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Abstract A novel horseradish peroxidase-encapsu-
lated silica nanoparticle (SNP) was generated in this
study under relatively mild conditions. The generated
enzyme-encapsulated SNP were relatively uniform in
size (average 70 £ 14.3 nm), monodispersed, and
spherical, as characterized by transmission electron
microscopy and scanning electron microscopy. The
horseradish peroxidase encapsulated in silica nano-
particle exhibits biological properties, such as a pH-
dependent activity profile and k,, value, similar to that
of free enzymes. Furthermore, enzyme-encapsulated
SNP exhibited good operational stability for the
repetitive usage with a relative standard deviation of
5.1 % (n = 10) and a high stability for long term
storage (>60 days) at 4 °C. The feasibility of using
enzyme-encapsulated SNP in prodrug cancer therapy
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was also demonstrated by its capability to convert the
prodrug indole-3-acetic acid into cytotoxic peroxyl
radicals and trigger the death of tumor cells. These
results indicate that the developed enzyme-encapsu-
lated SNP has potential in the applications of prodrug
cancer therapy.
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nanoparticle - HRP - IAA - Prodrug cancer therapy -
Nanomedicine

Introduction

Nanotechnology is defined as the science and technol-
ogy that design, synthesize, and characterize materials
and devices at dimensions of nanometer scale. Human
health care may be benefited by integrating both
nanotechnology and biomedicine to improve the prop-
erties of already available therapeutic and diagnostic
modalities, such as lowering doses of drug and
increasing the therapeutic efficacy. Nanotechnology is
also emerging as a promising tool to improve the
diagnostic protocol, generate imaging agents, and
synthesize and deliver drugs for detecting and treating
cancers (Alexis et al. 2008; Bae et al. 2011; Farokhzad
and Langer 2006; Ferrari 2005; Hock et al. 2011).
Cancer is a devastating disease whereby cells grow out
of control and invade neighboring tissues to cause acute
illness and even death. Current conventional
approaches, including surgery, chemotherapy, radiation
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therapy, and immunotherapy, have been demonstrated
to be effective for various cancers. However, normal
tissues and cells may be damaged by the cytotoxic
chemicals in chemotherapy and ionic radiation in
radiation therapy, resulting in severe side effects. An
increased system risk and local infection may also occur
in immunotherapy and surgical removal of tumors.
These disadvantages limit the application of these
approaches in cancer treatment.

Enzyme-prodrug therapy (EPT) is a strategy
whereby an exogenous enzyme is specifically targeted
to tumor tissues by conjugated antibodies or other
targeting molecules (Bagshawe 1990; Connors 1995).
The targeted exogenous enzyme then specifically
converts the nontoxic prodrug into the toxic drug that
kills tumor cells. EPT not only provides a high
selectivity for anticancer prodrug by enzyme catalysis,
but also avoids the side-effects from chemotherapy,
radiation therapy, or immunotherapy (Connors and
Knox 1995; Gesson et al. 1994; Mauger et al. 1994).
Several studies have focused on the delivery efficiency
and the efficacy of the EPT system by conjugating
enzymes on the surface of different nanomaterials,
such as liposome (Huysmans et al. 2005), polymers
(Ahmad et al. 2006; Kratz et al. 2006), dendrimer
(Fuchs et al. 2004; Gopin et al. 2006), super
paramagnetic iron oxide nanoparticles (SPION)
(Petri-Fink et al. 2005), and silica beads (Guthaus
et al. 2002; Rudolphi et al. 1995). However, low
enzymatic recovery (Han and Amidon 2000; Hari-
krishna et al. 2003) and immunogenicity upon expo-
sure of exogenous enzymes (Nishi 2003; Syrigos and
Epenetos 1999) can occur with these methods and
remains unsolved, hence limiting its applications in
cancer therapy.

