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Introduction

Hollow nano-particles or nano-capsules

Dalton Transactions

RSCPublishing

CPMY induced synthesis of Hollow-porous SiO,
Nanocapsules with excellent performance in Drug
delivery

Koushi Kumar® and Pradip Paik*“,

An idiosyncratic hollow mesoporous-SiO, nanocapsule has been synthesized at room
temperature using unmodified Cowpea mosaic Virus (CPMV) as a template, and without using
any catalyst or surfactant during synthesis. The average size of the capsules synthesized is
~200-250 nm with 60-100 nm hollow core these nanocapsules have been characterized through
high resolution transmission electron microscopy (HRTEM). Biocompatibility of the hollow
mesoporous SiO, nanocapsules has been investigated with MTT assay using the RAW 264.7
cells , HepG2 cells (human liver carcinoma cells) and Hek293 cells (human embryonic kidney
cells). Nanocapsules are loaded with fluorescent molecules (rhodamine 6G), doxorubicin
(DOX) an anticancer drug and chloroqunine diphosphate (CQDP) an antimalarial drug and
their release have been studied through UV-Vis spectrometer. Development of surfactant free,
bio-safe, hollow and mesoporous SiO, nanocapsules with CPMV has provided a route of
synthesis of porous nanocapsules towards drug loading and sustained delivery of drugs. The
synthesis method of hollow porous SiO, nanocapsules using CPMV is novel, straight forward
and further demonstrating the generality of the nano-formulated capsules that can be used for
various drug deliveries based therapeutic applications. To check the in vitro efficacy in
medical biotechnology, Hek293 and HepG2 cell lines are used and studied the cell viability of
DOX loaded hollow silica nanocapsules. Results show that our bio SiO, nanocapsules
synthesized with CPMYV is an effective cargo and suitable in nanoformulating with DOX and
the resultant nanoformulation is very promising in killing cancer specific cells.

approaches are restricted by the compositions, size, and surface
properties so as to administrate medicine to the target site and

(2 by the biocompatibility of the capsules. The limitations of using

are emerging as one

of the most promising tools in medical biotechnology for a
variety of therapeutic applications such as target drug delivery
for treating cancer or tumour cells,®
B il

determination have been devoted to explore a suitable material

gene delivery and

molecular  bio-imaging. date, an enormous
and method to accomplish hollow nanocapsules based on
polymers, 356! (2] [13-15]

oxides,'! with specific surface properties, as it becomes very

liposomes, inorganic metals and
important for the therapeutic applications otherwise the drug
loaded capsules fall off the target tissues due to cell
turnover.!'*!”) Selective etching based on structural difference
has also been employed to produce hollow inorganic and
mesoporous core hell nanocapsules.'®!) Reported hollow
nanocapsules have been synthesized in various approaches e.g.,
template synthesis [’
ZnO),

using nanoparticles (e.g., Ag, Au, SiO,,

self-assembly processi®®?! efc.. Most of these

This journal is © The Royal Society of Chemistry 2013

nanocapsules in delivery of medicines are dwelling to the low
loading efficiency and sluggish mass transfer to the target
sites.?>?*1 Although the use of hollow nanocapsules advances
to protect the drugs or genes, still they are very unstable in
physiological environments, and they are readily excreted via
kidney, non-specifically absorbed through the
reticuloendothelial system and they delay/destroy/alter the
standard cell activities and thus creating side effects.!'!'"?1 A
number of research works on the synthesis of hollow organic or
inorganic SiO, have been reported using different types of
surfactants, where organic and inorganic nanocapsules are
synthesised with control over size and shell thickness. There are
extensive and vast research works in nanotechnology dedicated
toward the biological/bio-medical applications. Where various
organic and inorganic materials have been contributed to this
field out of which silica based materials show a major share and
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recently they have been extensively studied in various fields of
medical applications.””) Changing the morphology such as
from hollow SiO, nanospheres to nanotubes are demonstrated
with the change in precursor and surfactant concentration.?’-**
However, functionalized amorphous SiO, are attractive towards
improvising the performances of drug delivery due to its good
biocompatibility. But, most of the reported hollow SiO,/other
nanocapsules are synthesized using surfactants in highly basic
medium (e.g., sol-gel, Stober method ') or with sacrificial

template %33

which are not easy to extract from the solid net-
work structure and requires high temperature calcination.
Further, it is a challenging task to reduce the toxicity due to the
presence of entrapped unwanted residue of templates and
surfactants. Therefore, producing porous hollow nanocapsules
using a natural bio-template such as plant virus have a new era
in producing functional nanocapsules for therapeutic
applications such as for drug delivery. Nanocarriers are aimed
to improve the performance as drug-carriers, in making them
more biocompatible, water-soluble, reduced toxicity and high
differential uptake efficiencies. A number of various plant virus
are reported as bio templates to synthesize solid core-shell
nanostructure materials and mainly they are chemically
modified Cowpea mosaic virus (CPMV),**! positive standard
Brome mosaic virus (BMV),** cylindrical Tobacco mosaic
viruses (TMV), a positive-sense single stranded RNA virus,?*®
Cowpea chlorotic mosaic viruses (CCMV),P" efc.. Viral
nanoparticles have their own limitations in fabrication of
nanostructured materials due to their shape, size, and surface
functional groups present. Genetically modified CPMV has
been used as template to synthesise solid core-shell metal

