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ABSTRACT: Hollow silica nanospheres (HSN) with low densities, large
interior spaces and permeable silica shells are suitable for loading
enzymes in the cavity to carry out intracellular biocatalysis. The porous
shell can protect the encapsulated enzymes against proteolysis and
attenuate immunological response. We developed a microemulsion-
templating method for confining horseradish peroxidase (HRP) in the
cavity of HSN. This simple one-pot enzyme encapsulation method allows
entrapping of the enzyme, which retains high catalytic activity. Compared
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with HRP supported on solid silica spheres, HRP@HSN with thin porous silica shells displayed better enzyme activity. The small
HRP@HSN (~50 nm in diameter), giving satisfactory catalytic activity, can act as an intracellular catalyst for the oxidation of the
prodrug indole-3-acetic acid to produce toxic free radicals for killing cancer cells. We envision this kind of hollow nanosystem
could encapsulate multiple enzymes or other synergistic drugs and function as therapeutic nanoreactors.
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1. INTRODUCTION

Cell organelles enclosed in membrane boundaries contain
multiple enzymes to mediate signal transductions, negotiate
metabolic reactions, and modify specific molecules to functional
products. In a bio-inspired approach, encapsulating enzymes in
hollow nanocarriers to create an optimal nanospace mimicking
biocompartments will be very interesting. This nanoreactor
would be suitable for biomedical applications such as enzyme
replacement therapy or controlling cell fate."” The desirable
nanoreactor should possess three functional domains: an
interior reaction space, a permeable shell and the confined
enzymes. In the cavity, enzymes are flexible and allow cascade
reactions to occur. The outer shell should not only shield off
external biological environments protecting interior enzymes
from proteases digestion but also permit transport of generated
active products to the cytoplasm. Furthermore, attenuate
immunological responses may be expected.

To date, synthetic nanoreactors for intracellular delivery are
still mostly at the conceptual stage. Reported examples are few
and most are in test tube demonstrations. Only a few examples
have been reported in cellular studies using protein—polymer
systems.”~” Mesoporous silica has been shown to be a good
material for encapsulating enzymes.'®™"® Enzyme immobiliza-
tions within various mesoporous materials such as MCM-41,
SBA-15, FDU-12 and amorphous solid silica for biocatalysis
have been comprehensively studied. However, most of the
particles were large and few studies were applied in living
cells.'*™'8

For biomedical delivery of this envisioned nanoreactor with
size-selective permeating shell and large cavity, hollow-type
mesoporous silica nanoparticles would be most desirable.'” '
The encapsulate of agents of various functionalities, such as
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photoactive, magnetic or catalytic properties, inside the hollow
cavity would further enhance its multifunctional applications.
Recently, Huang et al. and Lim et al. synthesized hollow
particles with large surface pores to trap proteins for delivery
purposes.””*® Cao et al. reported hierarchically structured
hollow silica that can be used to load enzymes via postsynthesis
adsorption.”* The enzyme loaded nanoparticles displayed good
bioactivity, high enzyme stability and low leaching effect in a
test tube study. However, it was not clear what the fraction of
the loaded enzymes is inside the hollow particles. In addition,
the micrometer size of the particles is not conducive to cellular
uptake.

Current synthetic strategies to encapsulate enzymes in
hollow nanostructures are tedious.”> Hollow particles prepared
from hard templating processes entail removal of the template
by calcination or etching in a harsh condition. Either in situ
encapsulation of enzymes during the preparation of hollow
spheres or backfilling the interior cavity of hollow particles is
challenging.*® One then would either have destroyed the fragile
enzymes if preloaded or have the difficult task of ship-in-bottle
in enzyme loading after the shell was formed. In this work, we
report a novel one-pot synthesis of horseradish peroxidase
(HRP) encapsulated hollow silica nanspheres (HRP@HSN),
based on templating reverse microemulsions. This water-in-oil
(w/0) microemulsion approach employs an aqueous enzyme
solution and allows entrapment of enzymes inside the final
solid particles. Hollow silica nanoparticles with encapsulated
enzymes were formed without any template-removing
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processes after soaking in warm water with stirring (at 40 °C,
40 min). This approach is mild and the enzyme HRP could
retain a high catalytic activity. Furthermore, the protected
enzymes will be highly stable in a cellular environment. We will
show the silica shell protects the enzymes against denaturants
or proteolysis. Recently, Chiu et al. reported enzyme-
encapsulated silica nanoparticles show some enzymatic function
in “culture media”.*” However, a nanoreactor working in “living
cells” to serve as an artificial biocompartment has not yet been
achieved.