One of the possible solutions for the above problem
is to shield the epitopes of exogenous enzymes by
encapsulating them in porous organic or inorganic
matrices. Enzyme immobilization by encapsulation
plays important roles in enhancing protein stability,
facilitating the separation of enzyme and reaction
products, allowing multiple or repetitive usage of
enzymes, and in establishing a multi-enzyme system
for various industrial applications (Amine et al. 2006;
Wu et al. 1994). Enzyme encapsulation in a porous
organic or inorganic matrix has been utilized broadly
to immobilize and stabilize fragile enzymes (Ho et al.
2006; Li et al. 2000). The integration of nanotechnol-
ogy and enzyme immobilization exhibits several
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advantages, including high loading capacity, large
surface-to-volume ratio, and easy penetration of the
plasma membrane (Baroli et al. 2007). These increase
the efficacy of therapy and reduce side effects of
therapeutic agents. The development of silica-based,
enzyme-encapsulated nanoparticle exhibits several
advantages, such as enzyme easily retain in the matrix
network, provide good accessibility retain enzyme a
porous nanostructure, exhibiting high hydrophilicity,
and biocompatibility to the human body. These make
these materials suitable for various clinical and
biomedical applications (Karlsson 1999; Kawanabe
et al. 1991). Furthermore, with their well-defined
silanol groups on the surface, the silica nanoparticles,
offer endless possibilities for modifications (Qhobo-
sheane et al. 2001; Wu and Narsimha 2008). Although
immobilization of enzyme in the silica-polysaccharide
hybrid nano-composites has been reported previously
(Shchipunov et al. 2004), the formation of clumping
and clustering of the enzyme-entrapped nano-com-
posites blocks their application in the clinical thera-
peutic protocols. The quality and efficacy of the
developed nano-composites as the biomedicines are
highly dependent on the monodispersity and size
distribution of these products.

In this study, an exogenous horseradish peroxidase
(HRP) was entrapped in the silica-based nanoparticles
using sol—gel technology. The generated HRP-encap-
sulated silica nanoparticles, SNP(HRP)s, were char-
acterized by their biophysical and biological
properties, repetitive usage, reproducibility, and long
term storage. HRP was recently reported to convert a
nontoxic pro-drug, indole-3 acetic acid (IAA), into
cytotoxic peroxyl radicals that trigger cell death of the
tumor cells (Kim et al. 2004; Wardman 2002). Thus,
the capability of SNP(HRP)s in oxidizing TAA
was also investigated. This study demonstrates that
the developed enzyme-encapsulated silica nanopar-
ticle (ESNP) has great potential in cancer therapy
applications.

Experimental
Materials
2/-azino-bis(3-ethylbenzthiazolin-6-sulfonate) (ABTS),

tetraethylorthosilicate (TEOS, 98 %), ammonium hydrox-
ide (NH4OH), polyethylene glycol (PEG, molecular
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weight 6,000), indole-3-acetic acid (IAA), MTT (3-(4,
5-dimethyldiazol-2-yl)-2,5 diphenyl tetrazolium bro-
mide), and horseradish peroxidase (HRP, 181 U/mg)
were purchased from Sigma-Aldrich. All other
reagents and chemicals were analytical grade.

Preparation of enzyme encapsulated silica
nanoparticles

HRP stock solution (5.52 mg/mL) was prepared by
dissolving HRP in 100 mM Tris—HCI buffer, pH 8.6.
One unit of HRP is defined as oxidizing 1 pmol of
ABTS per min at 25 °C and pH 5.0. Silica sol was
prepared by mixing 0.56 mL of TEOS with water and
ethanol to give a molar ratio of water:TEOS:etha-
nol = 200:1:160. The resulting mixture was then
sonicated in an ultrasonic cleaner with the power and
frequency of 150 W and 46 kHz, respectively, (UC-
450, Enshine Scientific Co., Taiwan, ROC) at 22 °C
for 15 min. HRP/TEOS sol mixture was prepared by
adding 1 mL HRP stock solution in drops into the
TEOS sol, followed by sonicating at 22 °C for 10 min.
The HRP/TEOS sol mixture was then fed at a constant
flow rate of 6 mL min~" into a flask containing 10 M
NH4OH with sonication to generate SNP(HRP)s.
After sonication for 30 min, 1 mL of 50 mM PEG
was added into the SNP(HRP)s suspension at room
temperature for 120 min for surface modification.
SNP(HRP)s were collected by centrifuging at
16100xg and washed twice with PBS buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,,
1.76 mM KH,PO,, pH 6.8) to remove residues of
ammonia.

Nanoparticle characterization

The developed SNP(HRP)s were monitored under
field emission scanning electron microscope (FE-
SEM, S4700, HITACHI) and transmission electron
microscope (FETEM, JEM-2100F, JEOL). The size
distribution of the silica nanoparticles was measured
by dynamic light scattering (LB-550, HORIBA).

