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The development of enzyme modules by coupling several enzymes in confinement is of paramount
importance to artificial biological reaction systems for efficient enzymatic reactions. Silica nanocapsules
are ideal candidates for loading enzymes. Aqueous core silica nanocapsules have relatively been rarely
reported due to the crux of difficulty in forming dense silica shells by interfacial sol-gel reactions. Herein
we suggest a one-step synthesis of hollow silica nanocapsules with an aqueous core containing enzymes
via a template-free and interfacial condensation method for developing enzyme modules with coupled
enzymatic reactions. As a proof-of-concept, we developed enzyme modules for three useful purposes by
encapsulating a couple of enzymes: (i) development of a miniature glucose sensor, (ii) protection of living
cells, and (iii) regeneration of nicotinamide adenine dinucleotides (NADs). By the modulation of enzymes
using silica nanocapsules, more efficient coupled reactions, separation of enzymatic reactions from sur-
roundings, and easy handling of several enzymes by using a single module could be achieved. Therefore,
our silica nanocapsules for enzyme modules can be promoted as general platforms for developing artifi-

rsc.li/nanoscale cial nanoreactors.

Introduction

The development of enzyme modules by coupling several
enzymes in confinement is of paramount importance to artifi-
cial biological reaction systems. Confining enzymes is signifi-
cant to (i) maintain the high stability of the enzymes, (ii) decou-
ple the reactions from surroundings, and (iii) locally enforce
that several enzymes interact with each other."> An enzymatic
reaction is extremely sensitive and affected by the surroundings.
Besides, many useful enzymatic reactions are carried out
together as coupled reaction steps, including two or more
sequential processes without the isolation of the intermediates.’
Thus, several coupled enzymes can work together more efficien-
tly upon confinement as a single enzyme module.*”

As nanoplatforms for enzyme modules, silica nanocapsules
are ideal candidates for loading enzymes compared to other
containers, like polymersomes and metal-organic frameworks
(MOFs). Polymersomes have the advantage of a large inner
cavity to load hydrophilic enzymes,®'° but they need specially
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synthesized designed copolymers, and the loading efficiency of
enzymes is usually limited."" Zeolitic imidazole frameworks
(z1Fs) are widely used MOF-nanoparticles with loaded
enzymes. The advantage here is that the particles are syn-
thesized at ambient temperatures,">"* but the interference of
enzymatic reactions with metal ions or imidazole derivatives
limits the choice of enzymes. Therefore, an encapsulation pro-
cedure is needed to encapsulate a wide range of enzymes and
a combination of enzymes at room temperature with high
efficiency without the formation of components that may
inhibit the enzymatic reactions.

We encapsulated enzymes with high efficiency at room temp-
erature inside one hollow cavity of silica nanocapsules, ensur-
ing a higher activity of the enzymes after encapsulation. A
silica shell is semi-permeable, meaning that it is impermeable
for enzymes and permeable for the reactants and products of
the reactions.">'® Tremendous efforts have been devoted to
developing hollow silica nanocapsules with an organic core,
which are not favorable to load water-soluble enzymes.'” > In
contrast, aqueous core silica nanocapsules have relatively been
less reported due to the crux of difficulty in forming dense
silica shells by interfacial sol-gel reactions.*’ The hard-tem-
plating synthesis of aqueous core silica nanocapsules is the
most attempted route.””>° Sacrificial template nanoparticles
are utilized during the synthetic process, and then the core is
removed via etching, solvation, calcination, or solubilization,
leaving the enzymes entrapped in the nanocapsules. However,
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the hard template approach is performed under harsh con-
ditions such as in acidic or alkaline solutions, in organic sol-
vents, or at high temperatures to degrade the templates. In
addition, a multi-step fabrication process is required. As most
enzymes are highly sensitive and delicate, such harsh conditions
decrease the activity and stability of enzymes. Even very robust
enzymes, e.g., glucose oxidase (GOX), significantly lose their
activity under such conditions. Thus, a more general, one-step,
and mild synthetic strategy for the encapsulation of a wide
variety of enzymes in silica shells is still demanded. Even though
some studies reported the encapsulation of water-soluble sub-
stances in aqueous core silica nanocapsules by the sol-gel reac-
tions of trichlorosilane precursors, the loading of enzymes has
not yet been demonstrated possibly due to the formation of
hydrochloric acid, which might denature the enzymes.**>'
Herein we propose a one-step synthesis of hollow silica
nanocapsules with an aqueous core containing enzymes via a
template-free and interfacial condensation method for devel-
oping enzyme modules by coupled enzymatic reactions. By
combining two silica precursors, (3-aminopropyl)triethoxysi-
lane (APTMS) and tetraethyl orthosilicate (TEOS), and based
on a water-in-oil miniemulsion, we fabricated hollow and
aqueous core silica nanocapsules through an interfacial sol-
gel reaction. We showed that the sol-gel reaction by fluoride-
catalysis allowed us to preserve the best enzyme due to the
neutral synthetic conditions. Further steps were not necessary
to remove any template. This approach allowed the encapsula-
tion of enzymes by a simplified synthetic procedure and pres-
ervation of the high enzymatic activity. As a proof-of-concept,
we developed enzyme modules for three useful purposes by
encapsulating a couple of enzymes: (i) development of a minia-
ture glucose sensor, (ii) protection of living cells, and (iii)
regeneration of nicotinamide adenine dinucleotides (NADs).
By the modulation of enzymes using silica nanocapsules, more
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efficient coupled reactions, separation of the enzymatic reac-
tions from surroundings, and easy handling of several
enzymes by using a single module could be achieved.
Therefore, our silica nanocapsules can be promoted as general
platforms for developing artificial nanoreactors.