An active enzyme encapsulated hollow sphere with effectual
catalytic activity, high stability, membrane permeability and cell
biocompatibility offers a new direction for enzyme therapies. A
challenging issue in cancer treatment is to reduce the side
effects of the injected highly toxic anticancer agents. An enzyme
therapy solution is to use enzymes that are able to convert a
relatively nontoxic prodrug precursor into the active drug form.
Although the prodrug is the inactive form and can be delivered
to the blood, the products of the prodrug cleavage are highly
cytotoxic and show their effect only in the vicinity of tumor
cells. In this work, we test the encapsulated HRP in an
enzyme—prodrug therapy strategy. With low cellular toxicity,
the prodrug indole-3-acetic acid (IAA) had been suggested as a
potential prodrug for cancer therapy because it could be
transformed into free radicals by HRP.”** The internal HRP in
the porous hollow silica nanospheres will be shown to activate
the prodrug indole-3-acetic acid (IAA) intracellularly to
cytotoxic peroxyl radicals that trigger the killing of cancer
cells. The concept of enzyme-prodrug is demonstrated on the
particular HRP and IAA system based on hollow silica
nanospheres.

2. EXPERIMENTAL SECTION

2.1. Synthesis of HRP@HSN, HRP supported on solid silica
spheres (HRP@SSN), HSN and SSN. Solid/hollow silica nano-
spheres were synthesized by a reverse microemulsion method.
Typically, 20 mL of decane, 1.63 mL of CA-520, 550 L of n-hexanol
and 350 uL of H,O with or without HRP (1.3 mg/mL) were mixed at
room temperature to generate the water-in-oil microemulsion. Then,
silica sources (100 puL of tetraethylorthosilicate (TEOS) and 25 uL of
ethanolic 3-aminopropyltrimethoxysilane (APTMS) solution) were
added with stirring. The ethanolic APTMS solution was prepared by
adding 200 uL of APTMS to 1.4 mL of absolute ethanol. After 10 min,
250 pL of aqueous ammonia (28—30 wt %) was introduced to the
mixture and the mixture was stirred for 8 h at 20 °C. Then, 95%
ethanol was added to destabilize the microemulsion system and solid
products were centrifuged at 15,000 rpm for 15 min. To obtain the
hollow structure, the samples were suspended in 70 mL of warm water
(40 °C) and stirred for 40 min, isolated via centrifugation to obtain
HRP@HSN or HSN (without adding HRP). HRP@SSN and SSN
were prepared by the same procedure as above except eliminating
APTMS and the water soaking step in the preparation.

2.2. Synthesis of HRP@F-HSN and F-HSN. F-HSN and HRP@
F-HSN were synthesized by the aforementioned procedure, except
that 25 uL of ethanolic FITC-APTMS solution was used in place of 25
puL of APTMS ethanolic solution. Ethanolic FITC-APTMS solution
was prepared by adding 10 mg of fluorescein isothiocyanate and 200
UL of APTMS to 1.4 mL of absolute ethanol in the dark for 24 h under
stirring.

2.3. HRP-Encapsulation Efficiency and Loading Yield. To
determine encapsulation efficiency and loading yield, RITC-labeled
HRP was prepared. HRP (3 mg) was dissolved in 0.1 M sodium
bicarbonate solution (pH: 9) at a concentration of 6 mg/mL.
Rhodamine B isothiocyanate (2.4 mg) was dissolved in 100 uL of
dimethyl sulfoxide (DMSO) and 50 uL of dye solution was added to
the protein solution. After the mixture was stirred for 12 h at 4 °C, the
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unreacted rhodamine B isothiocyanate was removed by dialysis and
the HRP-RITC was encapsulated in HSN or SSN by the
aforementioned method.

HRP-RITC@HSN (0.24 mg) or HRP-RITC@SSN (0.45 mg) was
dissolved in 1 mL of NaOH (IN) and the amount of HRP-RITC
encapsulated was read out from a calibration curve established by
plotting the fluorescence of free HRP-RITC versus the concentration
of HRP-RITC. HRP-encapsulation efficiency and loading yield were
defined as the following: encapsulation efficiency (%) = mass of HRP-
RITC in the HSN (SSN)/initial mass of HRP-RITC. Loading yield =
mass of HRP-RITC in the HSN (SSN)/mass of HRP-RITC@HSN
(HRP-RITC@SSN).