(Pt, Au, Ag, Co efc.) and bimetallic
18] Similarly, genetically modified CPMV

(chimaeric) are used with specific peptides sequence to deposit

nanoparticles
nanoparticles.

SiO, to get solid core-shell nano particles using silicate

precursor[39]

and metallic particles from metal salt precursors.
TMYV virus particle can only give the virus-SiO,/inorganic core
shell nanoparticles with high aspect ratio due to its cylindrical
shape.[***3] A study has been carried on synthesizing TMV-Ni
core-shell nanoparticles through electroless deposition of Pd-
Ni-Si (layer-by-layer deposition) on the genetically modified
TMYV as anodic material in Li ion battery application.*¥

Herein this work, we report on the synthesis of a porous and
hollow SiO, nanocapsules using CPMV which is a plant virus.
This virus is used as a template without modifying its surface
chemical structure and without using any surfactant. And
finally we have studied the drug delivery efficiencies of hollow
SiO, of hollow SiO,

nanocapsules. Advantages of using CPMYV particles are, (i) it is

nanocapsules and cytotoxicity
28-30 nm in diameter with icosahedral symmetry, (ii) contain
60 copies each of a large and small coat proteins which actually
interact with the silicates to deposit on it and helps to create the
shell and (iii) show stability over a wide range of pH and at
room temperatures at least for 24 hr and stable at 4°C in PBS

(3445501 which make it

(pH~4-9) at least for six months,
malleable towards the synthesis of hollow SiO, nanocapsules

without using any surfactant or catalyst at room temperature.

2| J. Name., 2012, 00, 1-3

Development of surfactant free, bio-safe, hollow and porous
SiO, nanocapsules with CPMV has provided an enhanced
efficiency towards drug loading and suitability for sustained
delivery. A clear mechanism for the formation of hollow
mesoporous SiO, nanocapsules has been demonstrated. The
detailed physical and surface chemical properties of the hollow
SiO, studied
systematically. A few number of reports have concentrated on

mesoporous nanocapsules have been
the mechanistic manipulation of the micro structure design,
properties and stability study during the fabrication process of
hollow mesoporous SiO, nanocapsules using genetically or
chemically unmodified CPMV. Further,

mesoporous SiO, nanocapsules are explored for loading and

these hollow
release studies of fluorescent dye (Rh6G), antimalarial drug
(CQDP) and anticancer drug (DOX). Finally two basic types of
cell lines vis-a-vis noncancerous and cancerous have been used
studied the the
nanoformulation of anticancer drug (DOX) in vitro using RAW

and cell viability with and without
264.7 cells (murine leukemia virus transformed), Hek293 cells
(Human embryonic kidney cells) and HepG2 cells (Human
carcinoma cells), respectively through biochemical MTT assay
and investigated the efficacy of our nanoformulation for

clearing the cancer cells is also investigated.

EXPERIMENTAL SECTION

All the chemicals were purchased from commercial suppliers
and used without further purification. Tetraethylorthosilicate
(TEOS, 98%), (3-Aminopropyl) triethoxysilane (APTES, 98%)),
Rhodamine 6G (Rh6G, 95%) and Chloroquine diphosphate
(CQDP, 98%) and Doxorubicin Hydrochloride (DOX, 98%)
were purchased from Sigma Aldrich. Sodium phosphate
dibasic (99%), sodium phosphate monobasic (99%), sodium
hydroxide (97%), Polyethylene glycol-6000 (PEG-6000, 98%),
Sodium chloride (NaCl, 99%) were purchased from SRL
chemicals.

Isolation of CPMV. CPMV infected leaves were thoroughly
washed with Milli-Q water, then weighed and homogenised
with 0.1 M PBS (pH~7.2) with a ratio of 2 mL/g of infected
leaves. The homogenised leaves were passed through cheese
cloth to collect the extract. Then, the extract was purified from
the residue of leaves by centrifugation (at 10000 rpm (9,300 g)
for 15 min). Then polyethylene glycol (PEG, M,,: 6000) was
added into the solution to make a final concentration of 4% of
the solution followed by the addition of NaCl to give a final
concentration of 0.2 M. Then the mixture was stirred at 25°C to
get a homogeneous solution. After 1-2 h the precipitate was
collected by centrifugation (at 17000 rpm, 15,500 g, for 15
min). Then the precipitate was resuspended in 0.01 M PBS
(pH~7.2). Finally the virus particles were purified by
ultracentrifugation (at 40,000rpm, 1,37,000 g for 2.5 h) and
preserved it in a freezer for further use (at -4°C).

