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Microgel-engineered temperature-responsive microcapsules
at liquid interfaces for sequential biocatalytic reactions

The interfacial adsorption of microgels was harnessed

to stabilize both oil-in-water and water-in-oil Pickering
emulsions. Designed for biocatalytic applications, these
temperature-responsive microcapsules feature a tunable
lumen that efficiently encapsulates hydrophobic vitamin E
and a hydrophilic bienzymatic cascade of transaminase and
laccase for the synthesis of chiral amines.
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Microgels, with their adjustable deformability and responsiveness, offer a promising alternative to prepare
microcompartments via template-directed assembly onto emulsion droplets. Herein, we introduce a
robust and reproducible strategy to synthesize responsive microgel poly(N-isopropylacrylamide-co-
serine) (PNSER)-stabilized Pickering emulsions (both water-in-oil (W/O) and oil-in-water (O/W)) to design
tunable vesicles (called microgelsomes) that could encapsulate hydrophobic and hydrophilic molecules.
Unlike previous approaches that typically support only one emulsion type, our system uniquely accom-
modates both, offering a versatile platform for encapsulating a broad spectrum of active biomolecules
within a single framework. The system was validated by applying it to two catalytic systems: antioxidation
activity of lipophilic vitamin E and a bienzymatic cascade reaction involving laccase and transaminase to
catalyze the stereoselective amination of racemic alcohols, yielding chiral amines, important for the syn-
thesis of pharmaceutical drugs. We addressed the challenge of using two different pH requirements for
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the enzymes by conducting the cascade in a one-pot reaction at a single pH, thereby enhancing the
efficiency and simplicity of the process. Impressively, the one-pot bienzymatic cascade produced
95-98% conversion, 2-fold higher than that of their free counterpart (43-50%) and comparable to that of

rsc.li/greenchem the two-step sequential reaction performed at their respective optimal pH values.

Green foundation

1. This work introduces a synthetic strategy to fabricate biocatalytic microcompartments (microgelsomes) with tunable permeability, by templating microgels
on both water-in-oil and oil-in-water emulsion droplets. Serine-based microgelsomes allow encapsulation of biomolecules varying from lipophilic vitamin E
to hydrophilic enzymes. The microgelsomes efficiently performed a two-step and one-pot bienzymatic reaction converting phenols to ketones and enantio-
selective amines.

2. The main drawback of coupling laccase and transaminase is their different operational pH values, which is overcome by co-encapsulation of enzymes in
microgelsomes, allowing a one-pot cascade reaction with similar activity to two-step bienzymatic reactions operated at their optimal pH. This strategy reduces
operational steps, improving the process ‘pot-economy’.

3. The microgelsomes could also be used for encapsulation of enzymes for multi-step cascade reactions, as a step towards cellular mimics. The synthesized
microgels can be investigated for the preparation of compartments using a water-in-water emulsion droplet as a template.

reactions." While enzymatic cascades have seen remarkable
developments, enzyme encapsulation is considered one of the
Cell-free synthetic biology has emerged as a more sustainable key strategies for optimizing their performance, especially in
and greener alternative to conventional industrial catalytic pro- industrial contexts.®'® This technique not only simplifies
cesses and includes reconstitution of cellular components downstream processing but also boosts enzyme operational
in a ‘minimalist’ format to efficiently perform chemical stability, facilitates easier recovery, and enables reuse. The
encapsulation of complex biochemical pathways within the
selectively permeable cell-like membrane preserves them
against potential damage, allowing transfer of small molecules
and regulation by external stimuli from neighboring cells,

1. Introduction
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often through molecular diffusion."* This has inspired the
development of various bottom-up strategies to construct
biomimetic compartments with vesicular architectures like
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liposomes,'? polymersomes,'* microfluidic channels,"*™° and
water-oil emulsion droplets."””"® These scaffolds have been
extensively designed as biomimetic reactors and enclose
minimal components for simple to multistep enzymatic path-
ways (enzymes, cofactors, substrates, and genetic circuits),
exhibiting observably enhanced reaction rates.*>*!

Despite notable advancements, most of these biomimetic
scaffolds require complex preparation techniques or exhibit an
incompatible interior solvent phase, which limits the control
of the internal microenvironment and exhibits low encapsula-
tion efficiency.’>*® Consequently, the ability to encapsulate
enzymes without significantly compromising their activity or
selectivity, maintaining efficient mass transport, and preser-
ving the stability of enzymes and the scaffold is a highly
sought-after characteristic for biocatalysts in this field. In this
context, Pickering emulsions, stabilized by a wide range of col-
loidal particles, offer a promising platform for easy and
efficient compartmentalization of molecules within a colloid
particle-constituted membrane (colloidosomes).>**> Owing to
their chemical versatility, surface tunability, and microporous
structures,®®2® these amphiphilic colloids have been employed
to design hierarchical scaffolds with biomimetic functions
(encapsulation, catalysis, growth, and chemical communi-
cation).?® This attribute is crucial in the domains of biomedi-
cine and catalysis, especially biphasic catalysis involving bio-
active encapsulants. However, the stability of colloidosomes
stabilized via non-covalent interactions is not sufficient to
maintain their framework upon complete phase transfer.>*
Hence, both the development of new nanoparticles and the
design of compartments with responsive and tunable mem-
brane permeability, capable of encapsulating active biomacro-
molecules, are highly desired.