2.4. Characterization. The morphologic features and size of each
product were characterized by TEM (Philips CM 100) at 80 kV, and
images were recorded with a Gatan Orius CCD camera. Ethanolic
suspension of sample was dropped onto a carbon-coated copper grid,
air-dried and examined. For negative staining, the sample was soaked
in 2% aqueous urayl acetate (UA) for 1 h with stirring. Then, a drop of
the nanoparticle suspension was placed on a copper grid for imaging.
Particle DLS size and zeta potential in deionized (DI) water, DMEM,
and after stabilized with 2 mg/mL BSA in DMEM were measured by
using a Zetasizer Nano (Malvern; Worcestershire, United Kingdom).
Then, 0.35 mg of each sample with or without BSA stabilization was
suspended in 1 mL test solutions. After ultrasonication for 3 min,
solutions were transferred to 1 mL capillary cells for zeta assays, or
transferred to plastic cuvettes for DLS measurements.

2.5. HRP Activity Assay. For the catalytic activity measurements,
samples were suspended in 750 uL of sodium phosphate buffer
solution (10 mM phosphate and 150 mM NaCl, pH 7.2) containing
80 uM H,0,. Then, 750 uL of o-phenylenediamine (0-PD) solution
prepared in sodium phosphate buffer (0.4—3 mM) was added. After
incubation for 1 h at room temperature, the absorption spectra of the
oxidation products were recorded by a UV—vis spectrophotometer
(Jasco, V-650). The kinetic study of the catalytic reaction was
monitored using a microplate reader (Bio-Rad, model 680) at 415 nm
(16 700 M™! cm™") and Michaelis—Menten parameters (K,,, V;.,, and
k...) were obtained using a Lineweaver—Burk plot (1/v vs 1/[S], v =
rate, S = concentration of the 0-PD) and calculated from the fitting:

1K1 1, Vo
v V. [S] v ™ [E]

2.6. Stability of Encapsulated HRP in the Presence of
Trypsin and Urea. Because the high concentration of trypsin will
intervene o-PD assay, we chose 3,3',5,5-tetramethylbenzidine (TMB)
instead of 0-PD to determine enzyme activity. Briefly, native HRP (1.6
X 1073 pug) or HRP@HSN (3 X 1072 ug) was incubated in S0 uL of
phosphate citrate buffer containing 2 mg/mL trypsin at 50 °C. A
phosphate citrate buffer (pH: 5.4) was prepared by 0.2 M Na,HPO,
and 0.1 M citric acid at a mixing ratio of 1.25:1 (v/v). After incubation
for 1, 2 or 3 h, 850 uL of phosphate citrate buffer, 50 uL of TMB
solution (0.02 M in DMSO) and S0 uL of H,0, (0.02 M in DI water)
were added. After 15 min, the absorption of TMB charge-transfer
complex at 655 nm was determined.

To test the stability of protein against urea, native HRP (1.6 X 1073
ug) or HRP@HSN (3 X 1072 pg) was dispersed in 50 uL of
phosphate citrate solution containing 6 M urea at 37 °C for 10, 30 or
60 min. Then, 850 uL of phosphate citrate buffer, S0 uL of TMB
solution (0.02 M in DMSO) and S0 uL of H,0, (0.02 M in DI water)
were added. After 15 min, the absorption at 655 nm was determined.

2.7. Cell Culture. HeLa cells obtained from the American Type
Culture Collection (Manassas, VA) were maintained in Dulbecco’s
modified eagles medium (DMEM; GIBCO) with 10% fetal bovine
serum (FBS; GIBCO), 100 U/mL penicilln and 100 pg/mL
streptomycin (GIBCO) at 37 °C in a humidified 5% CO, atmosphere.
When adherent cells reached ~60—70% confluence, they were
detached with 0.25% trypsin-EDTA growth medium to allow for
continued passaging.

