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Abstract: Living organisms compartmentalize their catalytic reactions in membranes for increased efficiency and
selectivity. To mimic the organelles of eukaryotic cells, we develop a mild approach for in situ encapsulating enzymes in
aqueous-core silica nanocapsules. In order to confine the sol-gel reaction at the water/oil interface of miniemulsion, we
introduce an aminosilane to the silica precursors, which serves as both catalyst and an amphiphilic anchor that
electrostatically assembles with negatively charged hydrolyzed alkoxysilanes at the interface. The semi-permeable shell
protects enzymes from proteolytic attack, and allows the transport of reactants and products. The enzyme-carrying
nanocapsules, as synthetic nano-organelles, are able to perform cascade reactions when enveloped in a polymer vesicle,
mimicking the hierarchically compartmentalized reactions in eukaryotic cells. This in situ encapsulation approach
provides a versatile platform for the delivery of biomacromolecules.

Introduction

Compartmentalization is a key feature of life because it
enables spatiotemporal control over multi-step biological
reactions and metabolic processes in living cells. Cellular
and subcellular compartments (organelles) provide a con-
fined environment that increases the efficiency and selectiv-
ity for enzymatic reactions and separates different biological
processes.[1] In an attempt to decode the rules of life and
develop micro-machines with clinical and industrial value,
researchers have been trying to artificially reproduce the
compartmentalization of biological processes found in
nature by using bottom-up strategies to create synthetic cell
analogues.[2] To this purpose, various micro and nano-
containers (e.g., a myriad of polymer vesicles and capsules,
liposomes, virus-like particles, inorganic cages, and even
enzyme-templated nanocapsules)[3] have been developed
and combined to form multi-compartmentalized vesicles.[4]

Nevertheless, challenges remain for efficient and safe

enzyme encapsulation such as difficulty in loading enzymes
to pre-formed compartments, control of shell permeability,
and structure instability upon environmental changes.[3]

Hollow silica nanocontainers are valuable biomimetic
encapsulation systems due to their married merits of a
capsular configuration (i.e., large internal cargo-reservoir
cavity surrounded by a semipermeable shell that provides
protection and selective permeability) with the mechanical
robustness, porosity, and versatile chemistry of the silica
materials.[5] Although low molecular weight drugs can be
post-loaded into preformed hollow capsules, the macro-
molecular nature of enzymes hinders their diffusion across
the silica shell to the interior.[6] Therefore, in situ compart-
mentalization would be the ideal approach for enzymes.[6a]

Nevertheless, hollow silica nanostructures are typically
formed by using etching or template-mediated approaches[7]

that require the removal of template particles and surfac-
tants by thermal calcination, hydrothermal treatment, or
solvent extraction, which are deleterious for the sensitive
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enzyme molecules.[8] Alternatively, hollow silica nanocap-
sules can be produced without template particles or
surfactants by using a modified amphiphilic precursor that
self-assembles as vesicles around the water-dissolved en-
zymes. However, this process results in enzyme encapsula-
tion efficiency of lower than 50% and requires basic
ammonia solution as a catalyst,[9] which is deleterious for
enzyme activity.[10]

Considering that, herein we developed a universal
approach for the straightforward synthesis of aqueous-core
mesoporous-shell silica nanocapsules (AMSNs) that allows
an in situ, safe, and defined encapsulation of enzymes,
mimicking the functions of natural eukaryotic organelles
and perform complex biological reaction cascades. The
AMSNs were synthesized via an interface-confined sol-gel
process in an inverse (water-in-oil) miniemulsion. The
AMSNs have a large internal cavity to store the enzymes
and a semipermeable shell to keep the enzymes trapped
while allowing the diffusion of reaction substrates and
products. The challenge of restricting the sol-gel reactions to
the water-oil interface without using harsh conditions (i.e.,
ammonia as catalyst, CTAC as templating agent, and
ethanol for surfactant extraction)[11] has been overcome by
simply introducing an amine-containing trialkoxysilane as a
comonomer for common tetraalkoxysilanes during the silica
formation. As outlined in the left part of Figure 1, the
successful formation of a silica shell around the nano-
droplets can be achieved under neutral pH conditions and
without using templating agents. Enzymes can be efficiently
encapsulated in the semipermeable AMSNs, which can
successfully perform enzymatic reactions individually, as
well as be further used as nano-organelles to construct
artificial cells (right part of Figure 1). Furthermore, this
strategy allows controlling the enzyme distribution and the
resulting functionalities and reactions of integrated multi-
organelle systems.