Synthesis of hollow silica nanocapsules. A mixture of TEOS
and APTES (90 and 10 mol percentage of silica sources) 72.5

This journal is © The Royal Society of Chemistry 2012
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pL volume was added to a 1.5 mL of aqueous solution
containing CPMV (in PBS, pH ~7.2). The mixture was
thoroughly stirred and left stationary for 72 h. After 72 h the
reaction mixture was kept in water bath at 40°C for 24 h. With
time the formation of white precipitate was observed after
addition of silica source. Control sample was prepared from a
mixture of TEOS and APTES with the same ratio (90 and 10
mol percentage) in PBS in the absence of CPMV keeping all
other experimental condition same. A series of samples were
also prepared by varying molar ratios of TEOS and APTES
(e.g., 95: 05 and 80: 20) maintaining reaction conditions same,
with keeping fixed CPMV volume to verify the role of
precursor mixture. The reaction mixtures become white within
3-4 h for the mixture with 5 mol percent of APTES, for APTES
of 10 mol percent it took 1.5-2 h and immediate precipitate
formation was observed for 20 mole percent of APTES.
Finally, all the samples were washed with PBS to remove the
impurities and unreacted substrates.

Loading of Rh6G, CQDP and DOX. The thoroughly washed
hollow SiO, nanocapsules were collected and dried for 24 h in
vacuum. The fixed amount (1000 pg) of hollow nanocapsules
(three sets) were incubated separately in Rh6G, CQDP and
DOX solution with a concentration of dye/drug to hollow SiO,
nanocapsules ratio of 1:1 mg/ml in PBS. The suspensions were
vortexed separately for 1 h and then kept it for 24 h without
further stirring.

Study of Rh6G, CQDP and DOX release kinetics using UV-
Vis Spectroscopy. The of hollow SiO,
nanocapsules-Rh6G and hollow SiO, nanocapsules-CQDP and
hollow SiO, nanocapsules-DOX were subjected to
centrifugation (at 10000 rpm, 9,240 g) for about 10 min) and
the supernatant was removed leaving behind the loaded

suspensions

particles. These loaded particles were washed for few times
with PBS to wash out the free drugs/dye from the surface of the
capsules. After washing the loaded particles were air dried,
resuspended it into PBS (pH ~7.2) at ~37°C for release studies.
The samples were kept in a water bath maintaining the
temperature at 37°C throughout the entire period of the
experiment. And with fixed time interval absorbance of the
release medium was recorded and the experiments were
performed at 37°C. These measuring processes were carried out
until there was no change in the absorbance due to the release
of the dye or drugs.

MTT assay. In vitro cytotoxicity of mesoporous hollow SiO,
nanocapsules was measured using MTT assay against RAW
264.7 cells (murine leukemia virus transformed), HepG2 cells
(Human carcinoma cells) and Hek293 cells (Human embryonic
kidney cells). Further In vitro cytotoxicity assay of DOX
loaded hollow SiO, nanocapsules were carried out on HepG2
and Hek293 cell lines according to our previously reported
method.P" In brief, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay was performed in 96 well
culture plates using growing RAW 264.7, HepG2 and Hek293

This journal is © The Royal Society of Chemistry 2012
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cell lines. 100 puL of medium containing ~5x10°* cells was taken
in each well of 96 well plate and the plate was incubated in CO,
incubator with 5% CO, injection at 37°C for 24 hrs. Next day
the various concentrations of hollow SiO, nanocapsules and
DOX loaded hollow nanocapsules were added to each well to
get final concentration ranging from 0 to 100 pg/mL,
respectively. Three sets were prepared for each concentration to
minimize the error. 100 pL of untreated cells in medium was
used as control. Then the cells were incubated in CO, incubator
(5%) for 24 h at 37°C. After 24 h incubation 20 pL of 5 mg/mL
MTT prepared in 1 x PBS was added to each well in dark and
incubated in CO, incubator for 3 h. Then 50 pL of PBS was
added to each well and incubated for 5 min and then the
absorbance was recorded at 570 nm with microplate reader
(BioTek, SYNERGY H4 HYBRID MULTI-DETECTION
MICROPLATE READER, USA). Cell viability at each
concentration was calculated using the eq: viability (%) =
(ABST /ABSC) x 100.