2.8. Flow Cytometry Analysis. The uptake efficiency of particles
by HeLa cells was determined by a FACSCalibur flow cytometer and
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Scheme 1. Schematic Illustration for the Synthesis of Horseradish Peroxidase Encapsulated Hollow Silica Nanosphere (HRP@

HSN)“
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Figure 1. Transmission electron microscopy (TEM) images of horseradish peroxidase encapsulated silica nanospheres. (a) HRP@HSN, (b) HRP@
SSN and (c) HRP@HSN stained with uranyl acetate (UA). UA-staining showed the enhanced electron density in the cavity of HSN. Scale bars are

50 nm.

CellQuest Pro software (Becton Dickenson, Mississauga, CA). The
green emitting fluorescein dye incorporated in F-HSN and HRP@F-
HSN serves as a marker to quantitatively determine their cellular
uptake. Here, 2 X 10° cells were seeded in 6-well plates and allowed to
attach for 24 h. Cells were incubated with 30, 60 or 100 ug/mL of
BSA-stabilized particles in a serum-free medium for 2.5 h. Treated cells
were then washed twice with PBS and then harvested by
trypsinization. After centrifugation, the cells were resuspended in
trypan blue solution to quench the fluorescence of particles adsorbed
on the cell surface and flow cytometry analysis was carried out.

2.9. Confocal Fluorescence Microscopy Examination. Cells
were seeded at the density of 2 X 10° cells per well in 6-well plates
with cover glasses at the bottom of the wells and allowed to attach for
24 h. After incubation with BSA stabilized HRP@F-HSN or HRP-
RITC@F-HSN (20 pug/mL) in serum-free medium for 2.5 h, cells
were washed twice with PBS and then fixed in a 4% formaldehyde PBS
solution at room temperature for 10 min. For actin skeleton staining,
the cells were washed with PBS three times and incubated with 0.2%
Triton X-100 and then 5% bovine serum albumin in PBS for 10 and 60
min, respectively. Rhodamine phalloidin was used for staining the
filamentous actin skeleton at room temperature for 60 min. Then,
treated cells were stained with 4’,6-diamidino-2-phenylindole (DAPI)
in PBS (1 ug/mL) for 10 min at room temperature, washed twice with
PBS, and then fluorescence images were obtained with a confocal
microscope (TCS SPS, Leica).

2.10. Co-Localization Examination. Cells were seeded at the
density of 2 X 10° cells per well in 6-well plates with cover glasses at
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the bottom of the wells and allowed to attach for 24 h. Cells were
cocultured with an endosome marker N-(3-triethylammoniumpropyl)-
4-(4-diethylaminophenylhexatrienyl) pyridinium dibromide (FM 4-64)
(5 pg/mL) and BSA stabilized HRP@F-HSN (20 pg/mL) in serum-
free medium. After 2.5 h of incubation, cells were washed twice with
PBS and then fixed in a 4% formaldehyde PBS solution at room
temperature for 10 min. Then, treated cells were stained with DAPI in
PBS (1 pug/mL) for 10 min at room temperature, washed twice with
PBS and then fluorescence images were obtained with a confocal
microscope (TCS SPS, Leica).

2.11. Application of HRP@HSN for Cancer Therapy. A total of
2 X 10* cells were seeded in 24-well plates and allowed to attach for 24
h. To determine the dose effect of IAA on particle-treated cells, HeLa
cells were incubated with BSA-stabilized HSN or HRP@HSN (100
ug/mL) for 2.5 h. After two washes with PBS, cells were exposed to
IAA at different concentrations for 24 h. The cell viability was
determined by WST-1 assay.

To determine the dose effect of native HRP and particles on cell
viability, HeLa cells were incubated with BSA-stabilized HSN or
HRP@HSN at concentrations of 60 and 100 ug/mL for 2.5 h. The
doses of native HRP were equivalent to that of HRP encapsulated in
60 and 100 mg/mL HRP@HSN, respectively. After two washes with
PBS, cells were exposed to 7.5 mM IAA for 24 h and cell viability was
determined by a WST-1 assay.

dx.doi.org/10.1021/am500701c | ACS Appl. Mater. Interfaces 2014, 6, 6883—6890
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Table 1. HRP Loading and Catalytic Activity of HRP@HSN, HRP@SSN and Native HPR

HRP-encapsulation efficiency loading yield
sample (%)* (ug HRP/mg particle)b
HRP@HSN 15.0 (£0.8) 18.6 (£2.3)
HRP@SSN 7.5 (+0.3) 54 (+02)
native HRP

turnover number® relative activity

Ky (M)° Vi (nM/5)? (ka) 57 (%)