The development of microgel-derived colloidosomes offers
a promising solution for biomimetic scaffolds. Featuring a
loosely crosslinked polymeric network, microgels are soft,
hydrated, and deformable structures with tunable porosity and
tailored functionality, and are known to create a favorable reac-
tion medium for the biomolecules.>® Microgels have been
extensively used as excellent enzyme carriers, offering high
enzyme stability and loading efficiency.*® While rigid colloids
and surfactants require external energy to overcome their
energy barrier for spontaneous adsorption at liquid-liquid
interfaces, microgels, positioned between these two material
types, display inherent and specific interfacial properties,*
leading to their spontaneous and inhomogeneous deformation
at the oil-water interface.’>** Additionally, these microgel-
laden microdroplets exhibit greater stability against coalesc-
ence than conventional surfactant-stabilized emulsions and
thus can be leveraged as robust compartments for housing
bioactives.** Different physicochemical properties of microgels
have been investigated to understand the adsorption behavior
of microgels at liquid interfaces.**® Interestingly, exploiting
these microgel-stabilized emulsion droplets as templates,
microgelsomes can be constructed with a selectively per-
meable and stimuli-responsive membrane and thus exhibit a
vesicular architecture.**™** These characteristic features allow
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for the encapsulation and programmed transport of specific
molecules, offering a rational design of biomimetic protocells.

Expanding the niche of microgelsomes as biomimetic
microreactors, herein, we developed a ‘cell-like’ system that
could exhibit both aqueous and non-aqueous cores. In con-
trast to existing approaches, which generally stabilize only one
type of emulsion,*™** our system is unique in its ability to
stabilize both O/W and W/O emulsion droplets, offering a ver-
satile platform for encapsulating a broad spectrum of active
biomolecules (hydrophilic and lipophilic) within a single
framework. The system’s efficiency was demonstrated through
its application in two distinct reactions catalysed by lipophilic
vitamin E and hydrophilic enzymes: S-transaminase (STH) and
laccase compartmentalized within the oil-filled and water-
filled microgelsomes, respectively. STH is known for its stereo-
selective conversion of prochiral ketones to chiral amines,
important precursors in agrochemical and pharmaceutical
synthesis. However, the broader application of STH in organic
syntheses, while also being promising, has recently gained
momentum due to earlier challenges such as product inhi-
bition and the limited substrate scope.*®™*® Selective alcohol
amination to chiral amines has been largely exploited via well-
designed enzymatic cascades, majorly by coupling an alcohol
dehydrogenase (ADH) with STH or amine dehydrogenases
(AmDHs).>**" However, the high specificity of ADHs necessi-
tates the use of both stereoselective forms to catalyze the con-
version of racemic alcohols to ketones.”?

Combining STH with laccase provides an alternative
cascade, catalyzing the non-selective oxidation of alcohols to
ketones, followed by their stereoselective amination by
STH.***%>> However, a primary challenge in effectively operat-
ing this cascade is the alignment of their optimal conditions
for pH, co-solvents, and the use of isopropyl amines.’*”*
Furthermore, their individual catalytic rates and robustness
must be balanced, and any potential inhibitory effects between
them must be eliminated. Although effective, the previously
mentioned strategies employed STH and laccase in a one-pot,
two-step cascade where the reaction pH was adjusted over time
to activate each enzyme sequentially.>> ™’

2. Results and discussion

2.1. Synthesis and characterization of the Ser-Ac monomer
and the PNSER microgel

To stabilize both O/W and W/O emulsions, anionic core-shell
PNSER microgels were prepared via free-radical precipitation
copolymerization of NIPAM and N,N-methylene bisacrylamide
(BIS) generating PNIPAM particles which were subsequently
used as core particles for further polymerization with
O-acryloyl 1-serine (Ser-Ac) (Fig. 1). To design microgels for the
preparation of responsive, self-assembled compartments, it is
important to incorporate easily reactive, charged functional
groups to ensure facile interlinking of microgels at the inter-
face that allows formation of stable compartments upon com-
plete phase transfer to the aqueous medium. Polymerization

This journal is © The Royal Society of Chemistry 2025
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Step 1: Synthesis of core particle

Step 2: Synthesis of core-shell particle
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Fig. 1 Stepwise representation of the synthesis of the PNSER microgel. Step 1 shows the chemical route to the synthesis of PNIPAM nanoparticles
which serve as seed particles for Step 2: polymerization of Ser-Ac on PNIPAM core particles generating core—shell PNSER microgels.

with O-acryloyl modified amino-acids generates free amine
and carboxylic groups on the polymer skeleton that render
surface charge to the microgels and allow interlinking of
microgels at the liquid interfaces post-microgel assembly.
O-acryloylation of r-serine was achieved by chelating amine
and carboxylic acid moieties via a 5-membered ring copper
complex, followed by a reaction with acryloyl chloride. The
copper complexation was removed by washing with 8-hydroxy-
quinoline, producing an ampholytic monomer, Ser-Ac (Fig. S1,
ESIT). The chemical structure of the monomer was confirmed
using "H NMR and FTIR spectroscopy (Fig. S2, ESI{).