Results and discussion
Synthesis of hollow silica nanocapsules with an aqueous core

To obtain core-shell structures with an aqueous core and a
membrane that is permeable for the substrates of the enzymes
but keeps the enzyme inside, we used the sol-gel chemistry of
siloxanes at the interface of inverse (water-in-oil) mini-
emulsion droplets (Fig. 1b and c). Besides tetraethyl orthosili-
cate (TEOS), which was used as the matrix precursor for the
sol-gel reaction, we added two interfacially active silica precur-
sors to confine the sol-gel process at the interface and thus
generate hollow silica nanocapsules instead of solid matrix
particles. Octyl trimethoxysilane (octyl-TMS) and aminopropyl
trimethoxysilane (APTMS) were used as comonomers, and
their influence on the morphologies of the resulting nanocap-
sules was studied. In the first test reactions, we used ammonia
as the catalyst for the sol-gel reaction, resulting in a pH value
of 11 for the aqueous droplets of the emulsion. Polyglycerol
polyricinoleate (PGPR) was used as the respective surfactant to
stabilize the droplets in an inverse miniemulsion.*> The
miniemulsion process involved a minimal amount of surfac-
tant, which was expected to avoid the denaturation of the
enzymes compared to microemulsion-based synthesis.>® The
molar ratio of the silica precursors was varied, and it was
found that TEOS alone did not lead to the formation of core-
shell structures; additionally, APTMS was found to be a necess-
ary ingredient to obtain core-shell structures (Fig. Sla, Sid
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Fig. 1 Silica nanocapsules with an aqueous core. (a) Scheme of an enzyme-loaded silica nanocapsule. (b) Interfacial sol—gel process in an inverse
miniemulsion of silica precursors catalyzed by fluoride to form hollow nanocapsules. (c) Silica precursors used in this study. (d and e) TEM images of
hollow silica nanocapsules prepared by the sol—gel process in an inverse miniemulsion (APTMS, TEOS, octyl-TMS at a molar ratio of 1:3:2 and

ammonia (5%, 3 M) were used as the silica source).
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and S1ft). With a molar ratio of 1:3:2 = APTMS: TEOS : octyl-
TMS, we successfully obtained hollow silica capsules with an
aqueous core (Fig. S1d and Siet). In addition, octyl-TMS was
not found to be essential for the preparation of the capsules
despite its amphiphilic nature (Fig. S1d to S1ff). Particularly,
the combination of APTMS: TEOS = 1:5 generated core-shell
structures effectively. Similar results were obtained when
APTMS was substituted with the respective ethyl derivative,
aminopropyl triethoxysilane (APTES) (Fig. S21). We assumed
that the amino group on APTMS (or APTES) acted as an
additional catalyst directly at the interface of the mini-
emulsion, facilitating the polycondensation of the silica pre-
cursors at the interface, resulting in a core-shell morphology
instead of a solid particle morphology.®” A molar ratio
APTMS:TEOS = 1:5 was used for further studies. We also
explored the optimal conditions to obtain the nanocapsules in
terms of the total amount of the precursors and the volume of
the dispersed phase. The decreased amount of the silica pre-
cursors tended to form crude silica shells (Fig. S3a to S3ct). An
increased volume of the dispersed phase could generate
cracked silica shells (Fig. S3d to S3f¥).
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P
B Y