Where the ABST and ABSC are the absorbance of treated and
control cultures, respectively at 570 nm.

Characterizations. The scanning electron microscopic (SEM)
studies were carried out using a HITACHI S-3400 N scanning
electron microscope. The aqueous samples were sonicated for
15 min, and then a few drops were taken on a glass slide
followed by drying. The dried drop casted slides were sputter
coated with Au-Pd. Then SEM images were taken using 15kV
as AC accelerating voltage. The elemental compositions were
confirmed by the EDS attached with the instrument.

The transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) were obtained using a
high resolution transmission electron microscopy (HRTEM)
(FEI TECNAI G2). Preparation of HRTEM sample for CPMV:
Stock solution containing CPMV was diluted by adding 0.1 of
stock into 1 ml of 0.01 M PBS and drop casted on C coated Cu
grids (200 Mesh). A drop of stain (2% of phosphotungestic
acid) is added to the grid and kept for 10 seconds. Then the
excess of the stain was wicked and rinsing was performed
gently with excess Milli-Q water. A thin aqueous film on the
surface of the grid was formed and it was dried in vacuum at
RT. These negatively stained grids were used for TEM
experiments to study the size and morphology of CPMV with
an accelerating voltage between 120-160 kV. TEM sample
preparation of hollow SiO, nanocapsules: 0.5-1.0 mg of hollow
SiO, nanocapsules were dispersed in aqueous solution (1 mL
water) and sonicated for 10 min, then a drop of the dispersed
sample was taken on the C coated Cu grids and dried in vacuum
HRTEM
experiment with an accelerated voltage of 200 kV and SAED

for overnight and subsequently performed the
pattern was acquired for the same to study the crystal structure.

N, adsorption-desorption experiments was performed at 76.5 K
with a ASAP 2020 physisorption analyzer (Micromeritics
Instrument Corporation), based on the adsorption branches of
the Brunauer-Emmett-Teller (BET)

N, sorption isotherms;

J. Name., 2012, 00, 1-3 | 3
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method was used to calculate the surface area of the porous and
hollow SiO, nanocapsules.

The solid
characterized by an X-ray Diffractometer (X Bruker D8
Advance) using Cu Ka (A= 1.5406 A) radiation operating at 40
kV/30 mA with a 0.02 step size and within the 20 range of 10-
90°.

state crystal structure of the samples were

IR-active vibration characteristics were recorded using Fourier
transform Infrared spectroscopy (FTIR) with Nicolet, model:
Impact-410. The dried samples was mixed with KBr in the ratio
of 1:5 in pestle and mortar, and then pressed into disks and the
spectra were recorded in the range of 4000-400 cm—1.

The UV-Vis absorption spectra for all samples were recorded
using a UV-Vis-NIR spectrometer (Perkin Elmer: LAMBDA
750). The release of the dye and drug from the loaded hollow
SiO, nanocapsules were studied in PBS (pH~7.2) at 37°C. At a
certain interval of time the aliquot of release medium was taken
out and UV-Vis-NIR spectra were recorded until there was no
change in the intensity of the spectra. This process was repeated
for three times for each batch of the sample.

Atomic Force Microscopy INTEGRA Aura model (NT-MDT,
Russia) was used to investigate the surface topography and
non-contact mode was used for scanning. CPMV stock solution
was diluted and drops casted on to mica sheets and surface was
scanned for surface topography.

Dynamic light scattering (DLS) was performed using MS3000
model (Malvern Instruments Ltd., UK) to find out the
distribution of particle size, where water was used as a
dispersant medium for all the sample.

Results and Discussion

The results obtained here represent as a proof-of-concept for
hollow and porous structure of SiO, with unmodified
CPMV % Metals/oxides (Co, Fe;0,)%?! are synthesised with
chemically modified CPMV and structures with equivalent size
of virus have been shown, but here the aim to develop hollow
structures/capsules, which can be used for the nanomedicinal
applications. According to our approach, where chemically or
genetically unmodified CPMV are taken and about which a
network of silicate is formed in presence of (3-aminopropyl)
triethoxysilane (APTES) and tetraethyl-orthosilicate (TEOS)

TEOS @ o \( Network Structure
/ Incubatis t % After
i gl 3 7 degradation
RT & pH~7.0 * o??:r:\av
T Protein
Nucleation
_gﬂ & Growth
Hollow Cavity

Step 1 Step 11 Step 111

Schematic I: Proposed synthesis mechanism in three steps
(Step I, Step II and Step III).