The PNIPAM core particles were functionalized with the
Ser-Ac monomer via surfactant-assisted free-radical polymeriz-
ation to form a stable core-shell microgel structure. The core-
shell morphology was designed to provide a high surface
density of amine groups on the microgel particles, facilitating
their interlinking at liquid-liquid interfaces and promoting
the formation of stable microgelsomes. PNIPAM stabilizes the
particle structure and imparts temperature-dependent size
tunability.”® Its thermoresponsive behavior arises from its
chemical structure, which features both hydrophilic amide
groups and hydrophobic isopropyl moieties.’® Because of this,
PNIPAM shows reversible coil-to-globule transition as the
temperature is varied above or below the lower critical solution
temperature (LCST) (32 °C). The first step in the synthesis of
the PNIPAM core involved polymerization of NIPAM with BIS
in the presence of SDS, initiated by APS. In the second step,
the preformed core served as a seed for shell formation by
incorporating the amphiphilic comonomer Ser-Ac, resulting in
amine-decorated core-shell microgels. During core synthesis, a

This journal is © The Royal Society of Chemistry 2025

homogeneous nucleation mechanism, coupled with the
anionic surface charge density from SDS and sulfate ions from
APS, led to the formation of well-defined particles. In the
second step of shell synthesis, the presence of APS and Ser-Ac
together facilitated the chain transfer mechanism, playing a
crucial role in modulating the final size, surface charge, and
morphology of the microgel particles.®® While BIS, a bifunc-
tional crosslinker, results in the formation of a dense 3D cross-
linked core, the polymerization of Ser-Ac in the second step
results in the formation of a negatively charged, core-shell
microgel. To obtain stable PNSER microgels, the composition
of core particles was optimized by varying the crosslinker (BIS)
amount (0.93 mol%, 1.34 mol%, 1.87 mol%) and they were
then used as seed particles for the polymerization of Ser-Ac
(Table S1, ESIY).

The core-shell morphologies of microgel particles, namely,
PNSER_10, PNSER_15, and PNSER_20, were characterized by
TEM. As shown in Fig. S5(A-C), ESL,f PNSER_10 with a low
crosslinker amount (0.93 mol%) shows less contrast between
the core and shell, in comparison with PNSER_15 and
PNSER_20 microgel particles. The TEM image of PNSER_20
(Fig. S5(C), ESIf) shows a prominent dense core and a less
dense shell around it. Furthermore, the spherical morphology
of PNSER microgels in the dried state was confirmed using
FE-SEM (Fig. S5(D-F), ESI{) and AFM images (Fig. S5(G-I),
ESI}). As revealed by the FE-SEM images, the morphology of
PNSER_10 and PNSER_15 particles is not delineated, while
PNSER_20 shows distinct core-shell particles with uniform
size distribution with an average size of 169.2 + 0.02 nm
(Fig. S5(D-F), ESIf). This can be attributed to the variable
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amount of crosslinkers used in the synthesis of microgels that
reinforce the microgel framework.

Furthermore, the successful polymerization of Ser-Ac on
PNIPAM particles was confirmed by FTIR spectroscopy, as
depicted in Fig. 2A. In comparison with PNIPAM, the FTIR
spectra of PNSER exhibited a broad prominent peak at
3400 cm™" corresponding to the N-H stretching of the primary
amine group and O-H stretching of the carboxylic group
present in serine. In addition, the FTIR spectra displayed
characteristic peaks at 1645 cm™ and 1541 cm™" for amide I
and amide II moieties present in the NIPAM backbone. The
swellability of PNSER microgel particles with response to
temperature was analyzed using dynamic light scattering
(DLS). As shown in Fig. 2B, PNSER microgels exhibited a
gradual decrease in size with an increase in temperature.
Hydrodynamic sizes for PNSER_20, PNSER_15, and PNSER_10
decrease from 530.7 + 94.1, 851.3 + 88.8, and 1393.1 + 96 nm
at 24 °C to 208.9 + 0.1, 213 + 10.9, and 207.9 + 6.7 nm at 50 °C,
respectively, showing an LCST around 30 °C. Above the LCST,
the PNSER microgel starts to collapse, showing an average size
of 209.9 + 2.7 nm in the collapsed state, at 50 °C. The decrease
in the LCST can be attributed to the successful polymerization
of the hydrophilic monomer Ser-Ac on the PNIPAM core
particles.>>®! Additionally, the aqueous dispersion of micro-
gels was thermocycled between temperatures 24 and 50 °C to
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study the structural stability of microgels in response to temp-
erature. The microgels exhibited temperature-dependent size
reversibility, as observed from temperature-recycling data
shown in Fig. 2C, indicating the robust microgel structure that
could retain the morphology after repeated swelling and col-
lapse with temperature. The microgels show marked variation
in the sizes in the dried and hydrated states, as evident from
the microscopic and DLS studies, signifying high water absorp-
tion capacity and swelling behavior of microgels, a peculiar
characteristic of the PNIPAM-derived microgels.

