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Hollow silica spheres (HSS) exhibited high-specific surface area, low toxicity, low density, and good
biocompatibility. The effectivity of HSS material can be improved further by loading nanoparticles for
smart biological applications. In this work, magnetic nanoparticle (iron oxide; FezO4)-loaded pure HSS
(c-HSS-Fe) were synthesized successfully using a template-free chemical route and investigated for their
anticancer cell proliferation capabilities against cancerous cell lines: human colorectal carcinoma cells
(HCT-116). The structure, morphology, chemical bonding, and thermal stability of the prepared HSS
derivatives were studied using spectroscopic and microscopic techniques. Our analyses confirmed the
successful preparation of FesO4 loaded HSS material (sphere diameter ~515 nm). The elemental analysis
revealed the existence of Fe along with Si and O in the FezO4 loaded HSS material, thus reaffirming the
production of the c-HSS-Fe product. The effects of silica spheres on HCT-116 cells were examined
microscopically and by MTT assays. It was observed that the c-HSS-Fe demonstrated dose-dependent
behavior and significantly reduced the cancer cell proliferation at higher doses. Our results showed that
c-HSS-Fe was more effective and profound in reducing the cancer cells' activities as compared to
unloaded HSS material where the cancer cells have undergone nuclear disintegration and fragmentation.

rsc.li/rsc-advances

1. Introduction

Silica nanoparticles exhibit various applications, e.g., in the
production of catalyst carriers, lithium batteries, ceramic
industry, and gas sensors as well as in the biomedical field.*
One of the main attributes of silica nanoparticles is that they
can enhance the mechanical capabilities of thin films and thus
are most useful in anti-corrosion and superhydrophobic appli-
cations.> One of the striking features of silica nanoparticles is
that they can be produced in hollow forms,>® and utilized in
drug delivery systems, encapsulation, medical diagnostics,
dental materials,”® and bimolecular-release systems.*'® More-
over, hollow silica is a hard material with high porosity and
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It is concluded that c-HSS-Fe is a powerful bio-active material against cancerous cells.

excellent absorption properties, which make it useful in drug
delivery, immunotherapy, cancer imaging, and cancer treat-
ments.'*"” Furthermore, mesoporous silica particles (MSPs) are
used in drug delivery applications due to their excellent prop-
erties, e.g. large surface area and pore volume, highly ordered
channels, and size tuneable capabilities.’*>** MMSN (magnetic
nanoparticles loaded mesoporous silica nanospheres) dis-
played a pH-dependent drug release profile and a magnetically
controlled drug release behavior.”* In another study, multi-
functional hollow mesoporous silica encapsulated with
magnetic nanoparticles provides a promising platform for
hyperthermia and chemotherapy for cancer treatment applica-
tions.”> MMSNs with a raspberry-like rough surface synthesized
via the oil-in-water emulsion method have shown great poten-
tial for drug loading and drug delivery into specific target cells,
an advantage over conventional drug formulations.> Similarly,
some other hollow structures, e.g., hydroxyapatite microspheres
displaying a hollow core and well-organized shell have shown
extensive attraction in the field due to their low mass density,
high surface area, cell proliferation, and drug loading capabil-
ities including drug release and cell attachment features.**
Though mesoporous silica particles have shown potential
biocompatible capabilities, the challenge is rising because of
their dose-dependent toxic effects.”® On the other hand, iron
oxide magnetic nanoparticles (IONPs; Fe;0,)*° are
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advantageous because of their biocompatible properties® as
well as their selective target and contrast enrichment properties
in magnetic resonance imaging (MRI).>® However, the IONPs
products are lacked the consistent binding sites to bind the
biomolecules on their surface during the drug delivery appli-
cations.” To overcome this problem, the mesoporous silica
materials can be utilized for conducive drug delivery applica-
tions as they have a large interaction and pore volume for the
coupling of biochemicals/biomolecules.** As an alternative,
hollow silica spheres (HSS) have been produced chemically by
using phenyl-tri-methoxy silane (PTMS). Despite various bene-
fits, earlier prepared HSS was not very successful for cancer
therapy applications because of their non-degradable phenyl
groups,® a limiting factor for biological applications. To address
this issue, recently, we have reported a facile chemical route
consisting of two steps to synthesize the pure hollow silica
spheres, without non-degradable phenyl groups using PTMS
compound.® The newly synthesized silica spheres are prepared
by hydrolysis of PTMS and making them useful for biomedical
applications by removing their characteristics organic groups
upon employing a controlled multi-calcination process. The
prepared HSS product could serve the desired high surface area
for the coupling or loading of magnetic nanoparticles into the
silica spheres to enhance further their anticancer proliferation
capabilities against cancerous cells.

