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Abstract: Mesoporous silica nanoparticles coencapsulating gadolinium oxide and horseradish
peroxidase (HRP) have been synthesized in the aqueous core of sodium bis-(2-ethylhexyl)
sulfosuccinate (AOT)-hexane—water reverse micelle. The average diameter of these silica
particles is around 25 nm and the particles are spherical and highly monodispersed as depicted
using transmission electron microscopy. The entrapment efficiency of HRP was found to be
as high as 95%. Practically, the entrapped enzyme shows zero leachability up to 90 days. The
enzyme entrapped in these silica nanoparticles follows Michaelis—Menten kinetics. Peroxidase
entrapped in silica nanoparticles shows higher stability towards temperature and pH change as
compared to free enzymes. The gadolinium oxide-doped silica nanoparticles are paramagnetic
as observed from the nuclear magnetic resonance line-broadening effect on the proton spectrum
of the surrounding water molecule. The entrapped enzyme, HRP, has been used to convert a
benign prodrug, indole-3-acetic acid (IAA), to a toxic oxidized product and its toxic effect has
been tested on cancerous cell lines through thiazolyl blue tetrazolium blue (MTT) assay. In vitro
studies on different cancerous cell lines show that the enzyme has been entrapped and retains
its activity inside the silica nanoparticles. IAA alone has no cytotoxic effect and it becomes
active only after oxidative decarboxylation by HRP.
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Introduction

Enzymes are employed in the body either to replace enzymes that are missing or that
are not active in the body. Many enzymes, such as horseradish peroxidase (HRP),'
glucose oxidase,” and other oxidase enzymes,® are used for producing the transient
free radical species from specific substrates. Recently, it has been reported* that the
combination of indole-3-acetic acid (IAA) and HRP is cytotoxic to mammalian cells
and it was suggested that it could be used as a novel cancer therapeutic approach.*”
IAA forms peroxyl-free radical intermediates such as indolyl, skatole, and peroxyl
radicals (Scheme 1) after fragmentation of oxidation intermediates.*® Interestingly,
neither IAA nor HRP alone show any cytotoxic effect at therapeutic concentrations,
but they lead to cell death when used in combination.’ Free radicals derived from IAA
also stimulate the production of reactive oxygen species (ROS), which initiates cellular
damage and apoptosis.!® Therefore, when an enzymatic interaction between HRP and
IAA is allowed to take place within the tumor, the [AA is activated and forms free
radicals that kill cancer cells by inducing oxidative stress. Excessive accumulation of
enzyme molecules to the tumor is often done through antibody-mediated targeting, and
the prodrug, IAA, enters the cancer cells from systemic circulation. This therapeutic
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Scheme | Diagrammatic representation of oxidation of indole-3-acetic acid by horseradish peroxidase (HRP) to form free radicals.

process is known as antibody-directed enzyme prodrug
therapy (ADEPT)."" Unfortunately, introduction of free
enzymes in the body has severe clinical limitations of rapid
in vivo degradation by proteolysis and their interactions at
multiple receptors.'? These limitations can be overcome by
encapsulating the enzyme in some biocompatible, nonim-
munogenic and inert matrix such as silica, which prevents
the enzyme from degradation and enzyme substrate reaction
can take place by the diffusion of the substrate through the
pores. The use of silica nanoparticles (NPs) as the carrier
for the enzyme may overcome many limitations, as these are
robust, nontoxic, and ultrasmall-sized particles that can easily
be eliminated from the body through the kidneys. Silica NPs
are useful in many applications, such as biosensors, in vivo
tracers, dye-doped nanoparticulate biomarkers, and drug and
gene delivery,'*!3 because of their high biocompatibility and
low toxicity. Moreover, these particles can be easily prepared
with low polydispersity at ambient temperature. Many studies
have examined antibody attachment to silica surfaces.'®!”
Nanoparticle-based molecular imaging has established
a unique platform for cellular tracking, targeted diagnostic
studies, and image-monitored therapy. The development
of NP-based contrast agents for multimodal imaging has
attracted considerable interest in biomedical research.'®2! For
these applications, the NPs must have combined properties
of high magnetization and functions in the surface area. NPs
of lanthanides and their complexes are of current interest
due to their strong paramagnetic effects on proton magnetic

resonances. Six of the nine elements that display ferromag-
netism are lanthanides. The magnetic moments per atom of
all six elements are more than that of iron. The gadolinium
ion is particularly promising; in fact, it is paramagnetic,
with very high magnetic moment per atom* and its Curie
temperature, 293.2 + 0.4 K, is close to ambient. Due to the
large magnetic moment, these compounds in the forms of
their chelating complexes are used as contrast agents for
magnetic resonance imaging.?>