The surface charge on PNSER microgels was studied using
zeta potential in the pH range 3-11, and the corresponding
data are displayed in Fig. 2D. The microgels were found to be
anionic, and the zeta potential was found to be in the range of
+0.5 to —2.5 mV between pH 3 and 11 for all the three different
microgels. A more negative surface charge was observed on the
microgels with increasing pH. This can be attributed to the
deprotonation of the carboxylic groups at higher pH values.
The isoelectric point for microgels was observed at pH 5.5,
close to that of serine,®” thus confirming the successful incor-
poration of the comonomer, Ser-Ac, in the microgel. The
serine-functionalized microgels endowed the microgels with
good swellability in both oil (2-ethyl hexanol) and water, result-
ing in uniform microgel dispersions in both phases. This can
be attributed to the surface charge on the microgel created by
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Fig. 2 Characterization of PNSER microgel particles synthesized using different crosslinker (BIS) amounts: 0.93 mol% (PNSER_10), 1.34 mol%
(PNSER_15), and 1.87 mol%, (PNSER_20). (A) FTIR spectra of PNIPAM and different PNSER microgels and (B) hydrodynamic size variation in PNSER
microgels in response to temperature. (C) Temperature-induced size reversibility of the PNSER_20 microgel dispersed in water, (D) surface charge
on microgels dispersed in aqueous solutions with varying pHs (pH 3-12), and (E) interfacial tension exhibited by the aqueous dispersion of PNSER
microgels in 2-ethyl 1-hexanol (oil phase). The error bars are calculated from the data of three repeat experiments.
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the amine and carboxylic groups in the serine shell, which
enhances the interfacial properties of the PNSER microgels.
More importantly, when compared to PNIPAM microgels,
PNSER exhibited higher interfacial tension, enabling stabiliz-
ation of both the O/W and W/O Pickering emulsions. As
observed from the interfacial tension (y) studies shown in
Fig. 2E, microgels synthesized using 0.93 mol%, 1.34 mol%,
and 1.87 mol% crosslinkers displayed y values at 4.4, 4.9, and
5.2 mN m™ ", respectively. The y value is observed to increase
with the crosslinker amount, showing the effect of core-shell
morphology of microgels on their adsorption on liquid
interfaces.

2.2. Preparation of microgelsomes using Pickering emulsions

Following the investigation of the physicochemical properties,
these serine-functionalized microgels were used to prepare
micron-sized vesicular structures called microgelsomes via
their template-directed assembly onto emulsion droplets.
Unlike conventional Pickering systems that require distinct
hydrophilic or hydrophobic particles to stabilize O/W or W/O
emulsions, respectively, PNSER microgels can stabilize both
emulsion types owing to their intrinsic amphiphilic architec-
ture. Previous studies have achieved such duality through
selective surface modification to impart hydrophilic or hydro-
phobic functionalities;**®® in contrast, our system inherently
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enables tunable lumen composition and the co-encapsulation
of both hydrophilic and hydrophobic cargoes within a single
microgel building block.

Fig. 3(A and B) schematically elucidates the assembly of
PNSER microgels on W/O and O/W emulsion droplets to form
water- and oil-filled microgelsomes, respectively. To prepare
microgelsomes with an aqueous interior, an aqueous dis-
persion of microgels was emulsified with 2-ethyl hexanol at a
Jw value of 0.3, resulting in the formation of monodisperse,
spherical microcapsules with an aqueous interior, dispersed
in the oil phase. To enhance the structural integrity of the
microgelsomes upon transfer to a complete aqueous phase,
the system was subjected to post-assembly treatment with
FeCl;, facilitating interfacial crosslinking via the coordination
of Fe*" ions with primary amine groups on the adjacent micro-
gel particles. This metal-ligand complexation effectively
reinforces the microgel shell by promoting interparticle brid-
ging at the oil-water interface (Fig. 3A). The interlinking of
microgels was performed at pH 5, the pI for PNSER microgels,
resulting in the formation of interlinked stable structures.

The interlinked microgelsomes were separated from the
unbound microgel particles by water washing using a separa-
tory funnel. Upon water addition, the excess microgels prefer-
entially partitioned into the aqueous phase, which was care-
fully decanted. Subsequently, the excess oil phase was injected

(A) W/O Pickering emulsion
Oil Water
Vortexed,
2000 rpm Phase transfer
—_—
FeCl,
25°C,1h
Water
(1) Biphasic system (I) Microgel adsorption (1) Interlinked
on W/O emulsion droplet microgelsomes
(B) O/W Pickering emulsion
Water
Vortexed, !
2000 rpm
—_—
PPGDGE,
25°C,1h
Oil
(I) Biphasic system (I1) Microgel adsorption (1) Interlinked microgel
on O/W emulsion droplet membrane

Fig. 3 Construction of microgelsomes by assembly of PNSER microgels (A) on W/O and (B) O/W emulsion droplets. Stepwise representation of
microgelsome assembly. (I) Biphasic system containing a dispersion of the microgel in the lower phase. () The biphasic system was vortexed result-
ing in the formation of microgel-stabilized emulsion droplets homogeneously dispersed in a continuous phase. (Ill) The microgel particles were
interlinked at the droplet interface by the addition of FeCl; and PPGDGE as crosslinkers for W/O emulsion and O/W emulsion droplets. The W/O
microgelsomes were transferred to a complete aqueous phase in the final step.
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out, followed by dialysis against an ethanol-water mixture
(50%) and then pure water, enabling complete removal of
residual oil and successful transfer of the microgelsomes into
an all-aqueous environment. The purified microgelsomes were
stored at room temperature for further characterization and
application.