4| J. Name., 2012, 00, 1-3

Journal Name

0
I
C-OH + HyN-(CH,)3-Si(0C,Hs); + Si(OC5Hs)y
(CPMV) M (APTES) (TEOS)
9
‘C-NH-(CHZ)G-Si(Ocsz)a + Si(OH),
(“) “ + HaN-(CHy)3-Si(OH)3
HoN \ .—C»NH(CHZ)TSJ(OH); + Si(OH),
H,N-(CH,);-Si(OH);
N U +Hy )y :
=0 /63'\ —
N [o! B o) 0
HzN\/\/\S\ \\S'QGHO‘ PN "R\ I [O Si
iy o) C-NH-(CHa)5-§~—q O— NH,
\
HZN\/\/\\S\’O/ £ Q:O 9 c)/Sl,o\
[¢] <
= ) g4 oMo O~
0 s (e [ Q1
FSLO & < 3
HN— O ? £ j'U‘,-‘O \o
= Q| —- (o] \./
/O-/P’ L 6’ O\Si/O Pat
= A b 5g d o
P
0 d /
|
HN
HN

Schematic II: Reaction steps involved in the process of making
hollow nanocapsules

(Step I and II of Scheme 1) due to the electrostatic interactions
between carboxyl/carbonyl or amine groups of CPMV and —
NH, groups of silicates. Then the protein residues of CPMV are
denatured in PBS (pH~7.2)
diffuses out from the core followed by the creation of hollow

at elevated temperature and

cavity (Step III, of Schematic I). The reaction scheme has been
shown in Schematic II.

Figure.1

(a) TEM of CPMV, (b) UV-Vis absorption spectra
(crude CPMYV (red), purified CPMV (black), SiO, synthesized
without CPMYV (blue) and hollow SiO, after removal of CPMV
(black)) in-set of (b) enlarged view of SiO, synthesized without
CPMV (blue) and SiO, nanocapsules after removal of CPMV
(purple), (¢) TEM of SiO, nanocapsules and (d) HRTEM of a
single SiO, nanocapsules.

This journal is © The Royal Society of Chemistry 2012
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The silicate formation followed the steps as it is mentioned in
schematic II: first a bioconjugate is formed with the amide
bonds (-CO-NH-), between -COOH of CPMV and —NH, of
APTES and in the later stage it gets hydrolysed along with
TEOS and/or APTES followed by the condensation and
nucleation. The average particles size of CPMYV is found to be
ca. ~28-30 nm in diameter (Figure 1a) and the absorption peak
is observed at 260-280 nm (Figure 1b) is due to the presence of
protein in the icosahedral structure, and these results are

matching well with the literature.[**)

Control sample was
prepared by adding mixture of silane source (TEOS and
APTES) to PBS without CPMV particles and keeping all the

other experimental conditions fixed (See ESI: Figure 1S).

A series of reactions were carried out with various molar ratios
of TEOS: APTES and in presence of purified CPMV (See ESI:
Figure 2S) in PBS keeping all the other experimental conditions
same. We observed that the different molar ratios of TEOS:
APTES have the potential to affect a number of reaction
parameters, including the rate of hydrolysis of the ethoxysilane
groups, the overall degree of silica condensation, and
interactions between the amine groups of the silica framework
and the protein of CPMV which reduces the formation of core
size as well as SiO, shell of the hollow nanocapsules. The
purified CPMV only can give us SiO, nanocapsules with
uniform size, shape and hollow core (Figure 2¢). The size of the
hollow SiO, nanocapsules are ca. ~200-250 nm in diameter
with a shell thickness of 60-65 nm when the pure CPMV was
used. Nanocapsules are segregated by centrifugation depending
DLS studies

nanocapsules revealed the hydrodynamic diameter of the

on their size. of segregated hollow SiO,
nanocapsules to be ~195 nm (See ESI: Figure 3S (a) and Table
S1  (a)) of hollow SiO,
nanocapsules without subjecting it to centrifugation was found
to have ~335nm. (See ESI: Figure 3S(b) and Table S1(b)). This
segregates that the fused particles are obtained since we have

and hydrodynamic diameter

not used any surfactant during synthesis. However, once the
ratio TEOS: APTES increases to 1:1, the thickness of the shell
increases, size and shape becomes non uniform since the
formation of the silica nucleates on CPMV templates become
uncontrolled (See ESI: Figure 4S). Bulk surface morphology of
the the SEM
interestingly found that these hollow nanocapsules are self-

nanocapsules is investigated from and
assembled to form a bigger micron sized hollow structure. This
self-assembly can be possible due to the van der Waals forces
of attraction or due to the other electrostatic interactions such as
hydrogen bonding, intermolecular interactions efc. acting
between the hollow nanocapsules to achieve its lowest free
energy state (Figure 2a, 2b). The formation of hollw cavity
larger than the diameter of CPMV (~30 nm) at the center of the
attributed to the

aggregates/coagulates of many CPMYV particles caused by the

nanocapsules can be formation of
interparticle hydrogen bonding or aggregation of adjacent silica
nucleates formed on the surface of the viruses during growth

process.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. (a) SEM image of a single hollow capsules formed
through self-assembly of hollow SiO, nanocapsules synthesized
in presence of CPMYV, (b) surface textures of the same formed
by the self-assembly of nanoparticles(Scale bar 10.0um and1.0
um respectively), (c) TEM of hollow SiO, nanocapsules
(shown in (b)) and (d) Confocal microscopy image of hollow
SiO, nanocapsules loaded with Rh6G.

