). Furthermore, we evaluated whether the SupraBAC cells retained cell growth capabilities in
Luria-Bertani (LB) medium and on agar plates. The growth patterns of native cells, SupraBAC, and SupraBAC
cells treated with B-CD were similar (Fig.4d, e), indicating that neither the polymer coating nor the host-guest

interaction process adversely affects cellular proliferation.

Overall, these results confirm that the polymeric coating and subsequent supramolecular assembly are gentle

processes that preserve both the viability and the proliferation capacity of E. coli cells.

This article is protected by copyright. All rights reserved

3SUS017 SUOWIWOD dA RO et jdde auy Aq peuseno afe safoie WO 8sn Jo sajni Joj Ariqiaunjuo A8|im uo (su0!1!pu0049wswlel/w03'fel!M‘Kneiqmuuurw/sdgs;tu!t}o plie SU':GJ. ENE-S '[vzaoz/z[/Jz]LAmSmguwr(; L!Q‘:l;wueo ueyInos Jo Ariqi ASBAIUN AQ 9559THZ0Z @ 1Ue/Z00T 0T/I0P/W00" A3 | 1M Ake.q 1l juo//SAny Wo.j pepeojumod ‘0 ‘€2/ETZST



)

. . g ©
E.coli cell SupraBAC SupraBAC+CD

d
1.61
o
o
O
0 0.8
o —— E.coli cell
—— SupraBAC
—— SupraBAC+CD
0.0 s A ‘
0 6 12 18
Time /h

Fig. 4. Viability and proliferation of SupraBAC cells. (a) Live/dead assay images of native E. coli cells. (b)
Live/dead assay images of SupraBAC cells. (¢) Live/dead assay images of SupraBAC+CD. Note: Green
indicates live cells, and red indicates dead cells. (d) Growth curve of E. coli cells, SupraBAC, and
SupraBAC+CD. (e) Plating assay results: (i) Dead cells, (ii) Native cells, (iii) SupraBAC, and (iv)
SupraBAC+CD. The results in (d) are the average values of three parallel experiments. The error bars represent

the standard deviations of three parallel measurements, n= 3.

Active SupraBAC cells
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In addition to viability, we explored the impact of polymer coatings and host-guest chemistry on the activity
of intracellular enzymes overexpressed within cells. Specifically, we expressed two different enzymes:
Candida antarctica Lipase B (CalB) and alcohol dehydrogenase from Lactobacillus kefir (LK ADH-a). These
cells were then coated with PEl-ada and complexed with 3-CD. Interestingly, our results showed no significant
difference in enzymatic activity between the modified cells (SupraBAC or SupraBAC+CD) and the
unmodified cells for both enzymes, maintaining over 90% of their catalytic activity (Fig.5a, b and S14). This
indicates that both the coating process and the subsequent host-guest interactions have a minimal impact on

the intracellular enzyme functions.

Furthermore, we investigated the effects of these modifications on a multi-enzymatic cascade reaction
involving two different E. coli cells overexpressing a transaminase (ATA) and an alcohol dehydrogenase from
Rhodococcus ruber (ADH-a), respectively. As before, these cells were coated with PEl-ada and then treated
with B-CD. In this cascade, (S)-1-phenylethylamine is initially converted to acetophenone by ATA and then
reduced to (S)-1-phenylethanol by ADH-a in the presence of isopropyl alcohol as a co-substrate (Fig. 5¢). The
results, as depicted in Fig. 5d, showed no significant differences in cascade activity among the native E. coli
cells, SupraBAC, and SupraBAC+CD. These findings further confirm that the coating and the subsequent self-
assembly processes do not adversely affect the functionality of intracellular enzymes, even in complex cascade

systems.
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Fig. 5. The active SupraBAC for single and multi-enzymatic reactions. (a) Schematic of ketone hydrogenation
reaction catalyzed by LK ADH-a. (b) Relative activity of LK ADH-a in native cells and SupraBAC systems.
(c) Schematic of cascade reaction catalyzed by an ATA and ADH-a. (d) Relative activity of the cascade
reaction in native cells and SupraBAC systems. The relative activity was calculated by comparing the
conversion obtained after a similar reaction time. The results in (b, d) are the average values of three parallel

experiments. The error bars represent the standard deviations of three parallel measurements, n = 3.

Protective SupraBAC cells
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The presence of a supramolecular coating on cells did not cause any harm, thus inspiring us to exploring their
beneficial effects on cell and intracellular enzyme stability. Accordingly, we investigated the potential
protective effects of this coating on cells exposed to various harsh conditions commonly encountered in
industrial settings.[??l ATA were overexpressed in E. coli cells for the evaluation due to their ease of use and

high expression levels (Fig. 6a).