Activity assay

The activity of free HRP or HRP-SNP was determined
calorimetrically using ABTS and H,O, as substrates.
The activity assay was performed by mixing HRP
(0.5 U) or SNP(HRP) suspension (0.5 U) into 1 mL of

reaction solution (0 3 mM H,0, and 0.5 mM ABTS in
100 mM sodium acetate buffer, pH 5.0) at room
temperature for 1 min, followed by monitoring absor-

bance at 425 nm. Total volume of reaction solution is
1 mL.

HPLC analysis

The oxidation of TAA by free HRP (0.05 U) or
SNP(HRP) (0.05 U) was carried out in a 100 mM
sodium acetate buffer (pH 5.0) containing 500 uM
TAA at 25 °C for 5 min. An aliquot of reaction mixture
(200 pL) was analyzed by reverse-phase HPLC on a
Cig Columbus column (30 nm, 5 pm, 250 mm X
4.6 mm; GL Sciences, JAPAN) using an isocratic
elution buffer of methanol/1 % acetic acid mixture
(40:60, v/v) at a flow rate of 1.0 mL/min. The eluted
products were monitored at absorbance of 250 nm
using an Agilent 1100 series detector.

Cell culture

HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (PAA Laboratories GmbH) contain-
ing 10 % fetal calf serum, 100 units/mL penicillin,
and 100 pg/mL streptomycin (PAA Laboratories
GmbH) in a 37 °C cultural chamber with 5 % CO,.

Cell viability assay

HeLa cells (8 x 1074 cells/well) were seeded in
24-well cultural plates at 37 °C and 5 % CO, for
overnight or until it reached 70 % confluency. Cells
collected before or after treatments were incubated
with 0.5 mL MTT solution (0.5 mg/mL cultural
medium) at 37 °C for 3 h. The formazan dye formed
was made soluble by acid-isopropanol and the absor-
bance was measured at 570 nm.

Fluorescent microscopy

HeLa cells were washed twice with pre-warmed PBS
and fixed with 1 mL 4 % paraformaldehyde in PBS at
room temperature for 20 min. After fixation, the cells’
membrane were penetrated by 0.01 % Triton X-100 at
room temperature for 30 min. Cells were washed three
times with PBST (137 mM NaCl, 2.7 mM KClI,
10 mM Na,HPO,, 2 mM KH,PO,, and 0.05 %
Tween-20), followed by staining with 5 pg/mL
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4’ ,6'-diamidino-2-phenylindole (DAPI) at room tem-
perature for 20 min. After DAPI staining, cells were
washed twice with PBST. The fluorescent images were
monitored under a fluorescent microscope (Nikon
Eclipse TE2000-U).

Results and discussion
Preparation of SNP(HRP)s

The generation of SNP(HRP)s was proposed to protect
the exogenous HRP from degradation, to stabilize the
structure of exogenous enzymes, and to reduce the
immune responses of hosts in the application of the
EPT-based cancer therapy. The porous property of
silica nano-matrix allows the encapsulated enzymes to
access the prodrug and release the toxic product easily
(Fig. 1a). The therapeutic efficacy of the developed
SNP(HRP)s in the application of EPT depends on
several factors, including the size distribution, mono-
dispersity, and the stability of enzymes encapsulated
in the nano-composites. Therefore, the preparation of
SNP(HRP)s was carried out using the mild sol—gel
process. The spherical, monodispersed SNP(HRP)s
could be successfully synthesized by adding the
mixture of HRP/TEOS sol into 10 M NH,OH at
0 °C with a feeding rate of 6 mL min~ "' and a constant
sonication (Supplementary Figure S1). Interestingly,
the size of the prepared SNP(HRP)s was reverse
proportional to the molar ratio of water to TEOS
precursor (R value), and the concentration of NH,OH
used in the sol—gel process (Table 1 and Supplemen-
tary Figure S1). When the R value of TEOS sol
increased from 50 to 1,000, the size of synthesized
SNP(HRP)s changed from 83 £+ 16t024 £ 1.0 nmin
diameter (Table 1, Ex. 1 to Ex. 5). NH4,OH functions
as a catalyst to promote both the hydrolysis and
condensation of TEOS in ethanol. When SNP(HRP)s
were synthesized under the R value of 200, the size of
the nanoparticles increased with the decrease of the
concentrations of NH,OH (Table 1, Ex. 6 to Ex. 10).
The size of the synthesized SNP(HRP)s was also
affected by the feeding rate of HRP/TEOS sol mixture
dropping into the ammonia. As shown in Table 1, the
size of SNP(HRP)s decreased with increase of feeding
rate (Ex. 3, Ex. 11 and Ex. 12). It has been suggested
that the particle size and morphology of silica
nanoparticles depend strongly on the hydrolysis
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kinetics (Matsoukas and Gulari 1988; Park et al.
2002; Van Helden et al. 1981). Therefore, the
formation of small SNP(HRP)s in this study may be
facilitated by the fast hydrolysis of TEOS in sol with
high R value and high concentration of NH,OH.