From Figure 2c, it is evident that the denatured CPVM particles
from the centre of the particles create a defined hollow cavity at
the centre of the nanocapsules. This excretion occurred in PBS
(pH~7.2) at 40°C and it occurred due to the denaturation of
amino acids of CPMV, when the products were cured at 40°C
for 24 hrs and therefore subsequently CPMV losing their native
structure. To check the stability of CPMV, similar experiment
with CPMV was carried out (without SiO,) and found that it
did not show any UV-Vis absorption due to the protein at A ,~
260-280 nm, confirming proteins have lost their integrity. Other
possibility of creation of micro porous structure is due to the
formation of network of silicates. The porosity of the shell of
the nanocapsules has been confirmed by loading of small
fluorescence molecules such as Rh6G (Figure 2d). After
denaturation the debris of CPMV after excreted through
micropores (size below 2 nm) and mesopores (average dia. 5-10
nm) on shell which have been complimentarily confirmed
through HRTEM (Figure 3) as well as with the BET N, gas
adsorption-desorption measurements.

The BET surface area (Figure 4(a)) is found to be 78.6+£0.45
m?/g (Langmuir surface area = 124+ 0.35 m?g) at P/Po =
0.276, with BJH desorption (Figure 4(b)) average pore diameter
ca.5-10 nm, and pore volume ca. 0.45 cm’/g at P/Po = 0.990,
respectively. The particle size of the nanocapsules is also
calculated from the BET experiment and found to be ca. 76.3
nm which is matching well with the results obtained from the
HRTEM. The average size of the micro pores is found to be
ca.l.7 nm in diameter (from BET).

J. Name., 2012, 00, 1-3 | 5
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(b)

&n 11}

Figure 3. HRTEM Images of CPMV Hollow SiO,
nanoparticles (lower and higher magnifications), (a) scale bar at
50 nm, (b) scale bar at 20 nm, (c) scale bar at 10 nm and (d)
scale bar at 10 nm (with white spots on the particles
highlighting the micro-pores on the shell of nanocapsules).

(a)

= = N
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Figure 4: (a) BET adsorption (black) and desorption (red)
isotherm of hollow SiO, (b) pore size
distribution of hollow porous nanocapsules, calculated from
desorption isotherm.

nanocapsules,

Additionally, the surface chemical structure of the hollow
SiO, nanocapsules has been investigated through FTIR
spectroscopy analysis, and depicted that the capsules are
functionalized with -NH, and —OH (Figure 5). The asymmetric
stretching of Si-O-Si at 1080 cm™', asymmetric vibration at Si-
OH at 943 cm™ and symmetric vibration at Si-O-Si at 795 cm™,

characteristic vibration band at 3440 cm™ assign to the

6 | J. Name., 2012, 00, 1-3
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stretching vibration of O-H presence in Si(OH), or -N-H but
not from the O-H of water as the experiments were carried out
in N, atmosphere and the samples were thoroughly dried. The
absorption peak appeared at 1640 cm™ is due to the -N-H
deformation vibration.***) TEOS and APTES are taken as
silicate sources, where APTES is an aminosilane from which
the 1640 cm™ vibration arises, this vibration can also be seen
from the sample which was synthesised in absence of CPMV.

(a)
ICPMV-hollow Silica Nanocapsules 793 467
1640

3440 1080

(b)
Control Silica Nanoparticles
3440

()

|Silica Nanoparticles,

Transmittance (%)

1080
, . ‘ . . .
4000 3500 3000 2500 2000 1500 1000
wavenumber cm™)

T
500

Figure S: FT-IR Spectra of (a) Hollow SiO, nanocapsules
prepared in presence of CPMV (b) SiO, synthesized without
CPMV in PBS, (c) SiO, synthesized with NH;OH in absence of
CPMV.