We have synthesized silica NPs coencapsulating gadolin-
ium oxide and HRP for imaging as well as enzyme therapeutic
purposes. We have demonstrated the HRP-prodrug interac-
tion using silica NPs as host nanocarrier and the consequent
impact of the free radicals produced on the human cancer cell
lines such as SiHa, a squamous cell carcinoma, MCF-7 breast
cancer cells as well as murine cancer cells, and Dalton’s T cell
lymphoma (DL cells) and, for normal control, murine thymic
cells, which are rich in T-lymphocytes. Thus, coencapsulation
of inorganic magnetic NPs along with the enzyme has given
rise to a completely new dimension for the development of
nanomedicine for imaging and therapeutic applications.

Experimental section

Materials

Sodium bis-(2-ethylhexyl)sulfosuccinate (AOT; 96%), hexane,
gadolinium nitrate pentahydrate, ethanol, and ammonia
were purchased from Acrds Organics (New Jersey, USA),
SD Fine Chemicals (Mumbai, India), Central Drug House
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(Mumbai, India), Merck (Darmstadt, Germany), and Rankem
(Delhi, India), respectively. Tetracthoxysilane (TEOS),
dialysis bag (12 kDa), HRP (Rz=3.0), IAA, and 2,7-dichloro-
fluorescein diacetate (DCFH-DA) were procured from Sigma
Aldrich (St Louis, MO). Millipore water (Millipore, Billerica,
MA) was used for preparing solutions and all chemicals
were used as such without any further purification.

Synthesis protocol (Scheme 2)

Preparation of HRP-loaded gadolinium

oxide nanoparticles

We added 150 pL of Millipore water, 200 uL of gadolinium
nitrate (Gd(NO,),-5H,0, 0.1 M), and 180 uL of HRP
(1.5%10* M) to 25 mL of 0.1 M AOT in hexane and stirred
the solution to give clear microemulsion A. Similarly, clear
microemulsion B was prepared by stirring 25 mL of 0.1 M
AOT in hexane, containing 150 UL of Millipore water, 200 uL
of ammonia (1 M), and 180 UL of HRP of the same concentra-
tion. Excess water (100 uL) was added to maintain W (molar
ratio of water to AOT in reverse micelle), which in our case is

=: * :: Stirred till optically clear
* * solution is obtained

Microemulsion A (AOT/hexane/water)
containing HRP and Gd* ions

S 0
*iﬁ
3 7 g

Microemulsion B (AOT/hexane/water)
containing HRP and liquor NH,

Mixing of A and B

Stirred till optically clear
solution is obtained

Stirred for 3 hours

12.8. Next, microemulsion B was added to microemulsion A
drop-wise (11 drops per minute) with constant stirring under
cold conditions at 4°C. After completing the addition of B
to A, the resultant solution (A + B) was stirred for another
3 hours. Development of slight turbidity indicates the forma-
tion of Gd,O, NPs in reverse micelle.

Growth of silica on the surface of HRP-loaded
gadolinium oxide NPs

To the above 50-mL reverse micelle containing HRP-loaded
gadolinium oxide particles, we added 100 uL of neat TEOS
and further stirred the solution for 72 hours at 4°C.