Results and Discussion

In the first part of this study, we encapsulated enzymes
inside the AMSNs by using an inverse (water-in-oil)
miniemulsion process. The enzymes were first dissolved in
water, which was emulsified to form nanodroplets in a
cyclohexane continuous phase. Afterward, silica precursors
were added in order to form a core–shell structure
containing internally dissolved enzymes. Indeed, the key
challenge is an efficient confinement of silica formation at
the oil-water interface, in the absence of any templating
particles, cationic surfactants or strong acid and base as the
catalysts. This is due to the fact that upon contact with the
water phase, alkoxysilanes are hydrolyzed, become hydro-
philic due to silanol groups, and therefore diffuse into the
aqueous droplets to form solid nanoparticles upon secon-
dary nucleation. To overcome this challenge, we introduced
here a second precursor, an amine-containing trialkoxysilane
(APTES), which features an amphiphilic nature that shows
a preferential interfacial accumulation.[12] Moreover, the
amino group of APTES can catalyze the silica hydrolysis
and condensation locally in order to accelerate the silica
formation at the interface. Therefore, after a systematic
investigation, we were able to control the silica condensation
uniquely at the interface based on the mechanism of
controlled hydrolysis kinetics and electrostatic interactions
between tetraalkoxysilanes and APTES.

We performed a systematic study to investigate the
critical roles of APTES for the interfacial confinement of
silica condensation. First, we varied the ratio of APTES to
the comonomer tetramethoxysilane (TMOS) (or tetraeth-
oxysilane, TEOS) (Table S1). Second, we investigated the
effect of the pH value of the aqueous phase (adjusted using
different concentrations of ammonia) on the condensation
by correlating the composition of silica precursors with the
morphology of resulting nanostructures (Figure 2).

From this morphological study, we found some impor-
tant information. First, the use of TMOS or TEOS (Fig-
ure 2a1–a5, S1), or APTES alone (Figure 2e1–e5) in the

Figure 1. Schematic illustration of the interface-confined silica co-condensation process in an inverse miniemulsion for the bioorthogonal synthesis
of AMSNs as nanocontainers for enzymes (left) and their application as nano-organelles in artificial cell systems (right).
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silica source generates only nanoparticles. However, the use
of 16 or 50 mol% APTES mixed with TMOS results in
core–shell capsules (Figure 2b1, c1), confirming the essential
role of APTES for the interfacial confinement of the co-
condensation. Further confirmation of the production of
solid versus core–shell nanoparticles was obtained by
scanning electron microscopy (SEM) (Figures S2 and S3). In
the case of TEOS as comonomer, core–shell capsules are
formed only at 16% APTES, while 50% APTES produces
solid particles (Figure S1). Taken together, these results
show that both the choice of tetraalkoxysilane and its ratio

to APTES are crucial for the interfacial condensation.
Second, when precursors are used separately (Figure 2a, e),
the basic pH value, which accelerates the sol-gel process,
does not lead to the formation of a core–shell structure by
itself. In the case of 16 and 50 mol% APTES in the
mixtures, core–shell capsules are formed at the pH range
from 7.4 to 11.6 (Figure 2b1–b4, c1–c4), while only solid
particles are observed when the pH value is increased to
12.6 (Figure 2b5, c5), indicating that such high pH value
actually does not favor the interfacial co-condensation. The
pH does not have an effect on the particle size (Figure S4).