For the preparation of microgelsomes with an oil-filled
lumen, microgel dispersion in 2-ethyl hexanol along with the
encapsulants was mixed with water at a j, value of 0.3, result-
ing in the formation of spherical, oil-filled microgelsomes dis-
persed in the aqueous phase. Microgels adsorbed at the oil-
water interface were covalently crosslinked with neighboring
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particles using PPGDGE, which undergoes an amine-epoxy
reaction with the primary amine groups of PNSER microgels.
This crosslinking occurs via a nucleophilic ring-opening of the
epoxide groups by amines, as illustrated in Fig. 3B. The mor-
phology of the fabricated microgelsomes was characterized
using FE-SEM and optical microscopy. Air-dried samples of
the aqueous microgelsome dispersion were imaged using
FE-SEM (Fig. 4A), which revealed collapsed vesicular structures
with rough surfaces composed of densely packed microgels
forming the vesicle membrane. The optical image of the
aqueous microgelsome dispersion (Fig. 4B) displays their
hydrated, spherical morphology. The adsorption of microgels

Fig. 4 Characterization of microgelsomes prepared using PNSER microgels. (A) FE-SEM image of dried microgelsomes, with the inset image
showing their collapsed morphology. (B) Optical image of microgelsomes prepared using a W/O emulsion droplet. CLSM images of interlinked
microgelsomes prepared using (C) FITC-labelled PNSER microgels templated on the W/O emulsion droplet, and (D) PNSER microgels templated on
the O/W emulsion droplet stained with hydrophobic Nile red (red fluorescent dye).
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at the W/O interface was further confirmed using CLSM
imaging of FITC-labeled microgel-derived microgelsomes
(Section S2.9., ESIt), which revealed a well-defined fluorescent
green shell encapsulating a spherical core (Fig. 4C).
Additionally, the formation of O/W microgelsomes was vali-
dated using Nile red-stained oil, resulting in a red fluorescent
core indicative of successful oil encapsulation (Fig. 4D).

The microscopic images further confirmed the narrow size
distribution of the microcapsules with a mean diameter deter-
mined from the statistical analysis of 50 particles at 1.5 +
1.18 pm (Fig. 4B). Strikingly, the size of the microgelsomes
formed using PNSER microgels was observed to depend on the
amount of crosslinker used for the microgel synthesis®®
(Fig. S7(A-C), ESI).T The average size of the microgelsomes was
found to increase with the crosslinker (BIS) amount. The syn-
thesized microgels PNSER_10, PNSER 15, and PNSER_20
formed microgelsomes with sizes 1.05 + 0.29 pm, 2.07 +
0.63 pm, and 3.19 + 0.51pm, respectively. We further investi-
gated the storage stability of the microgelsomes dispersed in
the aqueous phase. The photographic and the FE-SEM images
demonstrate the structural instability of the microgelsomes
below 4 °C and high mechanical compaction, resulting in the
disassembly of the microgelsome structure (Fig. S8(A-D),
ESIT), whereas, when stored at room temperature, the micro-
gelsomes exhibited explicit stability for over a month, with an
intact spherical morphology as depicted in the FE-SEM image
(Fig. S8(E), ESI{).

These microscopic observations confirm the stable inter-
linking of microgels at the droplet interface, resulting in the
formation of micrometer-sized, membrane-bound vesicles that
maintain structural integrity over extended periods under

{A) fITC-dex.tran

(D) RITC-lac
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ambient storage conditions, highlighting the formation of
robust microgelsomes with a tunable lumen composition.

2.3. Biomimetic characteristics of microgelsomes

The microgelsomes were engineered to replicate the vesicular
architecture, featuring an internal compartment enclosed by a
membrane that acts as a selective barrier to the external
environment, mimicking the semi-permeable nature of bio-
logical cells. This design enables the compartmentalization of
functional molecules, while the responsive and tailorable
membrane permits controlled diffusion of substrates and pro-
ducts, thus facilitating cell-like in situ reactions within a con-
fined environment.

2.3.1. Encapsulation. The first step towards the creation of
artificial cells with Pickering emulsion-derived micron-sized
vesicles is to imitate the cell’s ability to encapsulate macro-
molecules. To study the ease and efficiency of molecular
encapsulation in the PNSER-derived microgelsomes, a range of
molecules varying in charge (neutral molecule; FITC-dextran
and charged molecules; Rh6G) and molecular weight (Rh6G
(479 Da), FITC-dextran (20 kDa), STH (49 kDa), and laccase
(67 kDa)) were encapsulated in microgelsomes, as described in
Section S2.6, ESI.f The encapsulation of molecules was con-
firmed microscopically. The CLSM images in Fig. 5 suggest the
successful encapsulation and retention of the high molecular
weight molecules, namely FITC-dextran, vitamin E, and
enzymes STH and laccase and their co-encapsulation, even
after complete phase transfer to water. However, the microgel-
somes were found to be selectively permeable for only small
molecules like Rh6G, which was observed to continuously
diffuse into the surrounding medium, while the permeation of

(B) Vitamin E

Fig. 5 Encapsulation of molecules. Confocal images depicting the compartmentalization of fluorescently labelled encapsulants: (A) FITC-dextran,
(B) vitamin E, (C) FITC-STH, (D) RITC-lac, and (E) FITC-STH_RITC-lac in microgelsomes.

