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Complex coacervates are liquid-like droplets that can be used to
create adaptive cell-like compartments. These compartments offer
a versatile platform for the construction of bioreactors inspired by
living cells. However, the lack of a membrane significantly reduces
the colloidal stability of coacervates in terms of fusion and surface
wetting, which limits their suitability as compartments. Here, we
describe the formation of caged-coacervates surrounded by a
semipermeable shell of silica nanocapsules. We demonstrate that
the silica nanocapsules create a protective shell that also regulates
the molecular transport of water-soluble compounds as a function
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of nanocapasule size. The adjustable semipermeability and intrinsic
affinity of enzymes for the interior of the caged-coacervates
allowed us to assemble biomimetic microreactors with enhanced
colloidal stability.

Introduction

Biomimetic microreactors are chemical systems that mimic
the properties of natural cells. A typical design consists of a
micron-sized compartment that encapsulates an active core
which may contain catalysts (e.g., enzymes), biomolecules (e.g,
DNA/RNA) and even entire cellular structures and other nano
objects (e.g., chloroplasts, nanoparticles)."™ Like in a simple cell,
the nature of the encapsulated active materials and the properties
of the compartment determine the function of the microreactors.
Due to their synthetic nature, biomimetic microreactors can be
designed to perform diverse chemical tasks such as protein
expression, DNA replication and biocatalysis.” ® In addition to
their application as standalone (bio)chemical factories, bio-
mimetic microreactors have the potential to interact with living
cells, creating the possibility to directly control their behaviour or
induce desired synergistic properties.”™*

Biomimetic microreactors have been designed using different
types of compartments. For instance, polymer and lipid vesicles
provide membrane-bound compartmentalization that shares
some characteristics of the phospholipid compartments in cells
such as semi-permeability and membrane fluidity.">** Polymeric
capsules formed by layer-by-layer assembly offer another
approach, where the permeability of the compartment can be tai-
lored by the properties of the polymeric material."*

Recently, coacervates have been introduced as a versatile
micron-sized compartment for engineering of biomimetic
microreactors.””*® In contrast to membrane-bound compart-
ments, coacervates are not surrounded by a membrane.® The
membrane-free architecture allows molecules to freely diffuse
across the interface. The use of coacervate as compartments in
the design of microreactors have many advantages over tra-
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ditional approaches that use vesicles and capsules. For
example, coacervates formed from stimuli-responsive com-
ponents can be dynamically assembled/disassembled by
changes in conditions such as pH.>® This property allows the
development of microreactors that can be modulated by their
environment. Another advantage comes from the microenvi-
ronment created by the coacervate droplet, as it can selectively
sequester different molecules based on intrinsic properties
such as charge and molecular weight.

Coacervates are formed via liquid-liquid phase separation
(LLPS) of colloidal solutions.** They differ by the mechanism
of phase separation, which can be dominated by attractive
electrostatic interactions and solvent interactions. Complex
coacervates, in particular, are formed via the condensation of
oppositely charged polyelectrolytes (e.g., polymers, proteins,
nucleic acids) in solution. The interior of coacervate droplets
is characterized by a dynamic and molecularly crowded
environment that simulates the conditions of the cytosol, ren-
dering these materials ideal for development of cell-like
systems.>**?* As compartments, coacervates can control bio-
chemical processes via the selective partitioning of molecules
and also via the localization of substrates and enzymes to
enhance selectivity and kinetics.2%>"2423

The absence of a physical membrane in complex coacer-
vates significantly reduces their colloidal stability. Compared
to membrane-bound compartments, such as liposomes and
polymersomes, coacervates are prone to coalescence and
wetting effects.>® The colloidal stability of coacervates can be
improved via the formation of a surrounding membrane
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obtained from fatty acids,”” lipids,®® and polymers.>® In
addition to improving colloidal stability, the introduction of
semi-permeable membranes surrounding the coacervates
allows a control on the molecular transport between coacer-
vates and the surrounding medium.

An alternative to “membranization” is the use of Pickering
stabilization by solid particles. Here, nanoparticles present at the
interface between the two liquid phases provide colloidal stabiliz-
ation. However, this method has been mostly applied to the for-
mation of colloidosomes, which involves a crosslinking of the
particles to avoid disassembly of the nanoparticle-cage before
transferring them to the aqueous medium.**>?

We here describe the construction of a coacervate-based
biomimetic microreactor containing a non-crosslinked silica
nanocapsule (SiO,NC) shell (Fig. 1). The presence of a shell of
SiO,NC enhanced the stability of the coacervate compartment
and allowed the adjustment of its membrane permeability
depending on the size of the SiO,NCs. The resulting caged-
coacervates were able to sequestrate and confined active
enzymes, which was further developed into a functional con-
trolled bioreactor with selective molecular transport.