Figure 2. Correlation between APTES:TMOS molar ratio in the precursor mixture and variations in the aqueous phase pH value with the
morphology of resulting nanostructures characterized by TEM. APTES molar percentage in the precursors increases from top to bottom. The pH
value of the aqueous phase of the miniemulsion increases from left to right. Scale bars=1 μm.
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This systematic study showed that AMSNs can be success-
fully produced under a physiological pH condition (i.e.,
pH 7.4, Figure 2b1, c1), which is ideal for maintaining the
structure and activity of most enzymes to be encapsulated.

To explore in greater depth the above observations, we
first studied the composition of the resulting nanocapsules
(presented in Figure 2b1–b5, c1) by using 29Si MAS NMR
spectroscopy after purification to remove unreacted silica
precursors. Results show that both APTES and TMOS are
indeed incorporated in the silica network (Figure S5). No T1

and Q1 signals are detected, showing the high condensation
degrees of both precursors. The ratios between APTES and
TMOS that were added to the synthesis and the ratios
measured in the final nanocapsules are very similar
(Table 1), showing their equal incorporation during the
interfacial co-condensation process.

We hypothesized that the positive charge, amphiphilicity
and catalytic features of APTES, combined with a fast
hydrolysis kinetic of the comonomer TMOS are the key
factors for an efficient interfacial co-condensation (Fig-
ure 3A). The amino group of APTES has a pKa value of
about 10–10.8.[13] At lower pH values, APTES is positively
charged (APTES+) due to protonation of the amino group,
which increases its hydrophilicity; in contrast to its three
ethoxy groups that are more hydrophobic. Therefore,
APTES+ behaves as an amphiphile at the oil-water interface
prior to hydrolysis of the ethoxy groups. Upon hydrolysis,
the ethoxy groups are converted to hydrophilic silanol
groups. The hydrolyzed APTES+ molecules become more
hydrophilic and tend to diffuse into the water droplet,[12]

explaining why only solid nanoparticles are obtained when
APTES is used alone (Figure 2e). On the other hand, the
comonomer TMOS hydrolyses rapidly after contact with
water. The formed silanol groups have a pKa value about 4–
7,[14] meaning that the hydrolyzed TMOS molecules are
negatively charged under our experimental conditions (i.e.,
pH 7.4–12.6). When a pair of APTES and TMOS is applied,
electrostatic interactions might take place between APTES+

and hydrolyzed TMOS at the water-oil interface.
To confirm the hypothesis that an electrostatic inter-

action enabled the assembly between APTES and TMOS at
the interface, we used the cationic surfactant cetyltrimeth-
ylammonium chloride (CTAC) to replace APTES in the
protocol since it has a long alkyl chain with a positive charge
derived from the quaternary ammonium. Indeed, CTAC can
efficiently confine the silica condensation at the interface to
form core–shell nanocapsules, starting at a molar proportion

of 2 mol% compared to the amount of TMOS at pH 11.6
(Figure 3B a). Although CTAC proved to be efficient for
the AMSNs production, it is important to mention that it
strongly interacts with proteins even at low concentrations,
leading to their denaturation and aggregation,[15] which
makes such an approach unfeasible for the encapsulation of
biomacromolecules. Exposure to CTAC, and other chem-
icals such as ammonia or ethanol, that are often used for
forming silica nanomaterials, drastically reduced the enzyme
activity (Figure S6).

The amino group of APTES can also catalyze the
hydrolysis and condensation of alkoxysilanes by locally
increasing the pH value.[16] To understand this phenomenon
in our model, we studied the hydrolysis kinetics of individual
silica precursors (APTES, TMOS, and TEOS) and their
combinations by 1H NMR spectroscopy. TEOS shows very
slow hydrolysis at pH 7.4, with no hydrolysis observed for
over 20 h (Figure S7). In comparison, TMOS hydrolyzes
relatively fast (Figure 3C), with a half-life (t1/2) of 4.4 h, due
to its shorter alkoxy groups that lead to a faster nucleophilic
hydrolytic reaction.[17] APTES also shows fast hydrolysis (t1/
2=6.3 h, Figure 3C) compared with TEOS due to the
catalytic effect of the amino groups.[18] Corroborating this
idea, compound n-propyltrimethoxysilane (which has a
similar structure as APTES, but does not contain -NH2),
used in a control experiment, does not show any hydrolysis
after 3 h (Figure S8). Furthermore, adding APTES to the
tetraalkoxysilanes accelerated the hydrolysis of both TMOS,
with its t1/2 decreasing from 4.4 h (used alone) to 0.8 h
(Figure 3C), and TEOS (Figure S9). Finally, in the morpho-
logical study, replacing APTES with organosilanes that have
a similar structure but do not contain amino groups leads to
formation of nanoparticles (Figure S10) instead of core–shell
nanocapsules (Figure 2b1).