Extraction procedure

To the resultant reverse micelle solution, we added 5 mL of
absolute ethanol, which results in the accumulation of silica
NPs at the interfacial layer of alcohol and hexane. Next, the par-
ticles were separated from the layer by removing the two solu-
tions and washed 3—4 times with an aliquot (5 mL) of ethanol.
Finally, the particles were dispersed in 5 mL of Millipore water

S 3
Ly
357 30 2
3 3 %

Resultant microemulsion containing HRP
and Gd,0, in reverse micelle

@4°C

1. Added TEOS
2. Stirred for 72
hours @ 4°C

@%@

1. Extraction
2. Dialysis

@0@©
©©©
@@ ©

Silica nanoparticles co-encapsulating gadolinium
oxide and HRP dispersed in buffer/water

3. Dispersed in PB/water
using sonication

and HRP in reverse micelle

Silica nanoparticles co-encapsulating gadolinium oxide

Scheme 2 Diagrammatic representation for the synthesis of silica nanoparticles coencapsulating gadolinium oxide and horseradish peroxidase using water-in-oil

microemulsion.

Abbreviations: AOT, sodium bis-(2-ethylhexyl)sulfosuccinate; HRP, horseradish peroxidase; PB, phosphate-buffer; TEOS, tetraethoxysilane.
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by sonication under cold condition. The dispersed NPs were
dialyzed for 12 hours against water using a 12-kDa dialysis
membrane bag to remove completely the surfactant and other
unreacted and unwanted species. Void NPs were prepared in
the same manner, ie, instead of HRP, an equivalent amount of
Millipore water was added to maintain the same W,,.

Leachability of the enzyme from the nanoparticles
The leachability of the enzyme from the particles was
checked after a regular interval of time. For this, a small
volume of the NPs dispersion in buffer was centrifuged at
15,000 rpm for 15 minutes at 4°C so that the particles settled
down. Next, the enzyme activity in the supernatant buffer
solution was measured spectrophotometrically by treat-
ing it with o-dianisidine and H,O, and, from the standard
curve, the amount of enzyme was determined.

Characterizations

High-resolution transmission electron
microscopy (HRTEM) and energy
dispersive spectroscopy (EDS/EDAX)

Measurement was done with a Tecnai G*30 U-Twin
instrument (FEI, Eindhoven, The Netherlands). One drop of
the aqueous dispersion of silica NPs coencapsulating Gd,O,
and HRP was put on a formvar-coated copper grid and dried
under ambient conditions. The dried grid was then examined
under an electron microscope.

Dynamic light scattering (DLS)

The measurements were done with a Nicomp™ 380 ZLS
instrument (NICOMP Co, Santa Barbara, CA) with an argon-
ion air-cooled laser (488 nm) as a light source and recorded
at a scattering angle of 90°. The hydrodynamic diameter (d)
of the NPs was calculated from the diffusion of the particles
using the Stoke—Einstein equation.

Proton nuclear magnetic resonance
('H-NMR)

The silica NPs with and without gadolinium oxide-doping
were dispersed well in D,0 and a "H-NMR study was car-
ried out using a 400-MHz spectrometer (JNM-ECX-400P;
JEOL, Tokyo, Japan).

Optical studies

All ultraviolet-visible (UV-Vis) spectra were recorded using
a Shimadzu-1601 UV-Vis spectrophotometer (Shimadzu,
Kyoto, Japan) fitted with a constant temperature cell holder.

The temperature of the cell holder was maintained by circu-
lating water around it through a water circulator from Haake
Instruments (Pune, India).

Enzyme kinetics

The enzymatic activity of HRP for the catalytic oxidation of
o-dianisidine by H,0, was determined spectrophotometrically
from the initial slope of the time-dependent absorbance curve
of the oxidized product of o-dianisidine having a maximum
wavelength (A, ) at 445 nm. Enzyme kinetic studies were
performed as follows. Silica NPs coencapsulating Gd,O,
and HRP were dispersed in 3 mL of phosphate-buffer (PB;
0.1 M, pH = 7.2). The enzyme kinetics of HRP-catalyzed
o-dianisidine oxidation reaction by H O, was studied by
adding 50 UL of o-dianisidine solution (1% w/v) followed
by 20-100 uL (20x) of H,O, (1 M) and 20 uL of the NPs
dispersed in water/buffer, to 3 mL of 0.1 M PB. The activity
of the HRP enzyme is determined from the initial slope of
the curve between the increase in absorbance of the colored
product measured at 445 nm and the time. The kinetic param-
eters, K andk_, were calculated from the Lineweaver-Burk
plot of the Michaelis—Menten equation in case of free enzyme
in aqueous buffer and enzyme coencapsulated with Gd,O, in
silica NPs and the values were compared.