54.8 (£1.9)  2.65 (+0.1) 33.1 (+1.6) 47.1 (£2.3)
61.5 (+7.8) 247 (+0.1) 22.7 (+0.5) 324 (+0.7)
43.0 (£79)  3.18 (+0.1) 70.0 (+1.9) 100 (+2.7)

“Encapsulated efficiency (%) = mass of HRP-RITC in the HSN (SSN)/initial mass of HRP-RITC. bLoading yield = mass of HRP-RITC in the HSN
(SSN)/mass of the HRP-RITC loaded HSN(SSN). °K,: A parameter related to the rate constant. 4y The maximum reaction velocity. ke,

Turnover number. K, V... and k

were obtained using a Lineweaver—Burk plot. The k., value of native HRP was used as 100% catalytic activity.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Enzyme
Encapsulated Nanospheres. HRP@HSN was synthesized
by a modification of a water-in-oil (w/o0) microemulsion
templating approach reported in our earlier study.*® In brief, an
aqueous solution containing HRP was emulsified in an oil
system containing a surfactant (isooctylphenyl ether, CA-520),
cosurfactant (n-hexanol) and organic solvent (decane). After
the silica sources tetraethoxysilane (TEOS) and amino-
propyltrimethoxysilane (APTMS) and aqueous ammonia
were introduced, the water-in-oil (w/0) mixture was stirred
for 8 h at 20 °C to form HRP-entrapped silica nanoparticles.
Hollow HRP@HSN was formed after the nanoparticles were
further suspended in warm DI water (40 °C) for 40 min
(Scheme 1) and washed with water, which is critical to the
transformation of silica spheres to HSN.>® We also synthesized
HRP entrapped solid silica spheres, HRP@SSN, for activity
comparison by eliminating APTMS and the water soaking step
in the preparation. Transmission electron microscopy (TEM)
images showed the enzyme encapsulated particles with a
diameter of ~50 nm (Figures lab and S1, Supporting
Information) and an internal hollow cavity of HRP@HSN
with a diameter of about 30 nm. To confirm that HRP was
entrapped in particles, HRP@HSN and HSN were negatively
stained with uranyl acetate (UA). As shown in Figures 1c and
S2 (Supporting Information) (in comparing with HSN without
HRP (control)), the TEM images displayed an enhanced
electron density inside HSN but no staining outside HSN was
observed. This indicates that the enzyme was indeed mostly
entrapped inside the hollow spheres. Dynamic light scattering
(DLS) measurements (Table S1, Supporting Information)
showed that the hydrodynamic sizes of HRP@HSN and HSN
were 1749 (£5.8) and 191.5 (+£3.6) nm, respectively,
indicating little aggregation of the nanoparticles. In addition,
the nanoparticles showed positive zeta potentials in water, 20.5
(£0.5) and 21.6 (£0.5) mV, respectively (Table S1, Supporting
Information). We carried out washing experiments to contrast
the enzyme entrapment effect and adsorption effect between
HSN and SSN (solid silica nanoparticle). We synthesized HRP-
RITC (rhodamine B isothiocyanate labeled HRP) encapsulated
in two kinds of nanoparticles, HSN and SSN, and employed
them in the washing experiments (see the Supporting
Information for the detailed method). In addition to the
encapsulated in particles, the same amount of HRP-RITC (18.6
ug) (1 mg of HRP-RITC@HSN or 3.4 mg of HRP-RITC@
SSN) was adsorbed onto the external surface of HSN or SSN
by soaking with the nanoparticles for 60 min and these
nanoparticles are served as control groups. All four kinds of
nanoparticles were suspended in acidic DI water (pH 2.0)
separately. At each washing cycle, the fluorescence of the
nanoparticles was examined. After five washing cycles, almost
no leakage of HRP-RITC from HRP-RITC@HSN or HRP-
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RITC@SSN was detected, whereas the adsorbed nanoparticles
(controls) showed gradual-release of the HRP-RITC (Figure
S3, Supporting Information). Therefore, washing experiments
show that in HRP-RITC@HSN HRP was indeed encapsulated
inside the hollow interior and entrapped in HSN.