Although APTES catalyzes the hydrolysis of alkoxysi-
lanes, the intrinsic hydrolysis rate and water-solubility of the
comonomers are critical for an efficient interfacial co-
condensation process. This explains our observation that, at
50 mol% APTES in the precursors, TMOS results in nano-
capsules (Figure 3D b) while only nanoparticles are ob-
tained by using TEOS (Figure 3D d). Due to lower water-
solubility and slower hydrolysis kinetics, only part of the
TEOS molecules hydrolyzed in a short time and available at
the interface for the co-condensation with APTES. There-
fore, the incorporated TEOS amount (51% TEOS:49%
APTES measured by 29Si NMR; Table S2 and Figure S11) is
much lower than the added concentration (84% TEOS:16%

Table 1: Contents of Q(n) and T(n) sites in different samples obtained from 29Si MAS NMR spectroscopy through deconvolution of the spectra.
Samples were washed twice with cyclohexane and then freeze-dried before 29Si MAS NMR measurement. T2�60 ppm, T3�70 ppm, Q2�90 ppm,
Q3�100 ppm, Q4�110 ppm.

Corresponding sample
in Figure 2

% of APTES added
to the synthesis

pH of
water phase

T2 [%] T3 [%] Q2 [%] Q3 [%] Q4 [%] % of APTES
incorporated
(T2 +T3)

b1 16 7.4 9 11 3 42 35 20
b2 16 8.6 5 13 7 32 43 18
b3 16 9.6 7 9 8 31 45 16
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Figure 3. A) Schematic illustration of interfacial silica co-condensation mechanism that results in the formation of core–shell nanocapsules in
inverse (water-in-oil) miniemulsion. B) The correlation between the concentration of cationic surfactant CTAC and the morphology of resulting
nanoparticles by using TMOS or TEOS as the silica source. Scale bars=200 nm. C) Hydrolysis kinetics of silica precursors: APTES, TMOS and
their combination (16 mol% APTES:84 mol% TMOS). D) The correlation between the APTES:TMOS/TEOS molar ratio in silica source and the
morphology of resulting nanoparticles characterized by high resolution TEM. Scale bars=100 nm. E) The morphology of nanoparticles prepared by
using varied concentrations of silica precursors in the emulsion: (a1, a2) 3.6 μLmL� 1, (b1, b2) 7.3 μLmL� 1, (c1, c2) 14.5 μLmL� 1, and (d1, d2)
29.0 μLmL� 1. The percentage of APTES in silica source (APTES+TMOS) is 16 mol%. Scale bars in left images=1 μm, in right images=100 nm.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202216966 (5 of 9) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202216966 by U

niversity O
f T

w
ente Finance D

epartm
ent, W

iley O
nline L

ibrary on [12/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



APTES). As a consequence, an increase in the APTES ratio
in this case leads to precursor migration into the water phase
and the formation of solid particles (Figure 3D d). In
comparison, TMOS, which has faster hydrolysis than TEOS,
results in core–shell nanocapsules (Figure 3D b). Therefore,
fast hydrolysis of the co-precursor is crucial for the co-
condensation with APTES at the interface.