APTMS : TEOS
=1:5, with F

View Article Online

Nanoscale

Based on the results above, we replaced ammonia with a
fluoride anion as an alternative catalyst. As several enzymes
are sensitive to basic conditions, their encapsulation at a
neutral pH-value is desirable. With a ratio of APTMS: TEOS =
1:5 and a catalyst loading of ammonia (3 M) or potassium flu-
oride (0.1 mM), hollow silica nanocapsules were obtained
(Fig. 2a and b). Besides, to prepare nanocapsules with a dia-
meter of ca. 600 nm, we added sodium chloride (10 mM) to
the dispersed phase. The addition of sodium chloride
increased the osmotic pressure inside the emulsion droplets,
preventing the fusion and growth of the droplets by Ostwald
ripening. We also formulated tetrasulfide-bond containing
nanocapsules by using APTMS: TEOS : TESPT (bis(triethoxysi-
lylpropyl)tetrasulfide) at a ratio of 1:3.5: 1.5 and 0.1 mM fluor-
ide (Fig. 2c¢). The size distribution and zeta potential of the
nanocapsules are presented in Table S1.f The thickness of the
shell was determined by analysis of the TEM micrographs
(Table S1t) using the Image] software to be between 20 and
35 nm, which allowed the diffusion of small molecules (e.g
glucose; MW: 180 Da) through the shells, as reported
previously.'*?®
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=1:35:1.5, with F
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Fig. 2 Silica nanocapsules prepared by using different catalysts and silica precursors. The TEM images of silica hanocapsules prepared by using
APTMS and TEOS at a 1:5 molar ratio assisted by ammonia (3 M) (a), fluoride (0.1 mM) (b), and APTMS, TEOS, and TESPT at a 1:3.5: 1.5 molar ratio
assisted with fluoride (0.1 mM) (c). 2°Si solid-state NMR spectra of the APTMS/TEOS silica nanocapsules with ammonia (d) and fluoride (e), and the
APTMS/TEOS/TESPT nanocapsules with fluoride (f). (g) Summary of the quantitative analysis of silica compositions in each nanocapsule. (h)

Chemical structure of TESPT.
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Solid-state >°Si magic-angle spinning (MAS) NMR spec-
troscopy revealed the composition of the silica nanocapsules
as derived from the ratios of all the silica precursors, thereby
proving the successful incorporation of all the precursors
(Fig. 2d-f). In quantitative analysis, the APTMS/TEOS nano-
capsules consisted of 41% APTMS (Tiora1) and 59% TEOS
(Qtotal) when using the ammonia-catalyzed protocol, and 48%
APTMS (Tiora1) and 52% TEOS (Qiora1) When using the fluoride-
catalyzed protocol. Considering the silica composition of
APTMS (16.7%) and TEOS (83.3%) in the reactant, APTMS
showed a faster reaction kinetics than TEOS, followed by rapid
polycondensation. The successful incorporation of TESPT in
the APTMS : TEOS : TESPT nanocapsules was identified by an
increased ratio of Ty (60%) generated from APTMS and
TESPT. In our general protocol that intentionally omitted any
porogen, the pore-size was further tuned by the copolymeriza-
tion of a redox-cleavable silica precursor (TESPT; Fig. 2h).
These silica nanocapsules carried additional tetrasulfide link-
ages in their shells, increasing the pore diameters under
reductive conditions but keeping the core-shell morphology
intact and the enzymes inside (see below).

In addition, solid-state '°’F MAS NMR showed that no fluor-
ide remained in the nanocapsules after purification. It was
evident that fluoride did not react with the silica precursors to
incorporate into the nanocapsules and only acted as a catalyst
for the sol-gel reactions (Fig. S4t). The shell wall porosity was
investigated by the Brunauer-Emmett-Teller (BET) gas adsorp-
tion technique. As we did not use a pore-forming agent to

View Article Online
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obtain a mesoporous silica structure, the N, adsorption/dis-
sociation curve showed a surface area of 58.1 m* g~ with a
pore volume of 0.702 cc g”'. According to our previous reports,
this degree of porosity is enough to allow the diffusion of
small molecular substrates for enzymatic reactions, e.g.,
glucose (180 Da) or nicotinamide adenine dinucleotide (663.43
Da), through the silica matrix.">*°