Temperature and pH variation

The effect of temperature and pH variation on the activity of
free HRP and HRP encapsulated in silica NPs was studied
using UV-Vis spectrophotometer. The desired temperature
was maintained by circulating water using a water circulator
from Haake Instruments. The temperature was varied from
20°C to 70°C and pH was varied from 7.0 to 7.8 at 25°C.

Entrapment efficiency

The entrapment efficiency (£%) of HRP in silica NPs was
determined from the difference of the total amount of enzyme
added in the reverse micelles during preparation and the
amount of enzyme remaining unentrapped. The concentration
of unentrapped HRP was calculated from a standard curve.

In vitro cytotoxicity through MTT assay

The cytotoxicity of silica NPs with or without encapsulated
HRP was compared with free HRP by thiazolyl blue tetra-
zolium blue (MTT) assay. Two human cancer cells (SiHa,
a squamous cell carcinoma, and MCF-7 breast cancer
cells, which were maintained according to the instructions
provided) and a murine Dalton’s lymphoma (DL cells,
maintained as ascites by serial transplantation) cells were
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seeded at a density of 1.5 x 10* cells/well in a 96-well plate,
in 100 uL of RPMI complete media. After 2 hours, cell
monolayers were treated with increasing concentrations of
IAA (0 to 2 uM) either in the presence of medium alone or
in the presence of free HRP (1 uM), void-silica-NPs (SiNPs)
or HRP-encapsulated-SiNPs (1 uM). Cells were incubated at
37°C in a humidified environment of 5% CO, for 24 hours.
Two hours prior to termination of incubation, 20 uL of MTT
(5 mg/mL) was added to each well. Two hours postincuba-
tion with MTT, the precipitates formed were solubilized by
100-puL isopropanol and quantified by measuring the absor-
bance at 570 nm (reference wavelength: 620 nm) using a
microplate reader (BioTek Instruments, Winooski, VT). We
also had control (negative) groups in all MTT assays where
we cultured the cells without NP treatments or free HRP or
SiNPs-HRP without any cells. All the cancer cells used in
the study were obtained from the national cell repository,
National Centre for Cell Science (Pune, India). The cells
were maintained in culture according to the instructions of
the providers.

Free radical determination

Free radicals formed by IAA—HRP combination oxidize
DCFH-DA to dichlorofluorescein (DCF). DCFH-DA was
activated by taking 350 uL of 1-mM DCFH-DA in ethanol
followed by the addition of 1750 uL of 0.01 N NaOH. This
mixture was allowed to stand in the dark for 30 minutes
followed by the addition of 17.9 mL of 25-mM sodium PB
(pH = 7.2). The reaction mixture contains 300 uL of the
activated form of DCFH-DA, 40 uL of IAA (500 uM), 40 uL
of HRP (1.2 ug/mL), and 3 mL of double-distilled water in a
3.5-mL cuvette. The reaction was studied at room tempera-
ture every 10 minutes at A_ = 490 nm and A__ = 522 nm
using a Cary Eclipse fluorescence spectrophotometer
(Varian, Palo Alto, CA).