Because the dye-doped nanoparticles displayed enhanced
brightness in fluorescence,>"*> which was attributed to the
shielding effect, the encapsulation amount could not be
determined directly from the fluorescence of the suspended
nanoparticles. We determined the entrapped HRP-RITC in
HRP-RITC@HSN and HRP-RITC@SSN by dissolving the
nanoparticles in IN NaOH and the amount of HRP-RITC
encapsulated was determined from a calibration curve
established by plotting the fluorescence of free HRP-RITC
versus the concentration of HRP-RITC under the same
condition (in IN NaOH) (Figure S4, see the Supporting
Information for the detailed method). The HRP encapsulation
efficiency and loading yield are calculated and summarized in
Table 1; approximately 15.0% and 7.5% of added HRP were
encapsulated in HSN and SSN respectively, whereas each type
of nanoparticles contained about 18.6 and 5.4 ug of HRP per
milligram of HSN and SSN, respectively. The higher
percentage of encapsulation of HRP in HSN is expected
because the interior space is higher than the external surface.
We note here that the efficiency of 15% is also higher than
those reported for other nanoparticle systems generally.*® This
is probably due to the fact that enzymes are limited in the tiny
water phase in the reverse w/o microemulsion. However, in this
work, the amount of loading was deliberately kept low, so that
protein aggregation within hollow spheres is avoided.

3.2. Activity of Encapsulated HRP. We examined the
enzyme activity of HRP@HSN and HRP@SSN using o-
phenylenediamine (o-PD) as the substrate.>® Figure SSa
(Supporting Information) is a dose-dependent UV—vis
spectrum of o-PD showing successive oxidation of o-PD in
the presence of HRP@HSN. The Lineweaver—Burk plot and
Michaelis—Menten parameters (V,., K, and k) of those
entrapped enzymes along with native HRP are displayed in
Figure SSb (Supporting Information) and Table 1. HRP@SSN
(K, = 61.5 uM) showed a higher K,, value than that of HRP@
HSN (K,, = 54.8 uM) and native HRP (K, = 43.0 uM). This
indicated that different silica matrices may slightly affect the
affinity between HRP and its substrate, o-PD. The turnover
number of the HRP@HSN (k_,: 33.1 s!) was less than that of
native HRP (k_,: 70.0 s™') but higher than that of HRP@SSN
(ke 22.7 s71). The enzyme activity of HRP@HSN and HRP@
SSN was 47.1% and 32.4% of the native HRP, respectively. This
decrease of catalytic activity for encapsulated enzymes is in
agreement with literature reports on other systems” that may
be attributed to the lowered diffusion rate of the substrates
across silica shell to HRP. When HRP was entrapped in the
silica spheres such as SSN, silica matrix hindering the access of
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Figure 2. Stability of native HRP and HRP@HSN against denaturing environments. The enzymatic activity was measured after native HRP or
HRP@HSN was treated with (a) 2 mg/mL trypsin at 50 °C or (b) 6 M urea at 37 °C at the indicated times. The relative activity of HRP was
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Figure 3. Confocal microscopy analysis of HRP@F-HSN in HeLa cells. (a) Internalization of HRP@F-HSN (green) by HeLa cells. The cell skeleton
was stained with rhodamine phalloidin (red). (b) The cells treated with HRP@F-HSN were stained with the endosome-specific marker FM 4-64
(red, S ug/mL) and analyzed for an endosomal colocalization. The blue color is 4',6-diamidino-2-phenylindole (DAPI)-stained nuclei.

the substrates and HRP@SSN showed the lowest catalytic
activity. Thereafter, hollow spheres are examined further as a
nanocarrier for enzyme activity.

3.3. Silica Shell Protects HRP. Poor stability and protease
digestion are concerns in the enzyme-based therapeutics. We
then examined the stability of HRP@HSN in the presence of a
protease. As shown in Figure 2a, after exposure to 2 mg/mL
trypsin at 50 °C for 3 h, native HRP lost almost all its activity,
whereas activity of HRP@HSN still remained almost full, at
about 98%. In comparison, in a recent report of HRP
encapsulated in semipermeable polymer, only 20% activity
remains after proteolysis.”> Trypsin may be too big a molecule
to diffuse across the silica shell. Next, we examined enzyme
stability in the presence of the denaturant, urea. Figure 2b
shows that after incubation with 6 M urea for 60 min, HRP@
HSN maintained its activity at 71% of its initial activity whereas
that of the native HRP only remained at 17%. Apparently, the
barrier of the porous shell can prevent some of the urea
diffusing into the interior of HSN. A few broken silica shells
seem to have occurred in the urea environment in the initial 10
min of exposure but intact particles still kept enzyme stability
stable afterward, so that the activity of HRP@HSN remained
constant under 30—60 min of treatment. The significantly
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increased stability in the urea environment may also be partly
due to the confinement effect of the hollow cavity where the
3D structure of the entrapped enzyme was difficult to unfold.