Results and discussion

Pickering stabilization of coacervate compartments with
SiO,NC

Coacervate microcompartments were obtained by mixing
carboxy-functionalized amylose (C-Am) and quaternized

.000.
e "o
Q-Am
@ @
0e®

caged coacervate

Fig. 1 Schematic illustration and characterization of coacervates stabilized with large and small SiO,NCs. (a) Bright field images of uncaged coacer-
vates (C-Am: Q-Am 1:2 weight ratio). (b) TEM images of ultrasmall PEG-SiO,CNs (10 nm). (c) TEM images of large PEG-SiO,CNs (100 nm). (d—f)
Bright field and fluorescence microscopy images of caged-coacervates stabilized by 10 nm PEG-SiO,CNs. (g—i) Bright field and fluorescence
microscopy images of caged-coacervates stabilized with 100 nm PEG-SiO,CNs.
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amylose (Q-Am) in phosphate buffered saline (PBS). Droplet
formation was driven by electrostatic interactions between
C-Am (negatively charged) and Q-Am (positively charged),
resulting in the formation of dense liquid-like droplets.
Charged derivatives of amylose were synthesized using a
modular approach described in the literature.”® Coacervates
with a positive surface charge ({ = +20 mV) were obtained by
setting the Q-Am:C-Am ratio to 2:1 during coacervation
(Fig. S1t). The resulting coacervates were largely unstable, as
indicated by the rapid coalescence (<1 min) of coacervate dro-
plets and the wetting of the glass microscope slides by the dro-
plets (Fig. 1a). These effects are a consequence of the lack of a
protective membrane around the droplets, which favours
Ostwald ripening and wetting of hydrophilic surfaces.*?

Silica nanocapsules (SiO,NCs) were synthesized via a mini-
emulsion approach based on the hydrolysis and condensation
of tetraethyl orthosilicate (TEOS).** The silica shell was formed
at the interface of miniemulsion droplets stabilized with a
reactive cationic surfactant, dimethyloctadecyl[3-(trimethoxysi-
lyl)propyl] ammonium chloride (TPOAc), which can be hydro-
lyzed and co-condensed with TEOS to chemically bond to
silica surfaces.?® The diameters of SiO,NCs were controlled by
varying the compositions of hydrophobic substances in the
miniemulsion droplets. A volume ratio of 2:1:10:0 in cyclo-
hexane (Cy), chloroform (CHCl;), TEOS, and hexadecane (HD),
respectively, was used to regulate the Ostwald ripening in the
miniemulsion system, which yielded ultrasmall silica nanocap-
sules (ul-SiO,NCs) with a diameter about 10 nm (Fig. S2at).*®
Large SiO,NCs (L-SiO,NCs), with a diameter about 100 nm,
were obtained using a 0:1:1:0.08 volume ratio of Cy, CHCl;,
TEOS, and HD, respectively (Fig. S2bt). The surface of SiO,NCs
were functionalized with polyethylene glycol (PEG, M,, = 5000 g
mol ') to prevent aggregation and precipitation through steric
stabilization.?” The PEG content of SiO,NCs were determined
by "H NMR spectroscopy. A calibration curve for the determi-
nation of PEG content by NMR is shown in Fig. S3.1 The NMR
spectra of the SiO,NCs confirmed the presence of PEG
(3.52 ppm). Integration of this signal showed that the PEG
chain density on the surface of the SiO,NCs was 0.037 and
1.07 chains per nm? for ul-SiO,NCs and L-SiO,NCs, respect-
ively. Transmission electron microscopy (TEM) images con-
firmed the core-shell structure of the SiO,NCs (Fig. 1b and c).
The diameters of PEG-SiO,NCs were similar to the diameters
of pristine SiO,NCs. Zeta potentials of PEG-ul-SiO,NCs and
PEG-L-SiO,NCs were negative (—8 and —6 mV, respectively).

Caged-coacervates were prepared by mixing of all com-
ponents (C-Am: Q-Am : PEG-SiO,NC) in a buffer solution at a
weight ratio of 1:2:0.75. Stable coacervates were obtained as a
result of the interfacial assembly of PEG-SiO,NCs around the
coacervates, creating a caged structure that enhanced the col-
loidal stability of the droplets. In contrast with non-stabilized
coacervates, caged-coacervates did not coalesce or fuse, and
were stable for at least 24 h (Fig. 1d and g). The driving force
for the shell formation can be attributed to the decreasing of
total free energy associated with the presence of the SiO,NCs
at the liquid-liquid interface.”® Caged-coacervates were also
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stable in aqueous solutions containing up to 100 mM of NaCl
(Fig. S4 and S57).