Results and discussion

Silica NPs coencapsulating gadolinium oxide and HRP
were prepared in an aqueous core of microemulsion of
AOT in hexane. The size of the aqueous core and the par-
ticles prepared in the core can be modulated by varying the
parameter W, which is simply the molar ratio of water to
surfactant. We have prepared gadolinium oxide and HRP
coencapsulated NPs at W = 12. The strategy involves
the polymerization of the silica precursor (TEOS) around
the HRP-encapsulated gadolinium oxide NPs in the aque-
ous core of reverse micelles. The particles obtained using
the above protocol are highly monodispersed with spherical
morphology. The mean diameter of these particles is around
25 nm as measured using HRTEM (Figure 1A). The aver-
age size of these particles comes out to be around 35 nm as
measured using DLS (Figure 1B). The small difference in
size of these particles measured by the two techniques may
be because in TEM we measure the size of the dry powder
whereas in DLS we take the size of the particles dispersed in
some solvent, which gives us the hydrodynamic diameter of
the particles, which is slightly more than the size measured
by TEM. The EDAX result (Figure 2) showed the presence
of Gd along with the silica. The £% of these silica NPs, as
measured by the difference of the enzyme added and the
enzyme remaining outside, comes out to be around 95%
with zero leachability up to 90 days as we observed. The
unpaired electron of gadolinium ion in gadolinium oxide is
an example of slow electron relaxation, which leads to a line-
broadening effect on the protons of the surrounding water
molecules (Figure 3B), indicating that the particles could be
used for MRI inside the body. In this case, the water protons
in the proximity of the gadolinium oxide-doped silica NPs
exhibit line broadening with decreased intensity. The water
protons, which are not in the proximity of or in the absence of
gadolinium oxide, will show the normal (sharp) proton peak
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Figure | (A) Transmission electron microscopic image and (B) dynamic light scattering of silica nanoparticles coencapsulating gadolinium oxide and horseradish peroxidase.
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Figure 2 Energy dispersive spectroscopy of silica nanoparticles co-encapsulating
gadolinium oxide and horseradish peroxidase indicating the presence of silica and
gadolinium.

(Figure 3A). Moreover, the half-line widths in Figure 3A and
3B are different due to the paramagnetic effect of gadolinium
on water proton resonance.

The silica NPs entrapping enzyme were dispersed and
preserved in PB (0.1 M, pH =7.2). From the enzyme leach-
ability studies, it was observed that no detectable concen-
tration of HRP was found in the buffer even after 90 days,
indicating that the enzyme had not leached out through the
pores of the silica matrix. The Michaelis—Menten kinetic
parameters® k _ and K_ of the free HRP in aqueous buf-
fer and HRP entrapped in silica NPs were calculated from
the Lineweaver—Burk plot (Table 1, Figure 4). The lower
value of K_ (1.91 mmol/mL) for free HRP in aqueous buf-

A

Abundance
0 10 20 3.0 40 50 60 7.0 08 09 10.0 11.012.0 13.0 14.0

.

a7 4% 45 44 43 42 41 40

x:parts per millions:1H

fer indicates the high affinity or activity of the enzyme as
compared to the HRP entrapped in silica NPs, which have
a relatively higher K value (16.91 mmol/mL). Since the
enzyme is entrapped inside the silica matrix, the substrate
has to enter the silica particles through the pores. This
imposes some sort of barrier leading to a “diffusional
constraint” for the o-dianisidine and H,O, molecule and
a subsequent effect on the rate of the enzyme-substrate
reaction. The reason for the relatively low activity of the
encapsulated HRP may be due to (i) the conformational
change of the enzyme in the silica matrices, which caused
partial denaturation of the enzyme; (ii) the diffusional
constraints of the substrate through the pores of the NPs
to reach the enzyme surface entrapped inside; or (iii) both
factors simultaneously. The conformational deformation
may also result from silylation of the surface hydrophilic
groups of the enzymes by TEOS.?® Depletion in enzymatic
activity can also result from the unfavorable orientation
of the enzyme active sites for substrate binding inside the
silica rigid matrix and a consequent increase in the activa-
tion energy for the enzyme substrate reaction. All of these
factors, separately or in combination, probably make the
activity of the enzyme entrapped in silica NPs lower than
the activity of the free enzyme in aqueous buffer. In spite of
all these factors, the enzyme entrapped in the silica matrix
shows significant activity.

Temperature-dependent activity of the HRP entrapped
in silica NPs and free HRP in aqueous buffer (all at pH
7.2) is shown in Figure 5. The activity of the free HRP
in aqueous buffer is less at 20°C and increases with increase
in temperature until the maximum activity was found to be
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Figure 3 'H-NMR spectra of the water proton in the vicinity of silica nanoparticles (A) without gadolinium oxide and (B) with gadolinium oxide.