The activity of encapsulated HRP in SNP(HRP)s
was determined by chromametric method using ABTS
and H,0, as substrates (Table 1, Ex. 1 to Ex. 5). The
result showed that the specific activity of the encap-
sulated HRP in SNP(HRP)s gradually increased from
Ex. 1 to Ex. 4. Although the specific activity of
entrapped HRP in Ex. 4 was the highest among the
SNP(HRP)s tested, the nano-composites synthesized
were not uniform (Supplementary Figure S1, Ex. 4).
For this reason, the SNP(HRP)s of Ex. 3 were adopted
for the rest experiments. The condition for the synthe-
sis of Ex. 3 SNP(HRP)s was adding the mixture of
HRP and TEOS sol (molar ratio of water:TEOS:
ethanol = 200:1:160) into a flask containing 10 M
NH4OH under the room temperature with a feeding
rate of 6 mL min~'. The encapsulation of HRP in SNP
was demonstrated by its ability to resist the depriving
effect of stripping agents, suchas 1 M NaCland 0.1 %
Tween-20 in phosphate buffer saline (Supplementary
Figure S2, closed circle). In contrast, the HRP absorbed
on the SNPs could be easily removed by the above
treatment (Supplementary Figure S2, closed square).
These results suggest that HRP is successively encap-
sulated in the silica nanoparticles without leakage.

Characterization of SNP(HRP)

The micrographic images of scanning electron micros-
copy (SEM) and transmission electron microscopy
(TEM) show that the generated SNP(HRP)s are
spherical and mono-dispersed with an average particle
size of about 70 &+ 14.3 nm (Fig. 1b, ¢). The calcium
ion, which maintains the structural integrity of the
HRP, was also detected in the developed SNP(HRP)
by energy dispersive X-ray (EDX) analysis (Supple-
mentary Figure S3), whereas the same signal was
totally absent in SNP only. These results indicate that
relatively uniform and mono-dispersed SNP(HRP)
can be successfully generated under mild conditions.

The developed SNP(HRP)s were then further
characterized by their pH dependency and ability for
long term storage. The pH-dependency of peroxidase
activity of SNP(HRP)s was determined in a pH range
from 4.0 to 7.0 using 0.5 mM ABTS and 3 mM
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Fig. 1 a The scheme P
illustrating the formation of
SNP(HRP). Developed
SNP(HRP) was imaged
using SEM (b) and TEM (c).
The magnification power is
5.0 kV. Scale bar in (c) is
50 nm

HRP-SNP

Toxic drug

Table 1 The SNP(HRP)s were synthesized under fixed HRP (1,000 U) and different R value NH,OH or feeding rate

Samples Experimental conditions Results

R value Ethanol Feeding rate NH,OH Activity of Average particle

encapsulated HRP size £ SD

[H,OJ/[TEOS] ™M) (mL/min) ™M) (mU/mg)* (nm)
Ex. 1 50 4 6 10 6.37 83 + 16
Ex. 2 100 4 6 10 7.02 77 £3
Ex. 3 200 4 6 10 7.29 70 £ 14
Ex. 4 500 4 6 10 7.51 36 £ 3
Ex. 5 1,000 4 6 10 3.92 24 +£1
Ex. 6 200 4 6 8 - 134 + 10
Ex. 7 200 4 6 6 - 188 +£ 15
Ex. 8 200 4 6 4 - 270 £ 17
Ex. 9 200 4 6 2 - 386 + 56
Ex. 10 200 4 6 1 - 534 + 79
Ex. 11 200 4 3 10 - 94 + 17
Ex. 12 200 4 1 10 - 217 £ 35