Additionally, the total amount of silica precursors added
to the synthesis is also important. As shown in Figure 3E,
core–shell structures are formed above the concentration of
7.3 μL of the precursor mixture (16 mol% APTES:84 mol%
TMOS) per mL of emulsion. Below that, nanoparticles are
obtained likely because there are insufficient precursor
molecules at the interface to form a connected silica network
in a short time, before the agglomerates of condensed silica
migrate into the water phase due to the increased hydro-
philicity of APTES+. Calculations [using Equation (1)–(4) in
the Supporting Information] show that the use of 14.5 μL of
precursor per mL of emulsion results in feeding densities of
APTES and TMOS on the droplet surface of 13 and
68 moleculesnm� 2, respectively. According to an estimation
[using Equation (5) in the Supporting Information], these
feeding densities should lead to the formation of a 4.2 nm
thick silica layer, assuming 100% conversion and that the
density of the silica layer corresponds to bulk silica density
(2.2 gcm� 3). Such theoretical value is identical to the shell
thickness (ca. 4 nm) measured from the transmission elec-
tron microscopy (TEM) image in Figure 2b1.

The aqueous phase pH value was also further studied for
understanding the interfacial confinement of silica conden-
sation. In addition to 16 or 50 mol% APTES leading to the
formation of nanocapsules in the pH range of 7.4 to 11.6
(Figure 2b and c), their shells look thinner as the pH value
increases. At pH 11.6, collapsed nanocapsules with very thin
shell are observed upon drying (Figure 2b4 and 3D a3).
Remarkably, only solid nanoparticles are obtained at
pH 12.6 regardless of the APTES ratio (Figure 2b5, c5). By
using high resolution TEM, we found that these nano-
particles actually have a core–shell structure composed of a
porous core surrounded by a solid shell (Figure 3D a4, b4).
This inhibited interfacial confinement effect at pH 12.6 was
attributed to two possible reasons. 1) Within the pH range
of 7.4 to 11.6, the alkoxysilane condensation is faster than
the hydrolysis. Above pH 10, the condensation rate starts to
decrease while the hydrolysis rate continuously increases
with the pH value.[19] At pH 12.6, the hydrolysis rate
surpasses condensation, which leads to the migration of
hydrolyzed precursors into the aqueous phase. 2) The
electrostatic confinement of the reaction depends on
APTES positive charge. At pH 12.6, the amino group of
APTES is deprotonated as neutral -NH2, which inhibits its
interaction with hydrolyzed TMOS for keeping the assembly
at the interface.

In the previously described systematic study, ammonia
(which is also a catalyst for the silica sol-gel process) was
used in the aqueous phase of the miniemulsion to intention-
ally vary its pH value in order to understand the role of the
amino group from APTES. In this section, by understanding
that our synthetic approach is based on the electrostatic

interaction between hydrolyzed TMOS and APTES, that
APTES itself can act as a local catalyst for the reaction, and
that a neutral pH is highly desirable in contact with
enzymes, we show that AMSNs can finally be directly
prepared by using ultrapure water (pH 7.0) or PBS (pH 7.4)
as aqueous phases (Figure 4).

As a proof-of-concept study, we used horseradish
peroxidase (HRP) and glucose oxidase (GOD) as model
enzymes to prove that they could be safely encapsulated in
AMSNs under mild conditions. As outlined in Figure 5A,
the idea of encapsulating enzymes in AMSNs through a
bioorthogonal chemistry and process aims to investigate the
following three hypothesis: (i) The in situ encapsulation of
enzymes in the inner cavity results in a high encapsulation
efficiency since all the molecules dissolved in the aqueous
nanodroplets are supposed to be covered by the silica shell.
(ii) The core–shell structure protects the enzymes from
degradation by external proteolytic attack. (iii) Substrates
and products of enzymatic reactions can freely diffuse in and
out from the AMSNs due to the semipermeable silica shell.