Formation of the caged coacervates and the interfacial stabiliz-
ation are affected by the ratio of C-AM and Q-AM used. Stable
coacervates stabilized with PEG-L-SiO,NCs in spherical shape are
obtained with a 1:1 or 1:2 ratio of C-AM and Q-AM, while
excess C-AM hinders the interfacial assembly attributed to the
low absorption between the negatively charged SiO, on the nega-
tive coacervate interface (Fig. S6T). After preparation, the caged
coacervates displayed sensitivity to pH, which breakdown into
very small droplets or fully dissolve upon subjecting to ~pH 12 or
~pH 3, respectively (Fig. S71). Interestingly, the caged coacervates
are relatively stable upon ultrasonication even up to 5 min, high-
lighting their stability against mechanical forces (Fig. S87).

The shell formed by the SiO,NCs was visualized by confocal
microscopy imaging. As shown in Fig. 1e, f and h, i, Nile red
labelled PEG-ul-SiO,NCs and PEG-L-SiO,NCs successfully
coated the coacervate droplets. A non-homogenous distri-
bution of nanocapsules was obtained with PEG-ul-SiO,NCs.
Here, the NCs were also internalized by the coacervate droplet.
We attributed this result to the small diameter of the SiO,NCs
(10 nm), which could penetrate the coacervate core more easily
than the larger SiO,NCs. In contrast, PEG-L-SiO,NCs were not
internalized, showing a high accumulation at the interface.
Cryo-TEM was used to characterize the structure of the caged
coacervates. As shown in Fig. S9,1 the PEG-ul-SiO,NCs are scat-
tered at the interface of coacervates in a multilayer mode.

Selective permeability of caged-coacervates

The presence of the SiO,NCs shell was expected to limit the
transport of molecules across the coacervate interface, allowing
the molecular transport to be controlled. Molecular transport
of caged-coacervates was investigated in aqueous media con-
taining fluorescent probes of increasing molecular weight:
calcein (M,, = 623 Da), FITC-PEG (M, = 1 kDa), and
FITC-Dextran (M, = 10 kDa or 70 kDa). The permeability of the
caged-coacervates to the different fluorescent molecules was
evaluated by confocal microscopy measurements (Fig. 2 and
S10t). The data indicates that caged-coacervates formed with
the large SiO,NCs were more permeable than those formed
with the small SiO,NCs. As shown in Fig. 2a, caged-coacervates
with PEG-ul-SiO,NCs were only permeable to the 0.6 kDa
probe. Larger molecules could not cross the shell.

In contrast, caged-coacervates with PEG-L-SiO,NCs were
permeable to both 0.6 and 1 kDa probes, indicating a higher cut-
off value. Plots of the fluorescent intensity relative to the back-
ground are shown in Fig. S11.1 These results demonstrate that
the permeability of the caged-coacervates can be controlled by
the size of the SiO,NCs. The effect can be attributed to the differ-
ences in the packing density of the shell, leading to different
pore sizes. Smaller nanocapsules closely packed on the surface
resulted in smaller pores and in a less permeable shell.

Biomimetic microreactor

The highly charged microenvironment of the caged-coacervates
allows them to be utilized as selective compartments for different

Nanoscale, 2023, 15, 2561-2566 | 2563
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Fig. 2 Determination of semi-permeability and enzyme encapsulation properties of caged-coacervates. (a and b) Confocal microscopy images of
caged-coacervates dispersed in PBS buffer containing calcein (623 g mol™), FITC-PEG-NH2 (1 kDa), and FITC-dextran (10 kDa). (c and d) Confocal
microscopy images of caged-coacervates loaded with FITC-GOx and Rhodamine-HRP.

molecules. For instance, the caged coacervates displayed effective
sequestration and partitioning towards negative charged sulfo-
rhodamine b and zwitterionic rhodamine b, with partitioning
coefficients ~52.7 + 7.6 and 9.9 + 1.3, respectively. While upon
incubation with positively charged rhodamine 6G, its emission
inside and outside the coacervates are nearly equal, with a parti-
tioning coefficient ~1.16 + 0.4 (Fig. S127}).

The semipermeability and colloidal stability of the caged-
coacervates allow these materials to be used as compartments
To demonstrate that, we
designed a caged-microreactor containing two active enzymes,
glucose oxidase (GOx) and horseradish peroxidase (HRP).
First, GOx and HRP were mixed with the solution of negatively
charged amylose (C-Am). This solution was then mixed with
positively charged amylose (Q-Am) to form the enzyme-carry-

for biomimetic microreactors.

ing coacervates. The caged-microreactors were obtained after
the formation of the SiO,NC shells by mixing the coacervates
with PEG-ul-SiO,NCs or PEG-L-SiO,NCs. The loading efficiency
was measured after centrifuge-based purification process.
Determined via a calibration curve, the loading efficiency of
GOx and HRP were calculated to be 78.3% and 83.2%, respect-
ively (Fig. S13 and S147). Fig. 2c and d shows the distribution
of GOx and HRP inside the caged-coacervates. The enzymes
were labelled with FITC (GOx) and rhodamine b (HRP) for visu-
alization by confocal microscopy. The images show that both
enzymes were encapsulated into the caged-coacervates. The
distribution of the enzymes inside the compartments
depended on the type of SiO,NCs used.