After exposing the cells to a toluene-water interface for 90 minutes, ATA of SupraBAC cells retained over 70%
of their original activity, whereas enzymes in native cells preserved only about 50% of their activity (Fig. 6b).
Similarly, in an acidic environment, SupraBAC demonstrated significantly higher ATA activity compared to
uncoated cells (Fig. 6¢). Furthermore, we observed a marked improvement in enzyme stability of SupraBAC

under other harsh conditions, such as UV irradiation and high temperatures (Fig. S15).

These results highlight the remarkable protective properties of the supramolecular polymeric coating on

intracellular enzymatic activity.
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Fig. 6. Protective SupraBAC cells. (a) Schematic of transamination reaction catalyzed by ATA. The following
dashed frame detailed transamination reaction. (b) Tolerance of native E. coli and SupraBAC cells to the
toluene-water interface. (c) Tolerance of native E. coli and SupraBAC cells to an acidic pH of 4. Relative
activity is the percentage of whole cell activity with different exposing times to unexposed whole cell activity
(100%), and whole cell activity is measured at reaction time of 5 minutes. The results in (b, ) are the average

values of three parallel experiments. The error bars represent the standard deviations of three parallel

measurements, n = 3.

Recyclable SupraBAC cascade synthesis

Whole-cell catalysts are recyclable due to their micron-scale size, whereas isolated enzymes are too small to

be reused in water, posing a significant challenge for industrial multi-enzymatic reactions.’?® To address this,
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we leveraged SupraBAC's host-guest, plug-and-play properties to combine enzymes with cells for recyclable

cascade reactions.

Initially, we linked ATA with B-CD to produce ATA-CD conjugates and then incorporated them onto
SupraBAC through host-guest interactions. SEM, STEM and microscopy analysis (Fig. S16, 17) provided
strong evidence for the successful loading of ATA on the SupraBAC surface. We performed a typical
transamination reaction to determine the enzymatic activity (Fig. 7a). To demonstrate the advantages of ATA
loading on SupraBAC, we compared it with three control experiments: E. coli + ATA, E. coli + ATA-CD, and
cell@PEI + ATA-CD. All cells were washed three times with KPi buffer to remove free ATA. SupraBAC
coated with ATA-CD (SupraBAC@ATA-CD) displayed a significantly higher reaction conversion, reaching
almost 100% after 6 hours (Fig. 7b and S18), attributed to the efficient host-guest interaction between ATA-
CD and SupraBAC. Moreover, SupraBAC@ATA-CD was readily recycled, retaining over 95% catalytic
activity after five consecutive cycles (Fig. 7¢). Additionally, we found that the cofactor, pyridoxal-5'-
phosphate, could also be successfully recycled within the SupraBAC@ATA-CD system (Fig. S19). To ensure
a fair comparison, a mixture of uncoated E. coli and free ATA-CD was prepared using equal amounts of
enzyme and cells as those in the SupraBAC@ATA-CD. This mixture was tested without any washing steps.
Although this system initially showed similar performance to SupraBAC, most catalytic activity was lost after
three reaction cycles (Fig. S20, 21). This underscores the stability of the host-guest complex and the mild
immobilization process without significant loss of enzyme activity. Similar results were obtained using
benzaldehyde lyase (BAL) (Fig. S22), which retained over 90% catalytic activity after five reuse cycles (Fig.

7d), confirming the versatility of this complexation method.

The success in recycling the enzyme-cell complex motivated us to explore its potential for recyclable cascade
reactions. For this purpose, we overexpressed ADH-a in E. coli cells, which were then coated as SupraBAC
and subsequently attached ATA-CD on their surfaces via host-guest interactions, resulting in
SupraBAC(ADH-a)@ATA-CD. This enzyme-cell complex was first evaluated for its cascade reactivity from
(S)-1-phenylethylamine to (S)-1-phenyethanol using isopropyl alcohol as a co-substrate (Fig. 8a). Remarkably,

over 25 mM 1-phenylethanol was obtained in SupraBAC(ADH-a)@ATA-CD within 24 hours, significantly
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higher than all three controls (Fig. 8b and S23). This unexpected high catalytic efficiency even outperformed
that of various control systems, such as E. coli (ADH-a) + ATA, which typically have more efficient ATA
loading on cell surface. Additionally, similar to single enzymatic reactions, SupraBAC(ADH-a)@ATA-CD
could be recycled up to five times while retaining over 88% catalytic activity (Fig. 8c). These findings confirm
that SupraBAC allows plug-and-play opportunities by either expressing intracellular enzymes or physically

attaching extracellular enzymes for recyclable single-step or multi-enzyme synthesis.

Furthermore, our SupraBAC is a versatile platform, suitable for various types of multi-enzyme cascades. To
demonstrate this, we expressed LK ADH-a, another alcohol dehydrogenase, into SupraBAC and then
combined it with ATA using the same procedure as described above. Our results showed that SupraBAC(LK
ADH-a)@ATA-CD produced 42 mM (R)-1-phenylethanol after 48 hours with 92% enantiomeric excess (ee)
value, whereas all control groups achieved less than 2% conversion (Fig. 8d and S24-26). This achievement
further exemplifies the adaptability of our supramolecular approach for different enzymes and

biotransformation.