This journal is © The Royal Society of Chemistry 2025
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high molecular weight encapsulants was completely restricted.
The results agree with the diffusion-restricted transport con-
ferred by the inherent molecular-level permeability of the
interlinked microgel membrane.

2.3.2. Membrane permeability. The second important
aspect of a natural cell is the selective permeability of the cell
membrane to different molecules and responsivity to outer
stimuli. Microgels are loosely crosslinked polymeric networks
and exhibit intrinsically porous structures depending on their
crosslinking density. Additionally, the stimuli-mediated struc-
tural changes in the smart microgels allow them to tune their
permeability in response to stimuli. Herein, the PNSER micro-
gels exhibit size variation in response to temperature (as
shown in Fig. 2B); hence the membrane permeability of the
PNSER-derived vesicles was studied for varying molecular
weight molecules as a function of temperature over a time
period, using UV-vis spectroscopy. From the kinetic profiles
for the release of encapsulant Rh6G, shown in Fig. 6(A and B)
and Fig. S9(A and B) (ESI}), it could be concluded that the
microgelsomes were highly permeable to Rh6G, hence, provid-
ing unrestricted transport of small molecules across the mem-
brane. The kinetic profile of Rh6G release with temperature
showed a two-fold increase in the diffusion rate as the temp-
erature was increased from 20-55 °C (Fig. 6A). The increase in
temperature above the LCST of PNSER initiates the collapse of
swollen microgel particles constituting the membrane, result-
ing in the shrinking of spherical microgelsomes and hence the
ejection of encapsulated Rh6G molecules out of the vesicle.
Additionally, the kinetic profile for Rh6G with time at room
temperature exhibited sustained release of the molecules
within 100 min (Fig. 6B), thus, showing that the porous
network of microgels acts as transport channels for small
molecules. However, the release profiles of encapsulated FITC-
dextran with temperatures 25-65 °C (Fig. 6C) and for 15 days
(Fig. S9(C), ESIt) showed comparatively no release from micro-
gelsomes, thus displaying the complete impermeability of the
microgelsome membrane to high molecular weight molecules.

These findings demonstrate that the microgelsome archi-
tecture supports efficient encapsulation and retention of high
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molecular weight molecules, while the semi-permeable mem-
brane facilitates controlled diffusion of low molecular weight
species. This combination of molecular confinement and
selective transport emphasizes their potential for use as bio-
mimetic reactor systems.

2.3.3. Compartmentalized biochemical reactions.
Compartmentalization is the distinctive feature of a living cell
that allows the functioning of biochemical reactions and is
keenly exploited in the de novo development of artificial
cells.®” % Recent studies have revealed the positive effects of
compartmentalization of biological reactions in cellular
scaffolds, thus implying that these cell-like compartments can
function more than just as carriers.*>**’° Hence, encapsula-
tion of biological components could potentially reconstitute
this cellular feature in the microgelsomes. Exploiting the prop-
erty of PNSER microgels to stabilize both O/W and W/O emul-
sions, the encapsulation of hydrophobic and hydrophilic moi-
eties in microgelsomes was performed and the activity of the
encapsulated active biomolecules was thoroughly investigated.

2.3.3.1. Oil-in-water (O/W) emulsion: encapsulation and
antioxidant activity of vitamin E

Vitamin E is a lipophilic vitamin known for its antioxidant,
neuroprotection, and anti-inflammatory properties. However,
its applications are often restricted due to its sensitivity to
oxygen, high temperatures, alkaline conditions, and light. In
this regard, encapsulation has proved to be an effective route
to protect vitamin E for its application in the pharmaceutical
and food industries.”’ The encapsulation of vitamin E was
chosen to demonstrate the compatibility and stability of lipo-
philic molecules within the oil-filled microgelsomes, showcas-
ing the platform’s ability to host hydrophobic species with
potential applications in biocatalysis, drug delivery, and active
compound stabilization. In this study, vitamin E was encapsu-
lated in the microgelsomes using the O/W Pickering emulsion
method using a long-chain triacylglycerol as a carrier oil. For
the encapsulation, vitamin E was first homogenized in oil con-
taining uniformly dispersed PNSER microgels, followed by
emulsification with water. For the comparison of antioxidant
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Fig. 6 Permeability studies of encapsulants. Release profiles of encapsulated Rh6G (A) at different temperatures (20 °C-55 °C) and (B) at room
temperature for 100 min, recorded at 530 nm spectrophotometrically. (C) Release of encapsulated FITC-dextran at temperatures 25 °C—65 °C. Error

bars show data for three repeat experiments.

7558 | Green Chem., 2025, 27, 7551-7563

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc00775e

Published on 24 2568. Downloaded on 9/2/2569 2:19:13.