Abbreviation: 'H-NMR, proton nuclear magnetic resonance.
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Table | Michaelis—Menten kinetic parameters of free horseradish
peroxidase (HRP) and HRP entrapped in silica nanoparticles

Kinetic parameters Free HRP Entrapped HRP
K., (mmol/mL) 1.91 16.91
k.. (min') 5.1 x10* 42x 103

at 38°C as reported previously.?” After the maximum, the
activity starts decreasing with further rise in temperature.
Similar behavior was obtained in the case of the entrapped
HRP except that the maximum activity was found at 60°C.
(Activity measurements beyond 70°C are not reliable results
due to the formation of bubbles in the cuvette.) This shows
that, although the entrapped enzyme is less active than the
free enzyme, it is also less sensitive to temperature change
than the free enzyme. The temperature profile for the activ-
ity of the entrapped enzymes is quite broad. This is perhaps
because the heat-resistant silica matrix protects the entrapped
enzyme and restricts its mobility from temperature-induced
denaturation, thereby increasing its stability over a wider
range of temperatures.

Figure 6 shows the dependence of HRP activity on the pH
of'the buffer solution in the entire pH range from 7to 7.8. The
free enzyme shows maximum activity at pH = 7.2, whereas
the entrapped enzyme in silica NPs does not show any maxi-
mum, up to pH = 7.8. (Above this pH, no measurement was
performed because of auto-oxidation of the substrate in alka-
line medium.) This is a typical trend expected for an enzyme
entrapped in a negatively charged matrix such as silica.”® The
polyionic matrices of charged silica particles should have the
general effect of causing a partitioning of protons between the
bulk phase and the enzyme microenvironment. Such proton
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B Entrapped HRP
® Free HRP

50 -

40 -

1lv

30 4

20
R2 =0.937
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Figure 4 Lineweaver—Burk plot for comparison of Michaelis—Menten parameters of

free horseradish peroxidase (HRP) and HRP entrapped in silica nanoparticles.
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Figure 5 Temperature-dependent enzymatic activity of horseradish peroxidase
(HRP; free and entrapped) during oxidation of o-dianisidine by H,O, in phosphate-
buffer (pH = 7.2) measured in the range of 20°C-70°C.

partitioning in the encapsulated enzymes system and the
consequent shift of pH maximum are also observed in the
case of charged polymeric NPs.? The pH profile curve of the
entrapped enzyme is broader than that of the free enzyme.
This shows that the entrapped enzyme is more resistant to pH-
dependent activity changes than the free enzyme as a result
of being entrapped inside the rigid silica matrix, which acts
as a “protective shell” for the entrapped enzyme.

The IAA-HRP combination leads to the formation of
indolyl, skatole, and peroxyl radicals, hence we measured the
production of these radicals using DCFH-DA. From Figure 7,
it can be concluded that DCFH-DA is being oxidized to DCEF,
and the formation of DCF from DCFH-DA depends purely
upon free radicals such as indolyl, skatole, and peroxyl.
Therefore, it can be stated that the IAA—HRP combination

0.12- °
0.10 ] ./
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\
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B \.
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Figure 6 pH-dependent catalytic activity of horseradish peroxidase (HRP; free and
entrapped) during oxidation of o-dianisidine by H,O, in phosphate-buffer (pH = 7.2)
at 25°C.
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Figure 7 Kinetic study for the formation of DCF from DCFH-DA due to IAA-HRP
combination.

Abbreviations: DCF, dichlorofluorescein; DCFH-DA, 2,7-dichlorofluorescein
diacetate; HRP, horseradish peroxidase; IAA, indole-3-acetic acid.

leads to the formation of free radicals, which are responsible
for the killing of cancer cells.

In order to determine the possibility of using these HRP
entrapped silica NPs for converting a benign prodrug, [AA,
into a cytotoxin, we performed an in vitro cytotoxicity assay.
For this assay, we used human cancer cell lines such as SiHa,
MCF-7, DL cells and normal murine thymic cells. These cells
were incubated with increasing concentration of IAA (0 to
2 uM) in either medium alone or in combination with free
HRP, void SiNPs, or SiNPs-entrapped HRP. Cell viability was
measured using the MTT assay after 24 hours of treatment.
From the results (shown in Figure 8), we observed significant
cell death in all of the three cancer cells incubated with the
free IAA—HRP combination. On the other hand, no significant
difference in cell death was observed in the normal thymic
cells with or without the IAA-HRP combination. Further,
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Figure 8 Cytotoxicity studies (MTT assay) of void silica nanoparticles (Nano), free HRP and HRP entrapped in silica nanoparticles (HRP + Nano) on SiHa, MCF-7, Dalton’s

lymphoma, and normal thymic cell lines.