In the present study, Fe;0, loaded pure hollow silica spheres
(c-HSS-Fe) are prepared successfully using a template-free
synthetic route and tested for anticancer proliferation cells
capabilities against human colorectal carcinoma (HCT-116)
cells. After synthesis, the morphological and structural anal-
yses of the prepared product are carried out using electron
microscopy tools (scanning electron microscopy/energy
dispersive X-rays spectroscopy (SEM/EDX), transmission elec-
tron microscopy/selected area electron diffraction (TEM/
SAED)), X-rays diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and thermogravimetric analysis (TGA). The
anticancer studies of the prepared: (1) uncalcined hollow silica
spheres (u-HSS), (2) calcined hollow silica spheres (c-HSS), and
(3) Fe30,4 loaded hollow silica spheres (c-HSS-Fe) are carried out
against HCT-116 cells using morphometric and bioassay. The
HCT-116 cells are experimentally treated with (1) u-HSS, (2) c-
HSS, and (3) c-HSS-Fe products for 48 hours under four
different concentrations (1, 3, 5, and 7 mg ml~"). The important
morphological features of the treated and untreated cells are
examined by an inverted microscope and hence calculate the
cell viability.

2. Materials and methods
2.1 Chemicals

Phenyltrimethoxysilane (PTMS) compound, ammonium
hydroxide (NH,OH), and nitric acid (HNOj;) (Sigma-Aldrich,
Inc). Iron oxide (Fe;0,) nano-powder was supplied from US
Research Nanomaterials, Inc. Milli-Q water purification system
(Bedford, USA) was used to produce Ultrapure water. The
synthesized products were labeled as, uncalcined hollow silica
spheres (u-HSS), calcined hollow silica spheres (c-HSS), and
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iron oxide nanoparticles (Fe;0,) incorporated calcinated hollow
silica spheres (c-HSS-Fe). A detailed description and synthesis
reaction of the three products (u-HSS, c-HSS, and c-HSS-Fe) are
given below. The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was used for
measuring cell proliferation. De-ionized (DI) water was used for
the preparation of HSS derivatives. The human colorectal
carcinoma cells (HCT-116) used in this study were purchased
from the American Type Culture Collection (ATCC), United
States of America (USA).

2.2 Synthesis of u-HSS and c-HSS

First, the hollow silica spheres (HSS), uncalcined and calcined
were synthesized according to our previously reported article.® A
summary of the preparation of un-calcined HSS (u-HSS) and
calcined HSS (c-HSS) products are given herein. By this method,
u-HSS was synthesized by dissolving 0.96 ml PTMS in 80 ml of
6.6 mM HNO; solution and stirred in water media by placing it
on a hot plate at a temperature of ~60 °C. The addition of
13.6 ml of NH,OH (33%) solution into the PTMS triggered the
condensation reaction, forming the uniform u-HSS. Corre-
spondingly, the hydrolysis reaction progressed quickly within 3
minutes. The clear mixture rapidly transformed to a white color
solution and precipitates were formed. The formed precipitates
were washed with ethanol and then with DI-water after sepa-
rating by centrifugation. The prepared particles were then dried
at around 70 °C and labeled as u-HSS (uncalcined hollow silica
spheres). The synthesized u-HSS, approximately 100 mg was
taken and were kept in the furnace at a temperature of ~200 °C
for 30 minutes. Subsequently, a calcination process was done
on the same product at ~660 °C for 16 hours. The ramping rates
for the first and second steps were set to be 5 and 1.5 °C
minute !, respectively. The calcined product was labeled as c-
HSS (calcined hollow silica spheres). The chemical process of
c-HSS preparation is demonstrated as a schematic (see Fig. 1a).
A digital photo of c-HSS powder is also shown.