Green Chemistry

(A)
. b
'O’S‘b ° N:fN
ABTS*
(Blue color)

®  Envite
0%o0
w "~
;- |
& l
Oxidized Reduced
_ABTS _________ABTS _

N/: Q_ o ' /@[N;N OS
—| Y Q =N S 3
O\\ >_ N. S ——————- ) \\S g N=< j@/ e}
N
= _J

View Article Online

Paper

A
(\ (colorless)

G

Antioxidant activity (%)
S 5 8

LAl
o
B

N
o

=
o

En VItE F_VitE

Fig. 7 Antioxidation activity of vitamin E. (A) Schematic reaction for the vitamin E mediated reduction of blue-colored ABTS™* to colorless ABTS. (B)
Experimental image showing the antioxidant activity of encapsulated vitamin E. (C) Antioxidant activity of free (F_Vit E) and encapsulated vitamin E

(En_Vit E). Error bars show data for three repeat experiments.

activity, vitamin E dissolved in the oil phase was used as a
control. The antioxidant activity of encapsulated vitamin E
(En_Vit E) was evaluated and compared with that of its free
form (F_Vit E) using the antioxidation of ABTS as a model reac-
tion, shown in Fig. 7A. The reaction involves the vitamin
E-catalyzed reduction of blue-colored ABTS™ solution to color-
less ABTS.”” The reduction of the ABTS™ solution to a colorless
ABTS solution by En_Vit E is presented in Fig. 7B. Both En_Vit
E and F_Vit E showed comparable antioxidant activities, as
evident from Fig. 7C, indicating that the stability of vitamin E
was preserved after encapsulation, thereby providing an
effective compartmentalization method. The slight deviation
in the activity of the encapsulated form can be attributed to
the slow rate of the diffusion-mediated transfer of the sub-
strate ABTS™" across the microgelsome membrane.

2.3.3.2. Water-in-oil (W/O) emulsion: biosynthesis of chiral
amino molecules using the bienzymatic reaction of laccase
and S-transaminase

By leveraging the capability of the microgelsomes to encapsu-
late high molecular weight biomolecules within the selectively
permeable, temperature-responsive microgel membrane, these
scaffolds were developed into biocatalytic microreactors. These
microgel-stabilized W/O droplets have been shown to be more
stable against coalescence in comparison with the commonly
used surfactant-stabilized emulsions’® and can accordingly be
harnessed as robust compartments to host catalytically active
microgelsomes. Enzymes laccase and STH were encapsulated
within microgelsomes and the catalytic performance of our
biomimetic microreactors in the synthesis of chiral amines
was examined. The two enzymes operate optimally at different

This journal is © The Royal Society of Chemistry 2025

pH levels, making their coupled reaction inherently challen-
ging. A key strategy to overcome this incompatibility has been
the use of a one-pot, two-step bienzymatic reaction, in which
the components required for the second step are introduced
after completion of the first along with a controlled adjust-
ment of the reaction pH to suit the second enzyme’s optimal
conditions.

In an effort to improve the existing strategy, the developed
microgelsomes were evaluated for their performance in a one-
pot bienzymatic reaction. Their catalytic efficiency was com-
pared with that of the corresponding two-step sequential reac-
tion and the free enzyme counterparts. Accordingly, the two
chemical pathways employed are as follows (Fig. 8). The first
route involved a two-step sequential reaction (Free lac_S1, Free
STH_S2, En lac_S1, and En STH_S2) performed at the
optimum pH of enzymes. This chemical route involved the
conversion of 1-phenyl ethanol to acetophenone by laccase/
TEMPO at pH 5, which was then transferred to reaction media
(pH 8) containing alanine and PLP, for second catalysis to
S-MBA by STH (Fig. 8(A)). The second route was devised as a
greener alternative to this cascade reaction via the co-encapsu-
lation of STH and laccase within the microgelsomes to
perform a one-pot bienzymatic reaction (En_LaSh) at a single
pH in aqueous media (Fig. 8(B)).

Remarkably, the activity of the biocatalytic microgelsomes
(En lac_S1, En STH_S2, and En LaSh) was observed to be sig-
nificantly higher, leading to an increased conversion of
95-98%, which is 2 times higher than that of their free forms
(Free lac_S1, Free STH_S2, and Free_LaSh), as shown in Fig. 9
(A) and Table 1. Importantly, the activity of the encapsulated
one-pot catalysis, En LaSh performed at pH 5 was found to be
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(A) Two-step sequential reaction

1st step (S1) 2nd step (S2)
OH Laccase, TEMPO (33 %) o) 1 mL TRIS buffer 0.2 M, pH 8 fe)
acetate buffer, 0.1 M, pH 5 20 mM alanine, 0.5 mM PLP @\/ + )Sro.
10 mM, Total volume = 1 mL Transaminase (12 mg) I%IHZ 0
30 °C, 12 h, 800 rpm 5 mM,oTotaI volume =2 mL
1-phenyl ethanol Acetophenone 30 °C, 12 h, 800 rpm S-MBA  Pyruvate

(B) One-pot sequential reaction

OH 0 Laccase, TEMPO (33 %) O
Transaminase (12 mg) @\/ O
+ o _+
acetate buffer, 0.1 M, pH 5 H o)
b 10 mM, 0.5 mM PLP, bihz
1-phenyl ethanol Alanine Total volume =2 mL S-MBA Pyruvate

30 °C, 12 h, 800 rpm

Fig. 8 Bienzymatic reaction route for (A) the two-step sequential reaction and (B) one-pot synthesis of chiral amine; S-MBA from racemic 1-phenyl
ethanol.
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|