a

mU of HRP per mg of nano-particles

hydrogen peroxide (H,0O,) as substrates. As shown in when the pH was 7.0 with a maximal activity at a pH of
Fig. 2a, the activity of SNP(HRP) increased when the 5.0. This result shows that the encapsulated HRP
pH was changed from 4.0 to 5.0, and then declined exhibits a similar pH profile to that of free HRP
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Fig. 2 The Characteristics of SNP(HRP). a The pH-depen-
dence reaction profile of SNP(HRP). The peroxidase activity of
SNP(HRP) was performed in a 100 mM sodium acetate buffer
(pH 4.0 ~ pH 5.5) or in a 100 mM sodium phosphate buffer
(pH 6.0 ~ 7.0) containing 0.5 mM ABTS and 3 mM H,0,.
The reactions were performed at 25 °C for 1 min and the
activity of SNP(HRP) was determined by monitoring absor-
bance at 405 nm. b The long-term stability of SNP(HRP) after
storage at 4 °C. The SNP(HRP) was stored at 4 °C and assayed
at indicated times to determine the remnant peroxidase activity.
The results are represented as means & S.D obtained from three
independent experiments

(Gallati 1979). The biological property of encapsu-
lated HRP was also investigated by kinetic analysis
using ABTS and H,O, as substrates. The k; of
encapsulated HRP to ABTS at pH 5.0 was
1.3 £ 0.14 mM, whereas, the k, of free HRP to
ABTS at pH 7.0 and 5.0 was 2.0 mM (Hiner et al.
1996) and 2.6 mM (Bauduin et al. 2006), respectively.
These results indicate that the entrapped HRP exhibit
similar kinetics to that of free HRP.
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Stability of SNP(HRP)

Repetitive usage and long term stability of SNP(HRP)
are essential for its future applications in various
fields. At room temperature, the activity of SNP(HRP)
was repetitively measured 13 times. About 85 %
original activity of SNP(HRP) was retained after 10
reactions with a relative standard deviation (R.S.D) of
5.1 % (Supplementary Figure S4). However, about
80 % of original activity was retained even after 13
reactions. The oxidative inactivation by H,O, (Rodri-
guez-Lopez et al. 2000) and the incomplete recovery
during the washing-drain cycles between reactions
may explain the activity lost after repetitive activity
measurement. These results demonstrate that the
developed SNP(HRP) exhibits a capability for repet-
itive usage with good reproducibility.

The long term stability of SNP(HRP) was also
determined by periodically determining the activity of
encapsulated HRP after storing at 4 °C. Interestingly,
more than 85 % of original peroxidase activity of
SNP(HRP) was retained after two months (Fig. 2b).
Even after 3 months, about 70 % of the original
activity was preserved. These results reveal that
proteins and enzymes can be stably entrapped in the
silica matrix by the sol—gel procedure without losing
much of their biological activity.

IAA-dependent cytotoxicity of SNP(HRP)

The application of HRP-SNP in EPT was initially
investigated by oxidizing the nontoxic prodrug IAA into
cytotoxic products (Kim et al. 2004; Wardman 2002).
The oxidation of IAA catalyzed by free HRP and
SNP(HRP) at pH 5.0 was analyzed by reverse phase
high performance liquid chromatography (HPLC). The
HPLC elution profiles showed that both free and
encapsulated HRP could catalyze the oxidation of
IAA and generate five similar oxidized products (peaks
a—e) (Fig. 3, panels A and B; Supplementary Materials).
These oxidized products could be partially identified by
their ultraviolet absorption spectra (Candeias et al.
1996; Gazarian et al. 1998; Hinman and Lang 1965;
Kobayashi et al. 1984; Smith et al. 1982) as oxindol-3-yl
carbinol (peak a; peak absorption = 250 nm) (Kim
et al. 2004), indol-3-yl methanol (peak b; peak absorp-
tion = 278 nm) (Candeias etal. 1996; Smith et al. 1982),
indole-3-aldehyde (peak c; peak absorption = 240,
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Fig. 3 Elution profiles of the oxidative products of IAA by free
HRP or SNP(HRP)s. The oxidation of IAA (500 uM) by free
HRP (A) or SNP(HRP)s (B) in 100 mM sodium acetate buffer,
pH 5.0 was performed at room temperature for 5 min. The IAA
alone was used as a standard (C). The reaction products were
analyzed on the reverse-phase HPLC with a C;g Columbus
column. The eluted products were monitored at O.D. 250 nm