3.4. Cell Uptake of HRP@HSN. Up to now, hollow
nanostructured materials have been used for diagnosis, cell
imaging and stimuli-responsive drug release.*****” However,
little has been reported on HSN to encapsulate enzymes for
biomedical purposes. Also, we have shown the silica shell of
HSN protected the interior HRP and possessed semipermeable
properties of small molecules. These advantages provided
opportunities for their uses in intracellular biocatalysis. For
cellular studies, we then further characterized the physicochem-
ical properties of nanoparticles in biological media. HRP@HSN
exhibited a negative surface charge in the culture medium,
DMEM, and significant aggregation of HRP@HSN occurred
upon dispersal in DMEM (Table S1, Supporting Information).
To improve the particle dispersion in a biological environment,
we treated HRP@HSN with 2 mg/mL BSA.*® DLS size
indicated that BSA significantly improved particle dispersal in
DMEM, probably due to the formation of protein corona on
the particle surface.® The zeta values of BSA-coated HRP@
HSN and HSN were —12 and —12.9 mV in DMEM,
respectively.
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Figure 4. Cell viability of HRP@HSN- and HSN-treated cells in the presence of indole-3-acetic acid (IAA). (a) Dose effect of HRP@HSN, HSN
and native HRP on cell viability. HeLa cells were treated with HRP@HSN or HSN at doses of 60 and 100 pg/mL for 2.5 h. The dose of native HRP
was equivalent to that of HRP encapsulated in 60 and 100 mg/mL HRP@HSN. The cells were then washed with PBS and exposed to 7.5 mM IAA
for 24 h. (b) Dose effect of IAA on particle-treated cells. HeLa cells were treated with or without 100 pg/mL particle for 2.5 h, followed by PBS
washing and incubation with IAA at doses of S, 6 and 7.5 mM for 24 h. The cell viability was processed with a WST-1 assay using 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium and normalized to cells only without any treatment. * p-value <0.05; ** p-value <0.001.

To visualize the cellular uptake of BSA-stabilized nano-
particles, we conjugated HRP@HSN and HRP-RITC@HSN
with fluorescein isothiocyanate (FITC) to form HRP@F-HSN
and HRP-RITC@F-HSN (see section 2 for the detailed
method). Confocal microscopy images (Figure 3a) show that
HRP@F-HSN (green channel) was internalized into cells. A
colocalized image (Figure S6, Supporting Information, yellow
channel) of F-HSN (green) and HRP-RITC (red) indicates
HSN kept the enzymes steady in its interior cavity in the
cellular environment for 24 h. We next employed flow
cytometry to quantify the cell uptake of the nanoparticles.
Figure S7 (Supporting Information) shows the remarkably high
cellular uptake of HRP@F-HSN and F-HSN at the treated
doses of 30, 60 and 100 ug/mL for 2.5 h. The mean
fluorescence intensity calculated from Figure S7 (Supporting
Information) exhibited a dose-dependent uptake behavior of
nanoparticles by HeLa cells (Figure S8, Supporting Informa-
tion).

3.5. Cytotoxicity and Distribution Pattern of Nano-
particles. For biomedical applications, the biocompatibility of
particles is a critical issue. We examined the effect of HRP@
HSN and HSN on cytotoxicity and cell proliferation in HeLa
cells. After treatment with 0—100 pg/mL of particles for 2.5 h,
HeLa cells were either processed with a cell viability assay using
2-(4-iodophenyl)-3-(4-nitrophenyl)-S-(2,4-disulfophenyl)-2H-
tetrazolium (WST-1) for acute cytotoxicity determination
(Figure S9a, Supporting Information) or further incubated in
complete cell culture media for 24 h to evaluate cell
proliferation (Figure S9b, Supporting Information). As shown
in Figure S9 (Supporting Information), no obvious cytotoxicity
was observed at 2.5 h of treatment of particles, nor was cell
proliferation inhibited.