I One-pot reaction
r 1F 1 1
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1-Phenyl pH 5 reaction pH 8.5
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1-Phenyl ethanol
+
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Relative activity (

Above
LCST
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LCST

Fig. 9 Activity of biocatalytic microgelsomes. (A) Schematics of the synthesis of a chiral amine via a compartmentalized bienzymatic cascade reac-
tion showing the two routes adopted for experimentation: two-step sequential and one-pot reaction. Laccase-mediated conversion of 1-phenyl
ethanol to acetophenone, in the presence of the mediator TEMPO, and subsequent catalysis of acetophenone to S-MBA by STH in the presence of
the substrate alanine and the cofactor PLP. Relative activity of free and encapsulated enzymes at (B) 30 °C (below the LCST) and (C) 40 °C (above the
LCST) illustrating the effect of temperature-mediated membrane-gated enzyme catalysis for a programmable reaction. Error bars show data for
three repeat experiments.
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Table 1 Enzymatic conversion of 1-phenyl ethanol performed at 30 °C

Enzyme Conversion (%)
Free lac_S1 54.80
En_lac_S1 94.86
Free STH_S2 90.68
En_STH_S2 97.98
Free_LaSh 43.34
En_LaSh 95.53

Table 2 Kinetic parameters of enzymes in free and encapsulated forms
for the two-step sequential reaction

Free lac En_lac Free STH En_STH
Viax (MM minfl) 0.008 0.016 17.99 12.59
Ky mM) 5.8 24.96 0.093 0.227

comparable to that of the two-step sequential reaction and
2-fold higher than that of the one-pot cascade using their free
forms. The results suggest the favorable microenvironment
offered by the microgelsomes in operating the two enzymes at
a single pH. The latter strategy of enzyme co-encapsulation
within the microgelsome framework featured high reaction
efficiency, reducing operational steps and thus improving the
process ‘pot-economy’.

Additionally, the selective permeability of the microgelsomes in
response to temperature was exploited to develop a thermally gated
microgel membrane, to regulate the accessibility of the substrate
molecules from the outer continuous phase to the confined
enzymes within the microcompartments, in response to tempera-
ture. The catalytic activity of microgelsomes was investigated at
40 °C (above the LCST of PNSER microgels). The bioactivity of the
microgelsomes was investigated by monitoring the conversion of
1-phenyl ethanol to acetophenone and S-MBA using HPLC and
further confirmed by GC-MS (Fig. S11-S13, ESI}). The enzymatic
activity results obtained at 30 °C differed significantly from those
observed at 40 °C. As shown in Fig. 9C, no product formation was
observed in the case of biocatalytic microgelsomes; meanwhile,
almost 100% relative enzymatic activity was observed for the free
enzymes. These results can be attributed to the temperature-respon-
sive behavior of PNSER microgels, which causes the microgel mem-
brane to collapse at temperatures above its LCST, preventing the
diffusion of substrates into the vesicle and, thus, switching off the
catalytic activity of microgelsomes at temperatures above the LCST.

Furthermore, the kinetic profiles of the encapsulated and
free enzymes (Fig. S14, ESIf) showed that the encapsulated
enzymes exhibited higher K, values (Table 2), En_lac_S1:
24.96 mM and En STH_S2: 0.23 mM, than their free forms,
Free lac_S1: 5.8 mM and Free STH_S2: 0.09 mM. The increased
K., could be ascribed to the slow rate of diffusion-mediated
molecular transport across the membrane. These results
clearly show that the encapsulation of enzymes in microgel-
somes leads to cell-like biocatalytic reactors, that is, micro-
scopic reaction compartments with enzymes, capable of func-
tioning upon induction.

This journal is © The Royal Society of Chemistry 2025
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3. Conclusions

In summary, we present a simple and eco-friendly approach to
developing versatile microgelsomes for the compartmentaliza-
tion of different biomolecules varying from lipophilic to hydro-
philic in nature. The supramolecular metal-organic coordi-
nation complex of Fe** and the amine moiety for interlinking
adsorbed microgels at the W/O interface was used to facilitate
the stability of microgelsomes in the all-aqueous phase. The
microgelsomes exhibited dynamic and selective molecular per-
meability at liquid-liquid phase boundaries, protecting the
encapsulated molecules from the outer environment while
maintaining close contact with the outer medium. We devel-
oped microbioreactors with a tunable lumen and validated
their compartmentalization efficiency by the encapsulation of
lipophilic vitamin E and hydrophilic enzymes, which could
perform catalysis within the gated polymeric compartments.
The co-encapsulation of laccase and STH within microgel-
somes addresses two significant drawbacks of this bienzymatic
cascade: different operational pH and use of organic solvents
for the substrate solubility,”* generating industrially significant
chiral amines. Our approach represents a robust and environ-
mentally friendly approach to constructing programmable bio-
catalytic reactors and compartmentalization of multienzymes
under mild reaction conditions. To our knowledge, no similar
systems have been demonstrated in the literature. We believe
that the system presents a significant advancement in biocata-
lysis and biomolecule encapsulation and can be employed to
design other stimuli-responsive microgels and derived micro-
gelsomes to develop bioreactors, biosensors, and programma-
ble drug delivery vehicles.
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