These functional groups advances the self-assembly process to
form hollow capsules. Both the powder XRD (see ESI: Figure
5S) and SAED pattern obtained from TEM confirms the
predominantly amorphous nature of hollow SiO, nanocapsules
(see ESI: Figure 6S). Novel porous hollow SiO, nanocapsules
exhibited biocompatibility which has been initially confirmed
through the MTT assay using the RAW 264.7 cell lines at 37°C
(Figure 6). The different concentrations of the sample were
taken (e.g., 10, 25, 50, and 100 pg/ml). The results revealed
that more than 90%
incubation at the maximum concentration of nanocapsules.

cells remained alive after 24hr of

Therefore, novel SiO, nanocapsules having a unique structure
which can be used for medical biotechnology such as for drug
and gene delivery applications. To promote the usefulness of
this material for delivery applications a series of cell based
studies have been performed under living body conditions.

—_
- = ® =
< =l =} =]
L L L L

% of Cell viability

[
=]
L

10 5 0
Hollow SiO, nanocapsules (ug/ml)

Figure 6: Cell viability measured by MTT assay in RAW 264.7
for mesoporous hollow SiO, nanocapsules synthesized with
CPMV.
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Figure 7: UV-Vis spectra for time dependent release of (a)
Rh6G, (¢) CQDP and (d) DOX, obtained from formulated
SiO, hollow nanocapsules. Release kinetics for respective
molecules represented in (b), (d) and (f), respectively.

To prove the concept of using our nanocapsules for drug
delivery and biomedical applications (e.g., bioimaging, cancer
therapy and nano formulation of antimalarial drugs), we have
conducted a series of experiments systematically. First, we have
checked the loading efficiency of Rh6G (a small fluorescent
molecule), DOX (an anticancer drug) and CQDP (an anti-
malaria drug) inside the hollow nanocapsules independently
and found that these nanocapsules are capable to load
fluorescent dye and drug molecules into them. To verify this
activity, 1000 pg of our hollow SiO, nanocapsules were
incubated in the dye/drug solution in dark (at 25°C, pH~7.2, in
PBS). And further the in vitro release kinetics of the dye/drugs
have been studied for all the nanoformulated samples at 37°C
using UV-Vis spectroscopy.

The efficiency of release was calculated considering the
highest absorption peak position A, (for Rh6G, CQDP, and
DOX are 534 nm, 348 nm, 258 nm, respectively) (Figure 7).
From the absorption spectra it is found that the total amount of
Rh6G has released into PBS from 1000 pg of Rh6G loaded
nanocapsules is ~38 pg, from 1000pg of CQDP loaded
nanocapsules is ~28.8 pg, and from 1000 pg of DOX loaded
nanocapsules is ~72 pg. These substantial sustained release
data of the dye/drugs represent that the nanocapsules are hollow
and porous in nature. Due to the hollow structures these
nanocapsules are capable of loading dye/drugs and thus the
central cavity acts as a reservoir for the dye/drug. Additionally,
the pores on the shells of these nanocapsules act as channel to

This journal is © The Royal Society of Chemistry 2012
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Figure 8 Cytotoxicity assay of Hek293(Human embryonic
kidney cell line) and HepG2 cells (Human carcinoma cell line)
(a) with mesoporous SiO, nanocapsules free from drugs and (b)
nano formulated hollow SiO, nanocapsules (DOX loaded
hollow SiO, nanocapsules) with different doses.

release the dye/drug from the central cavity of the nanocapsules
through the diffusion process. Therefore, these results are very
influencing in future therapeutic applications of the CPMV
templated hollow SiO, nanocapsules which actually is a bio-
silica and free from surfactant related issues because we have
not used any surfactant during its synthesis other than CPMV,
APTS and TEOS.

In vitro cell viability studies of novel mesoporous hollow silica
nanocapsules and nano formulated DOX-loaded hollow silica
nanocapsules was carried out using MTT assay against HepG2
cells and Hek293 cells taking 5x10° number of cells per well. It
is worth mentioning that the cell viability in the hollow
under the
influence of the cytotoxicity caused by the

nanocapsules/fibers mediated transfection is
synergetic
transfection reagents (nucleic acids) and the surface chemistry
of the nanoparticles/fibers system.[>3% Similar incident is true
for delivery of drugs and the interactions between drug
molecules and cells will be different due to the differences in
the surface chemistry. To study the cell viability on the
unloaded hollow SiO, nanocapsules and DOX loaded hollow
silica nanocapsules (nanoformulated capsules) an MTT assay
was performed at 24 hrs post interaction with both types of
samples (DOX loaded and unloaded) (Figure 8) with HepG2
and Hek293 in varying the nanocapsules concentrations of 0.1,
1, 10, 25 and 50pg/ml in PBS (pH 7.2) at 37°C. Compared to
the control sample the cell viability maximum observed is 95%