Given the high adaptability of SupraBAC, we further investigated multi-enzyme synthesis involving more than
two steps. Two different batches of E. coli cells, each overexpressing LK ADH-a and CalB respectively, were
mixed and coated with PEl-ada to form a mixture of SupraBAC(LK ADH-a) and SupraBAC(CalB). This
mixture was then loaded with ATA-CD to perform three-step cascade reactions (Fig. 8e), where 1-
phenethylamine was converted into (S)-1-phenylethyl butyrate. This three-step cascade enabled the
biocatalytic production of a chiral ester from an amine. The SupraBAC system achieved a high yield of the
final ester product (56%), significantly higher than that of the uncoated cells (<3%) (Fig. 8f), with an ee value
reaching 98% (Fig. S27, 28). This confirms that our approach can be expanded from simple, two-step cascade

reactions to more complex systems.
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Fig. 7. SupraBAC for enzyme recycling. (a) ATA recycling on SupraBAC. The zoomed section details the
host-guest interaction between SupraBAC and ATA-CD. (b) Reaction profiles for the transamination reaction
on SupraBAC (blue) compared to controls: E. coli + ATA (green), E. coli + ATA-CD (grey), and cell@PEI +
ATA-CD (red). All samples were washed three times with KPi buffer before testing. (c) Reusability of
SupraBAC@ATA-CD. (d) Reusability of SupraBAC@BAL-CD. The remaining activity was calculated as the
ratio between the conversion at reaction time of 5 minutes in the n cycle and in the 0 cycle (100%). The results
in (b, ¢, d) are the average values of three parallel experiments. The error bars represent the standard deviations

of three parallel measurements, n = 3.
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Fig. 8: SupraBAC for recyclable multi-enzymatic cascades. (a) Multi-enzymatic cascade with ADH-a and
ATA. (b) Reaction profile of SupraBAC(ADH-a)@ATA-CD (blue) compared to controls: E. coli + ATA
(green), E. coli + ATA-CD (grey), and cell@PEI + ATA-CD (red). (c) Recycling of SupraBAC(ADH-
a)@ATA-CD. The remaining activity is calculated as the percentage of conversion at reaction time of 1 hour
in the n cycle regarding in 0 cycle (100%). (d) Catalytic performance of SupraBAC(LK ADH-a)@ATA-CD
(iii) compared to controls: E. coli + ATA (i) and E. coli + ATA-CD (ii). (¢) Three-step multi-enzymatic cascade
reaction for the synthesis of a chiral ester. (f) Catalytic performance of different systems: E. coli + ATA (i), E.
coli + ATA-CD (ii), and SupraBAC@ATA-CD (iii). All controls in (b, d, f) were washed three times with KPi
buffer before testing. The results in (b, c, d, f) are the average values of three parallel experiments. The error

bars represent the standard deviations of three parallel measurements, n = 3.

Conclusion
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In conclusion, our study introduces a supramolecular approach for creating robust, recyclable biocatalysts
through the use of supramolecular polymer-coated E. coli cells, termed SupraBAC. This method addresses key
challenges in biocatalysis, such as enzyme stability and recyclability, by leveraging the host-guest interactions
between B-cyclodextrin (CD)-modified enzymes and the polymer-coated cells. SupraBAC demonstrated
enhanced protection against environmental stresses, including UV radiation, heat, and organic solvents,

thereby preserving the viability and catalytic activity of the cells.

The successful integration of intracellular and extracellular enzymes in/on the SupraBAC platform facilitated
efficient two- and three-step cascade reactions. Notably, the system enabled high-yield production of chiral
esters and retained over 95% catalytic activity after multiple reuse cycles, highlighting its potential for
industrial applications. The adaptability of the SupraBAC system was further exemplified by its ability to
incorporate different enzymes, achieving significant conversion rates and enantiomeric excess values in

various biotransformations.

Overall, our findings underscore the versatility and effectiveness of supramolecular engineering in developing
advanced biocatalysts. This approach not only enhances enzyme stability and reusability but also opens new
avenues for the integration of multi-enzyme systems, meeting the demands of complex chemical synthesis,

offering a scalable and sustainable solution for the efficient production of fine chemicals and pharmaceuticals.
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Recyclable multi-enzymatic cascade

SupraBAC

E. coli cell NH, 0

o o

Coating live cells with supramolecular polymers through electrostatic interactions created SupraBAC, a
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bacteria more resilient to environmental stresses. Further implementing host-guest interactions enabled the

easy immobilization of enzymes on SupraBAC for efficient and recyclable multi-enzymatic cascade reactions.
This approach both enhances the stability and recyclability of biocatalysts, while also offering a sustainable

approach for complex chemical synthesis.
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