Encapsulation of enzymes into silica nanocapsules

To use the semi-permeable nanocapsules as enzyme modules,
the enzyme activity should remain as high as possible during
the synthesis process. The emulsification step, use of surfac-
tants and organic solvents, chemical reactions, pH-changes,
and shear forces can lead to the denaturation of the enzymes.
We prepared silica nanocapsules loaded with glucose oxidase
(GOX) as a first model enzyme by ammonia or fluoride cataly-
sis and compared the enzymatic activities of the resulting
GOX-loaded nanocapsules. In both cases, core-shell structures
with enzymes inside the aqueous core were obtained (Fig. 3a
and b). No leakage of GOX from the nanocapsules was
observed. Amplex red oxidation was used to assess the enzy-
matic activity of GOX. Compared to native GOX, the fluoride-
catalyzed GOX nanocapsule showed higher remaining enzy-
matic activity (60%), whereas the ammonia-catalyzed GOX
nanocapsule showed 9% of remaining enzymatic activity
(Fig. 3c). This difference in the GOX activity loss can be
explained by the changes in the secondary structure of GOX
under basic conditions (3 M ammonia, pH 11), as proved by
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Fig. 3 GOX-loaded silica nanocapsules: comparison of the catalysts and residual enzyme activities. GOX-loaded silica nanocapsules prepared by
using APTMS and TEOS at a 1:5 molar ratio catalyzed by 0.1 mM fluoride (a) and 3 M ammonia (b). (c) Relative activities of native GOX and loaded
GOX in the nanocapsules. A glucose concentration of 5 mM was used for this assay. (d and e) Tetra-sulfide-gated nanocapsules (molar ratio of
APTMS : TEOS : TESPT = 1:3.5: 1.5) before and after treatment with TCEP (4 mM). (f) Reduction-triggered enhancement of GOX reactions in tetra-

sulfide-gated nanocapsules (purple) after treatment with TCEP (4 mM).
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circular dichroism (Fig. S51), while a fluoride-containing solu-
tion (0.1 mM fluoride, pH 7.4) did not affect the secondary
structure of the enzymes."> The size distribution and zeta
potential of the nanocapsules are presented in Table S2.}

As mentioned above, the incorporation of tetrasulfide groups
was envisioned to tune the pores of the silica nanocapsules.
When nanocapsules, which are composed of APTMS, TEOS,
and TESPT (1:3.5:1.5 molar ratio) with loaded GOX, were
treated with 4 mM tris(2-carboxyethyl)phosphine (TCEP), the
strength of the tetrasulfide linkage had to be reduced. Even
after the reduction, no leakage of the enzymes or collapse of the
core-shell morphology was observed (Fig. 3d and e). However,
the kinetics of the Amplex red oxidation increased by a factor of
2.2 compared to the capsules before reduction (Fig. 3f), which
can be attributed to the widening of the pores in the shell.

Cascade reactions in micro-confinement: GOX to peroxidase

The protocol reported herein allows the simultaneous encap-
sulation of several enzymes to achieve enzymatic cascade reac-
tions inside the confinement of the silica nanocapsules. As a
first proof-of-concept, GOX and horseradish peroxidase (HRP)
were loaded into the same nanocapsule (Fig. 4a). According to
a thermogravimetric analysis (TGA), the encapsulation
efficiency of the two enzymes in a silica nanocapsule was cal-
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culated to be ca. 80% (Fig. S6t). This set of enzymes could be
used in colorimetric glucose sensors through a dye oxidation
reaction, in which the non-fluorescent Amplex red is converted
to fluorescent resorufin. The kinetics of the confined cascade
reaction was compared to that of the same cascade reaction
that occurred between the encapsulated GOX and free HRP;
i.e. the latter dissolved in the continuous phase, requiring the
transfer of the substrate through the shell. The cascade reac-
tion with both enzymes confined inside the same nanocapsule
proved to be ca. 2.5-fold faster compared to the separated reac-
tion (Fig. S77), indicating that the proximity of the two
enzymes increased the reaction efficiency. The encapsulated
enzymes were protected from the environment and could be
easily separated from the reaction products by centrifugation.
This dual-loaded nanocapsule could be utilized for developing
a miniature glucose sensor (Fig. 4b).