The cellular uptake of silica nanoparticles usually follows an
endocytosis process. To determine whether HRP@F-HSN
could escape the endosome, we treated the HeLa cells with
uptaken HRP@F-HSN in the presence of an endosome marker
(N-(3-triethylammoniumpropyl)-4-(4-
diethylaminophenylhexatrienyl)pyridinium dibromide (FM4-
64), red fluorescence). Figure 3b shows that some partial
colocalization (yellow color) of HRP@F-HSN (green) and
FM4-64 stained organelles (red). However, some particles may
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have escaped from endosome and aggregate in the cytosol
(shows green dots). This is possibly due to the positively
charged amine groups on the silica shell which would exert a
“proton-sponge” effect.*’

3.6. HRP@HSN as a Nonoreactor for Intracellular
Biocatalysis Activating Prodrug. We evaluated the
capability of HRP@HSN to intracellularly catalyze indole-3-
acetic acid (IAA) to generate free radicals and to induce
apoptosis in HeLa cells. After HRP@HSN was introduced to
HelLa cells, the cells were washed twice with PBS to remove
extracellular HRP@HSN. This is necessary to avoid extracell-
ularly generated toxicity. Treated cells were then cultured with
IAA and the cell viability by WST-1 test was determined 24 h
later. We should comment here that the often-used MTT test
cannot be used. Previously, it has been shown that mesoporous
silica nanoparticles (MSNs), after being endocytosed, interfere
with the MTT test in HeLa cells and astrocytes by accelerating
the exocytosis of formazan crystals.*’ Thus, MTT reduction
test gives an overestimation of the cytotoxicity of the silica
nanoparticles compared to other tests such as LDH activity or
the WST-1 test. Figure 4a shows the relative cell viabilities of
particle-treated cells after exposure to 7.5 mM IAA for 24 h. In
comparison with cells without nanoparticle treatment, native
HRP and HSN did not cause cell death after incubation with
7.5 mM IAA. Notably, cell viability decreased with the increase
of HRP@HSN dose but did not for that of the native HRP,
implying that native HRP did not enter cells. This is consistent
with literature report that native proteins were not ingested by
cells;** in contrast, HRP@HSN is easily taken up by HeLa cells.
We further analyzed the generated toxicity of HRP@HSN in
combination with various concentrations of IAA. As shown in
Figure 4b, with the increase of IAA doses, the IAA/HRP-
induced cell death was enhanced. Compared with untreated
cells (control), viability of HRP@HSN treated cells decreased
approximately 10—25% at the IAA dose from $ to 7.5 mM. By
contrast, HSN-treated cells did not show any enhanced
cytotoxicity. Thus, HRP@HSN could serve as a nanoreactor,
converting IAA prodrug to free radicals intracellularly to kill
cells. We should note here that, compared to other works on
intracellular enzyme delivery,*~*¢ we always have the enzyme
protected inside the hollow silica nanospheres instead of
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delivering to the cytosol. This would allow longer catalytic
action before the final dissolution of the silica structure. The
porous silica shell not only protects against proteolysis but also
selectively allows transport of the small molecules of reactants
and products.

4. CONCLUSIONS

We have reported a microemulsion-templating method for
synthesizing hollow silica nanospheres. The method allows easy
and mild conditions for encapsulating enzymes while the
porous shell allows diffusion of small molecules, the substrates
of the enzymes. This unique topology of HSN provides
promising opportunities to serve as a nanoreactor in biomedical
applications such as enzyme replacement therapy. In this work,
we have demonstrated an application of this HSN-based
nanoreactor on a prodrug-enzyme system to convert the
nontoxic IAA into toxic free radicals by encapsulated HRP. We
show both effective intracellular delivery of the HRP@HSN
and subsequent decreased cellular viability.

In future developments, the large interior volume of HSN
could, in principle, encapsulate multiple enzymes for cascade
reactions or other drugs for synergistic effects. In contrast to
other protein loading methods such as physical adsorption or
direct conjugation on particle surface, our encapsulation
strategy shielded protein from various denaturing or digestion
agents. The external surface of HSN could be easily
functionalized for cell targeting, elongation of blood circulation
or attenuating antigenic and immunogenic responses. These
multifunctionalities are favorable for further examination of
enzyme therapy in future animal model studies.*’
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