irrespective to the cell lines (HepG2 or Hek293) which is
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similar to the cell viability observed for RAW 264.7 cell lines.
Whereas, the cytotoxicity effects of the DOX-loaded hollow
SiO, nanocapsules on human carcinoma HepG2 cell lines is
observed to be 98 (£1) %, 92 (£3) %, 78 (£4.3) % and 62 (+4.2)
% at concentration of DOX loaded silica nanocapsules 1, 5, 25
and 50ug/ml in PBS used, respectively. Where, the actual DOX
dosages used are 0.062 pg, 0.36 pg, 1.80 pg and 3.60 pg,
respectively which are calculated based on the release kinetics
(Figure 7). Hence, with increase in the amount of dosages the
human carcinoma cell survival is increasing in a control manner
which is actually our intention to achieve and with this respect
our nanoformulated medicine is effective. Further we have
calculated the ICsy for nano-formulated DOX with our
nanocapsules on the HepG2 cell lines and the value obtained to
be 8.3 (£0.25) uM, whereas ICs, for free DOX on HepG2 is
found to be 4.5 (£0.15) puM. In earlier study we measured the
ICsy for the pure free DOX in leukemia cancer cells (K562)
[51®)] and found to be 1.10 uM which was very close to the ICs,
reported value for the HeLa cells.’’3% In our earlier work the
ICso for {(ZnO), -(DOX),,} (a nano-formulated complex of
DOX with
leukemia cancer cells K562 has been measured and the value
obtained is 3.32 (£0.12) uM.P'®! Further, ICs, for free DOX
on HepG?2 reported in literature is 4.6 pM (£0.23)1°°) which is
matching well with our present result with free DOX (ICsy =
4.5 £0.21 pM). Whereas, the obtained higher value of ICs, (8.3
+0.25 pM) for nano-formulated DOX with our mesoporous

self-assembled ZnO ‘dandelions’ capsules) in

hollow bio SiO, on the HepG2 cell lines is very interesting.
This high value of ICsq for HepG2 cell lines obtained is
attributed to the (i) high stability of DOX inside the hollow
cavity and mesoporous shell of the novel SiO, nanocapsules,
(i) regulated sustained release of DOX from the mesopores
hollow cavity of nanocapsules due to the electrostatic
interactions between —NH, and oxygen containing electron
reached functional groups (-OH, -O-, -CO- etc.) of DOX,P!®!
and (iii) due to the slow and low decomposition of DOX
molecules released from the nanocapsules since they are very
much protected inside the pores and hollow cavity capsules. To
check the cell inhibition efficiency of our nano-formulation on
noncancerous cells similar experiments were performed with a
Hek293 and found that the inhibition effect is very less (2 %
with 50pg/ml formulated nanocapsules). Therefore, our bio
SiO, nanocapsules synthesized with CPMV is an effective
cargo in nano formulating with DOX and the resultant
nanoformulation is very promising in killing the cancer specific
cells.

Conclusions

Herein this work a facile strategy has been developed to design

idiosyncratic bio-safe of amine functionalized hollow
mesoporous SiO, nanocapsules using unmodified CPMV. To
achieve the hollow mesoporous bio-SiO, we have used the
unmodified CPMV, which is very much harmless in human
health compared to the various other plant virus reported (e.g.,
Brome mosaic virus,?? Tobacco mosaic virus,**! Cow pea

chlorotic mottle virus,'>*") Tomato bushy shunt virus!®? etc.)

8 | J. Name., 2012, 00, 1-3

since the present synthesis approach is surfactant free. The new
hollow SiO,
biocompatible and exhibit an excellent performance in loading
(Rh6G) for
bioimaging, antimalarial drugs (CQDP) and anticancer drugs
(DOX). The of hollow SiO,
nanocapsules have been studied in vitro wherein RAW 264.7,
HepG2 and Hek293 cell lines have been used. Cytotoxicity
assays have addressed the biosafety of the synthesized hollow

amorphous mesoporous nanocapsules are

and release of the fluorescent molecules

biomedical applications

SiO, nanocapsules. The biocompatibility of theses hollow SiO,
nanocapsules can play a significant role as a delivering agent in
the field of clinical biotechnology. Finally in vitro cell viability
studies of novel mesoporous hollow silica nanocapsules and
nano formulated DOX-loaded hollow silica nanocapsules were
carried out using MTT assay against HepG2 which is a Human
carcinoma cell lines and Hek293 which is a Human embryonic
kidney cell lines and found that our bio SiO, nanocapsules
synthesized in presence of CPMV is effective in nano
formulating with DOX and the resultant nanoformulation is
very promising in killing the cancer specific cells. However,
understanding the interactions between the hollow mesoporous
bio-SiO, nanocapsules synthesized in presence of CPMV
designed for carrying the medicines with living cells are very
important to enrich the effectiveness in therapeutic applications.
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