Cascade reactions in micro-confinement: GOX to catalase

GOX and catalase (CAT) were loaded into the same silica nano-
capsule (Fig. 5a). According to the TGA measurement, the
loading efficiency of these two enzymes into the silica nano-
capsule was ca. 65% (Fig. S6T). Although GOX is a useful
enzyme for developing glucose-responsive systems, one draw-
back is its generation of the toxic hydrogen peroxide as a
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Fig. 4 Cascade reaction from GOX to HRP. (a) Scheme of the GOX reaction consuming glucose and the HRP reaction to generate fluorescence in a
nanocapsule. (b) Miniature glucose sensor: changes in the fluorescence at different concentrations of glucose.
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Fig. 5 A cascade reaction from GOX to CAT. (a) Scheme of the GOX reaction to produce hydrogen peroxide, and the CAT reaction to degrade
hydrogen peroxide in a nanocapsule. (b) Cell death caused by silica hanocapsules loaded with GOX (red) and loaded with both GOX and CAT

(green).
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Fig. 6 A cascade reaction between LDH and GDH. (a) Scheme of NAD* and NADH regeneration in a nanocapsule. (b) Interconversion of NAD* and
NADH controlled by adding pyruvate and glucose. The increasing absorbance at 340 nm indicates the production of NADH by GDH. The decreasing

absorbance indicates the production of NAD* by LDH.

byproduct. Using CAT can significantly increase the biocom-
patibility of a GOX-based system. Compared to single-loaded
GOX, the co-loaded GOX and CAT showed slower reaction kine-
tics for the oxidation of Amplex red, as the redox process
mediated by CAT removed H,0,. The GOX-loaded silica nano-
capsules were treated with HeLa cells to observe H,0,-
mediated cell death.*® The GOX-loaded nanocapsules led to a
rapid cell death (Fig. 5b) due to H,O, production. In contrast,
when the nanocapsules were loaded with both GOX and CAT,
the cytotoxicity was suppressed due to the competing dispro-
portionation of H,O, by CAT inside the nanocapsules. The
simultaneous encapsulation of the two enzymes in the same
nanocapsule showed a better efficiency in removing hydrogen
peroxide, as the proximity of two enzymes is beneficial for an
efficient cascade reaction from one enzyme to another.*"

Cascade reactions in micro-confinement: an NAD*/NADH
regeneration module

Lactate dehydrogenase (LDH) and glucose dehydrogenase
(GDH) were encapsulated simultaneously in a silica nanocap-
sule (Fig. 6a). According to TGA measurements, the encapsula-
tion efficiency of these two enzymes in a silica nanocapsule
was ca. 85% (Fig. S61). While LDH catalyzes the conversion of
NADH and pyruvate to NAD' and lactate, respectively, GDH
converts NAD' to NADH by consuming glucose. By the combi-
nation of these two enzymes, an efficient module for the pro-
duction of either NAD" or NADH, depending on the substrate
feedstock, is provided and might be used in various NAD'- or
NADH-dependent enzymatic reactions.*” The conversion of
NAD'/NADH was monitored by UV/Vis spectroscopy as the
absorbance at 340 nm changed during reduction/oxidation.
We achieved a cycle of several regeneration processes of either
NAD' or NADH through adding pyruvate or glucose, respect-
ively (Fig. 6b). This two-enzyme system did not generate any
toxic or reactive byproducts (e.g., aldehydes, reactive oxygen
species, or alcohols), making it attractive for biomimetic redox
reactions. As gluconic acid is a byproduct, only a buffered

This journal is © The Royal Society of Chemistry 2020

medium is necessary to keep the module working, making it
easy to combine with other enzymatic pathways.

Conclusions

We developed a general protocol for the preparation of hollow
silica nanocapsules with an aqueous core, which was investi-
gated for the confinement of enzymatic reactions. The combi-
nation of amphiphilic APTMS together with TEOS in an
inverse miniemulsion forced the sol-gel-process to the inter-
face of the droplets, resulting in hollow nanocapsules, without
the need for a template. An efficient formation of silica nano-
capsules was achieved at different molar ratios, and various
concentrations of the silica precursors were used to tailor the
membrane properties of the final nanocapsules. Ammonia
and also fluoride were used as effective catalysts during the
sol-gel-process. Fluoride catalysis enabled the sol-gel reac-
tions at a neutral pH, and therefore the enzymatic activity after
encapsulation was preserved. We explored three different
cascade reactions in the silica nanocapsules. A cascade reac-
tion from GOX to HRP could be used for a miniature glucose
sensor. A cascade reaction from GOX to CAT proved to
decrease the toxicity of the GOX reaction. A cascade reaction
between LDH and GDH allowed a controlled interconversion
between NAD" and NADH. We believe that our protocol to
develop silica nanocapsules can be a general strategy to load a
wide range of enzymes because of the mild reaction conditions
involved. Recently, enzymatic nanoreactors have not only been
used for bio-production and pollutant removal but also
showed potential for therapeutics, micromachines and design-
ing synthetic cells. Our encapsulation technology is a versatile
platform for enzyme-based systems.
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