HRP or GOD was first dissolved in sodium phosphate
buffer (pH 7.4), which was converted to aqueous nano-
droplets after emulsification, followed by direct encapsula-
tion of the enzymes in the aqueous core of AMSNs after the
silica shell formation. The resulting AMSNs hosting the
enzymes were denoted as HRP@AMSNs or GOD@AMSNs,
respectively. TEM and SEM images show much smaller
pore sizes of the silica shell (Figure 3E and Figure S3) in
comparison to the dimensions of HRP and GOD macro-
molecules (HRP: 6.2×4.3×1.2 nm, GOD: 7.7×6.0×
5.2 nm).[20] Therefore, the leakage of encapsulated enzymes
can be prevented. To quantify the encapsulation efficiency,
we centrifuged consecutively the supernatants of the AMSN
dispersions in order to achieve their maximum separation
from non-encapsulated enzymes remaining in the medium.
After five centrifugations, proteins from the pellets and
supernatants were quantified, showing high encapsulation
efficiency for both HRP and GOD, with 88% and 78% of
the respective enzymes detected in the AMSNs-containing
pellets (Figure 5B), representing ca. 843 HRP and 205 GOD
molecules encapsulated per AMSN, respectively. In compar-

Figure 4. Schematic illustration, and SEM and TEM images of AMSNs
synthesized through an interface-confined silica co-condensation
process, using ultrapure water (pH 7.0, a), b) or PBS (pH 7.4, (c), (d))
as the water phase of an inverse miniemulsion. A combination of
APTES and TMOS (molar ratio of APTES:TMOS=16%:84%) was used
as the silica source.
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ison, centrifugation did not precipitate free enzymes (Fig-
ure S12). Dynamic light scattering (DLS) data show that the
residual enzymes detected in the supernatants are actually
from the small AMSNs that cannot be completely purified
by centrifugation (Figure S13); therefore, corroborating the
idea that all the molecules dissolved in the aqueous nano-
droplets are encapsulated by the silica shell.

To prove the bioorthogonal encapsulation, we inves-
tigated how the conditions of the encapsulation process
(organic solvent, surfactants, and emulsification) or the
diffusion barrier created by the surfactants and silica layers
influence the enzyme activity. We compared the activities of
native enzymes to (i) enzymes emulsified by microfluidiza-
tion, (ii) solubilized enzymes incubated with the two
surfactants (PGPR and Lutensol AT50) that are used for
the nanocapsule preparation, (iii) enzymes emulsified by the
miniemulsion process (i.e., the same used for preparing
AMSNs), but without the silica shell formation step (noted
as enzyme@ME), and (iv) enzyme@AMSNs, which are the
nanoencapsulated enzymes as final products. Figure 5C

shows that after emulsification or incubation with surfac-
tants, enzymes are only slightly less active than in their
native form, suggesting the inertness of these factors against
the biomolecules. However, both enzymes@ME and enzy-
me@AMSNs show slower reaction kinetics, which suggests a
confinement effect that hinders the diffusion of substrates
and products between the two separate phases. The
enzymes@ME are covered with a double surfactant (PGPR
and Lutensol AT50) layer, while AMSN-encapsulated
enzymes present an additional silica shell. Therefore, both
layers likely slow down the diffusion process and conse-
quently reduce the overall reaction speed.

Ideally, the core–shell structure of AMSNs should
protect the enzymes against external proteolytic degrada-
tion, while the porous shell still allows the free diffusion of
low molecular weight substrates and products of the
enzymatic reaction. As shown in Figure 5D, native HRP and
GOD completely lost their catalytic capacity after incuba-
tion with proteinase K for 24 h. In contrast, the activities of
encapsulated enzymes were largely preserved (over 80%

Figure 5. A) Schematic illustration of the in situ encapsulation of enzymes inside AMSNs and the resulting protection against proteolysis.
B) Encapsulation efficiency of enzymes in AMSNs. Supernatants of AMSNs dispersions were centrifuged consecutively in order to achieve a
maximum separation from non-encapsulated enzymes remaining in the medium. After five centrifugations, enzymes from the pellets and
supernatants were quantified by BCA assay. P1-5 represent the pellets after consecutive centrifugation steps. SN represents the remaining
supernatant. C) Comparative activities of enzymes in their native form and after submission to different AMSNs synthesis steps or reagents.
Emulsified=microfluidization; surfactant=PGPR and Lutensol AT50; enzyme@ME=samples emulsified by the miniemulsion process;
enzyme@AMSNs=nanoencapsulated enzymes as final products. D) Native and AMSN-encapsulated enzyme activity after incubation with
proteinase K for 24 h. Results were compared to the activity of native enzymes incubated without proteinase K, which represents 100%. Results
from three independent experiments are presented as mean�SD.
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and 90% for HRP and GOD, respectively) upon proteinase
K attack due to the protection conferred by the silica shell.