2564 | Nanoscale, 2023, 15, 2561-2566

The core of caged-coacervates stabilized with PEG-SiO,NCs
10 nm showed lower fluorescent intensities of FITC-GOx and
Rhodamine-HRP compared with the fluorescent intensity at
the interface (Fig. S157). The localization of the enzymes at the
interface of coacervates stabilized with PEG-SiO,NCs (10 nm)
is attributed to the larger surface area produced by 10 nm NCs
compared to that of 100 nm SiO,NCs. The larger surface area
lead to an enhanced enzyme adsorption at the interface.*®

The partition coefficients of GOx and HRP were determined
via confocal imaging (Fig. S16%). The values were 42.4 + 11.4
for GOx, and 50.2 + 10.1 for HRP.

Caged-microreactors were tested for their ability to carry out
an enzymatic cascade reaction involving GOx and HRP. The
reaction was started by adding glucose and Amplex Red to a
dispersion of caged-microreactors. Once internalized by the
microreactors, glucose is consumed by GOx to produce hydro-
gen peroxide. The peroxide is then used internally by HRP to
convert a profluorescent substrate, Amplex Red, into the fluo-
rescent product resorufin (Fig. 3b). The speed of resorufin pro-
duction by the microreactors depended on the type of SiO,NC
employed. Resorufin production was slower in microreactors
stabilized by PEG-ul-SiO,NC than in microreactors stabilized
with PEG-L-SiO,NCs (Fig. 3a). These results imply that the
diffusion of glucose depended on the permeability of the
SiO,NC shell. Measurements of the loading efficiency of GOx
and HRP showed that the concentration of these enzymes was
slightly higher in caged-coacervates stabilized by 100 nm NCs
(Fig. S13 and S14%). However, the difference in reaction rate,

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Caged-microreactors from caged-coacervates (a) bright field and time-dependent confocal microscopy images of caged microreactors
stabilized with 10 nm (top) and 100 nm (bottom) PEG-SiO,NCs. The reaction started with the addition of glucose (50 mM, 5 ulL) and Amplex red
(1 mM, 3 pL) to the external medium. The enzymes GOx and HRP were encapsulated in the core of the caged-coacervates. (b) Schematic representa-
tion of caged microreactors. (c) The time evolution of the resorufin produced by the oxidation of Amplex Red by GOx/HRP. Determined by changes
in the fluorescence intensity inside the coacervates (squares) and in the dispersing medium (triangles). 10 nm PEG-SiO,NCs: black lines, 100 nm

PEG-SiO,NCs: red lines. BG: background intensity from external medium.

which is more than twice as large, cannot be explained by the
different loading efficiency alone. The silica cage has a strong
influence on the reaction rate of the microreactor. The more per-
meable PEG-L-SiO,NC shell allowed glucose to rapidly reach the
interior of the microreactors. The higher permeability of the
PEG-L-SiO,NC microreactors also allowed the resorufin product
to be released into the outer medium. Fig. 3c shows plots of the
fluorescence intensity of resorufin production by caged-micro-
reactors over time as a function of SiO,NC type. The plots high-
light the restricting effect of the less permeable SiO,NC shell on
the reaction Kkinetics. These results illustrate how the SiO,NC
coating can be utilized to regulate the substrate diffusion and
release in caged-microreactors.

Conclusions

Caged-coacervates stabilized by silica nanocapsules were fabri-
cated in a one-step process that allowed straightforward assem-

This journal is © The Royal Society of Chemistry 2023

bly of biomimetic microreactors. The silica cage enabled regu-
lation of substrate diffusion into the microreactors, with a
molecular weight cut-off determined by the size of the silica
nanocapsules. The non-covalent interaction of the silica
shell with the coacervate core opens new possibilities for
dynamic control of the interfacial properties in microreac-
tors. For example, the assembly/disassembly of the shell
could be used to dynamically control the permeability to a
wider range of substrates and nano-objects. The modifi-
cation of the interfacial properties could also be used to
induce fusion of different microreactors, allowing the con-
tents of different populations to merge, allowing hierarchical
interactions between compartmentalized chemical systems to
be explored in synthetic cell-like systems. In addition, the
large capacity and high loading of silica nanocapsules could
facilitate the encapsulation of various substances in the core
of silica nanocapsules, such as enzymes, proteins, or photo-
catalysts, which could be used as novel multifunctional
protocells.
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