300 nm) (Gazarian et al. 1998), sketolyl-hydroperox-
ide (peak d; peak absorption = 270,278 nm) (Gazarian
et al. 1998), and 3-methylene-oxindole (peak e; peak
absorption = 253 nm) (Hinman and Lang 1965). The
mass spectroscopy analysis of products b, c, and e
further confirms the above results (Supplementary Fig-
ure S5). These results reveal that SNP(HRP) functions
as the free HRP to convert IAA into oxidized products,
suggesting its potential in the application of EPT.
The application of SNP(HRP) in the EPT was further
explored using a HeLa cell, a human cervical tumor cell
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Fig. 4 Viability of HeLa cells before and after the treatment of
SNP(HRP) and IAA. HeLa cells were incubated with mock
(filled circle), 1.8 U HRP (circle), SNP (square), and 1.8 U
SNP(HRP) (filled inverted triangle) in the presence of various
concentrations of IAA (0 to 3.2 mM) at 37 °C for 6 (a) or 24 h
(b). After incubation, the viability of the HeLa cells was
determined by MTT assay. The results are represented as
means * S.D obtained from three independent experiments

line, as a model. Accordingly, HeLa cells were
incubated with various concentrations of IAA (0 to
3.2 mM) in the presence and absence of SNP(HRP)
(1.8 U) at 37 °C for 6 h (Fig. 4a) or 24 h (Fig. 4b).
Without IAA, silica nanoparticle (SNP) and SNP(HRP)
were not toxic to HeLa cells even after incubation at
37 °C for more than 24 h (data not shown). HeLa cells
were 100 % viable when incubated with IAA alone
(Fig. 3, filled circle) or the combination of IAA and SNP
(Fig. 3, square) at 37 °C for 6 or 24 h. However, in
combination with SNP(HRP), (1.8 U) IAA became
cytotoxic to HeLa cells (Fig. 3, filled inverted triangle),
exhibiting a ICsg of 1.72 mM and 0.53 mM for 6 and
24 h treatments, respectively. After treating with
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Control |

IAA

HRP-SNP |

HRP-SNP
+ 1AA

Fig. 5 Fluorescent images of HeLa cells after the treatment of
SNP(HRP) and TAA. HeLa cells were treated without (HeLa) or
withTAA (1.6 mM) (IAA), SNP(HRP) (1.8 U) (SNP(HRP)) and
the combination of IAA (1.6 mM) and SNP(HRP) (1.8 U)

0.8 mM IAA for 24 h, the viability of HeLa cells
reduced by about 80 %, whereas, with 1.6 mM TAA,
only about 5 % of HeLa cells were still viable after 24 h
treatment. A similar result was also found in a treatment
with the combination of free HRP and IAA. In the
presence of free HRP (Fig. 4, circle), the ICso of [AA is
around 3.2 mM and 0.61 mM for 6 and 24 h treatments,
respectively.

The morphological change of the HeLa cells
incubated with SNP(HRP) and TAA was also studied
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(SNP(HRP) + TAA) at 37 °C for 18 h. Cells were fixed with
4 9% paraformaldehyde, followed by staining with 5 pg/mL
DAPI

by light and fluorescent microscopes. HeLa cells
treated with SNP(HRP) (1.8 U) and 0.8 mM IAA at
37 °C for 18 h exhibited nuclear condensation and a
profound shrunken morphology (Fig. 5), suggesting
the induction of apoptosis. No morphological
changes were observed in cells treated with IAA alone
or the combination of IAA and SNP. These results
indicate that the fabricated SNP(HRP) has a potential
to replace free HRP in enzyme—prodrug cancer
therapy.



J Nanopart Res (2012) 14:829

Page 9 of 10

Conclusion

In this study, we have successfully developed a novel
enzyme-encapsulated silica nanoparticle (ESNP)
using a sol-gel process. The properties of the encap-
sulated HRP were relatively unchanged as demon-
strated by its pH-dependent profile, kinetics and
capability to oxidize IAA. The generated SNP(HRP)
exhibits good reproducibility in repetitive enzyme
activity measurements and long term stability. The
feasibility of SNP(HRP) in the enzyme/prodrug cancer
therapy was also demonstrated by converting the
nontoxic prodrug IAA into the toxic radical products
that trigger the cell death of HeLa cells. In conclusion,
the developed ESNP exhibited several features that
make it suitable for future cancer chemotherapy and a
variety of biomedical applications.
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