Herein, we further prove the conceptual value of
enzyme-encapsulated AMSNs as synthetic organelles. The
efficient encapsulation of enzymes in AMSNs provides a
new approach for constructing robust synthetic nano-organ-
elles that can be integrated into micrometer-sized compart-
ments to create hierarchical cell-like systems. To demon-
strate this, AMSNs nanoreactors carrying HRP and GOD
were encapsulated in micrometer-sized block polymer
(poly(butadiene)-b-poly(ethylene oxide)) giant unilamellar
vesicles (pGUVs) to simulate the nano-in-micro structure of
eukaryotic cells (Figure 6A). Encapsulation was achieved by
a microfluidic assembly method. The combination of stable
dispersions of silica nanoreactors with microfluidics resulted
in high encapsulation efficiency in polymer vesicles. The
multicompartment system consisted of monodisperse poly-
mer vesicles (ca. 62 μm in diameter from microscopy
images), each containing approximately 0.09% (weight) of
HRP@AMSNs and 0.09% of GOD@AMSNs. The micro-
reactors were capable of processing a model substrate
(Amplex Red) through its oxidation to a fluorescent product
(resorufin) (Figure 6B). The reaction begins with the
addition of Amplex Red in DMSO to the external aqueous
medium. The Amplex Red diffuses and is taken up by the
microreactors, triggering a two-step cascade reaction deter-
mined by the AMSN nanoreactors. The maximum
fluorescence intensity measured by confocal laser scanning
microscopy (CLSM) was reached after approximately 80
seconds (Figure 6C). When substrate (Amplex red) was
supplied at a higher concentration of 150 μM, the reaction
can be maintained for more than 20 min (Figure S14).

Additionally, enzymes encapsulated in silica nanocapsules
reached the maximum fluorescence intensity faster than free
in-bulk enzymes, which can be attributed to the protection
of silica shell that prevents undesired interactions of enzyme
with the polymersomes as well as the higher enzyme
concentration in nanocapsules that leads to fast reaction
kinetics (Figure S15).

Conclusion

We developed a universal approach for the straightforward
synthesis of aqueous-core semipermeable silica nanocap-
sules through an interface-confined sol-gel process. This in
situ encapsulation approach provides quantitative encapsu-
lation of enzymes with almost 100% loading efficiency that
overcomes the conventionally uncontrolled loading by
adsorption to the particles. The semi-permeable silica shell
keeps enzymes enclosed and protected, while allowing the
necessary mass exchange with the environment for the
enzymatic reactions. We successfully used the enzyme-
carrying nanocapsules as nano-organelles in a cell-like
system, showing that individually encapsulated enzymes can
perform cascade reactions in a multi-compartmentalized
environment, mimicking the structure and reactions of
eukaryotic cells. Moreover, the internal space of nano-
capsules provides a confined environment for efficient
cascade reactions of enzyme pairs by increasing the local
concentration of intermediate products, which is a valuable
feature for further regulating the multi-step reactions and
mimicking complex biological processes in the cells.
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Figure 6. Cell-like multi-compartmentalized microreactors composed of
AMSN-nanoreactors. A) Confocal laser scanning microscopy (CLSM)
images showing the separated and merged emission of nanoreactors
containing HRP and GOD. The nanoreactors were labelled with CY5
and FITC, respectively. B) Schematics of the HRP/GOD microreactor
illustrating the oxidation of Amplex Red to form the fluorescent
resorufin product. C) Conversion of Amplex Red obtained by image
analysis of CLSM data. The inset shows micrographs at time zero and
150 s (end point). The initial concentration of glucose and Amplex Red
were 30 mM and 2.44 μM, respectively. Scale bar 100 μm.
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