Abbreviations: |IAA, indole-3-acetic acid; MTT, thiazolyl blue tetrazolium blue; HRP, horse radish peroxidase.

submit your manuscript

5498

Dove

International Journal of Nanomedicine 2012:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Gadolinium oxide and horseradish peroxidase applications

when cells were treated with a SiNPs-entrapped HRP-IAA
combination, SiHa and DL cells were found to be more sensi-
tive compared to MCF-7 cells. Within 24 hours, about 50% of
SiHa and DL cells died at 2-uM [AA with SiNPs-entrapped
HRP combination treatment, whereas, relatively fewer cell
deaths (30%—35%) were induced in MCF-7 cells with the same
treatment. It took at least 72 hours to induce significant cell death
in MCEF-7 cells with the SiNPs entrapped HRP-IAA combination
(datanot shown). These differences between different cell lines
are not surprising. The observed difference between MCF-7
and SiHa or DL cells could be, among others, caused by dif-
ferent uptake rates, and this needs to be confirmed. The rates
of proliferation of the cell lines were different. As compared
to MCF-7, SiHa and DL cells were relatively fast proliferat-
ing, which may also contribute to differences in uptake and
hence sensitivity. Neither IAA alone nor its combination
with void SiNPs resulted in any cell killing. The results thus
show that the IAA—HRP combination can kill the tumor cells.
Entrapment did not show any significant reduction in activity of
the enzyme. Also, entrapped HRP can be active for a relatively
longer duration and at wider pH range. Additionally, in order
to rule out any influence of HRP in formazan bioreduction
in MTT assay, we incubated the free HRP or SiNPs-HRP
without cells for 24 hours and added MTT to this solution in
a similar manner as to the treated cells. We did not observe
any significant difference in OD from the blank wells where
the MTT was added to the medium alone without any cells,
suggesting that the formazan bioreduction observed in cells
with and without IAA-HRP treatment were due to the
presence of live cells. Since tumor cells usually possess higher
levels of scavengers for ROS, they may be more vulnerable
to the combination of silica NPs entrapped HRP and TAA.
Thus, it would be useful to develop strategies for effective use
of encapsulated HRP in cancer treatment.

Conclusion

Gadolinium oxide and HRP can be coencapsulated in the
core of silica NPs by utilizing the aqueous core of water-
in-oil microemulsion as host nanoreactor. The particle size
can be modulated by varying the parameter W, which is
the water-to-surfactant ratio. When prepared at a W of 12,
the particles are around 25 nm in diameter with spherical
morphology and are reasonably monodispersed. The enzyme
entrapment efficiency of the silica NPs comes out to be more
than 95% with zero leachability of the enzyme up to 90 days
as we observed. The entrapped gadolinium ion causes a line
broadening of water proton which is present in the proximity
of Gd,O, whereas silica nanoparticles without Gd,0, shows

no such peak broadening in 'H-NMR spectra, indicating that
the particles could be used for MRI. The kinetic parameters
of'the entrapped enzyme were determined and compared with
that of free enzymes. The catalytic activity of the entrapped
enzyme is less than that of free enzymes, which may be due
to the diffusional constraint of the substrate. Although the
activity of the entrapped enzyme is less, it is still sufficient
to be used for enzyme therapeutic purpose. The MTT assay
with these particles shows that neither IAA alone nor its
combination with void SiNPs resulted in any tumor cell
killing whereas the IAA—HRP combination can kill the
cells. Entrapment did not show any significant reduction in
activity of the enzyme. Also, entrapped HRP can be active
for a relatively longer duration. Thus, coencapsulation of
gadolinium oxide along with the enzyme gives a completely
new dimension for the development of new diagnostic and
therapeutic agents.
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