2.3 Synthesis of Fe;0, incorporated HSS (c-HSS-Fe)

For the preparation of magnetic nanoparticles (MNPs) loaded
HSS (c-HSS-Fe), 60 mg of Fe;0, powder and 50 ml of 6.6 mM
HNO; solution were poured into 3-neck round bottom flask and
shake for 10 minutes. Then, a volume of 0.6 ml of PTMS was put
into the above-prepared solution and shaken altogether for 10
minutes. The obtained mixture was then placed into a water
container at 60 °C and added 8.5 ml NH,OH solution (33%). A
milky solution was obtained upon adding the NH,OH solution.
This milky mixture was kept in a water bath for around 1 hour.
The mixture was separated when the water bath was cooled
down. Now, the collected mixture was stirred for almost 16
hours and applied centrifugation to remove the precipitated
particles from the condensed solution at room temperature.
Following this, the collected precipitates were washed initially
with ethanol and then with DI water. After washing, the
collected particles were calcinated first at around 250 °C for 3
hours and then at 660 °C for 8 hours and labeled the prepared
product as c-HSS-Fe. The preparation reaction of c-HSS-Fe is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The scheme of the preparation reaction of (a) u-HSS, c-HSS, and (b) Fe3O4 nanoparticles incorporated HSS (c-HSS-Fe). A photo of the
final products (in powder form) is also shown. The powder of c-HSS-Fe is light brown while c-HSS is milky in color.
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shown in Fig. 1b. The sample of c-HSS-Fe is turned to light
brown from milky color after loading of Fe;O, nanoparticles
into silica spheres as observed for individual c-HSS samples.

2.4 Characterization (TEM, SEM, XRD, FTIR, and TGA)

Before their loading, the size and structure of the individual
Fe;O, nanoparticles were analyzed by transmission electron
microscopy (TEM) (TEM Model: Morgagni 268, FEI, Czech
Republic, operated at 80 keV). The morphological features and
structural analysis of the prepared products, such as u-HSS, c-
HSS, and Fe-HSS were also examined by TEM. For that
purpose, a droplet of suspension of either u-HSS, c-HSS, or c-
HSS-Fe was transferred onto a copper grid supported by a thin
carbon layer to hold the specimen. The detail of the sample
preparation is provided elsewhere.***> From the TEM, the
results for individual Fe;0,-NPs are plotted as size distribution
in the size histogram. The crystalline features of the MNPs were
verified by a selected area electron diffraction (SAED) pattern.
Furthermore, the overall morphology of the u-HSS, c-HSS, and
c-HSS-Fe products were evaluated by scanning electron
microscopy (SEM) (Model SEM: Inspect S50, FEI, Czech
Republic, operated at 20 kV). For elemental composition and
elemental analysis, energy dispersive X-rays (EDX) spectroscopy
was performed using an SEM instrument (TESCAN VEGA3 LM
model, Czech Republic) equipped with an X-rays analyzer.

X-ray diffraction (XRD) of the c-HSS-Fe specimen was per-
formed to confirm the existence of Fe;O, in the silica spheres
using XRD Diffractometer (Diffractometer Rigaku, Japan;
copper-Ko. radiations with wavelength = 0.154 nm). XRD
instrument was operated at 40 kV and 15 mA. The FT-IR anal-
yses (Fourier transform infrared spectroscopy, Shimadzu IR
Spirit instrument) of u-HSS, c-HSS, and c-HSS-Fe were per-
formed in the range of 400-4000 cm ™. The thermal stability of
u-HSS, c-HSS, and c-HSS-Fe was examined by Thermogravi-
metric analysis (TGA) (STA, PerkinElmer 6000, USA) between 25
to 700 °C.

2.5 Treatment of u-HSS, c-HSS, and c-HSS-Fe to cancer cells

The cytotoxic effect of u-HSS, c-HSS, and c-HSS-Fe was analyzed
on human colorectal carcinoma cells (HCT-116).** The cells
were purchased from the American Type Culture Collection
(ATCC), United States of America (USA). The cancerous cells
were grown in the cultured media using a CO, incubator
(Thermo-scientific, Waltham, MA, USA) at a temperature of
37 °C.** Thereafter, the cells were treated with three prepared
products: c-HSS, u-HSS, and c-HSS-Fe (0, 3, 5, and 7 mg ml™%).
Upon completing the treatments, the treated cancer cells were
examined by using an inverted microscope to study the varia-
tions that happen in the morphology of the cells due to expo-
sure to silica particles.

2.6 Cancer cells morphology and viability by MTT assay

MTT assay were carried out to examine the effect of three
prepared products: c-HSS, u-HSS, and c-HSS-Fe on cancer cells
(HCT-116). For this purpose, the grown cancer cells were
exposed with as-prepared silica spheres (c-HSS, u-HSS, and c-
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HSS-Fe) under four different concentrations (1, 3, 5, and 7 mg
ml™"); each treatment for 48 hours. For the control group cells,
c-HSS, u-HSS, and c-HSS-Fe were not added otherwise kept in
the same experimental conditions as done for treated speci-
mens. Then the cancerous cells were exposed with MTT (5 mg
ml ") for 4 hours and then media was replaced with DMSO
(dimethyl sulfoxide). The optical density (OD) of the samples
was measured plate reader at 570 nm wavelength. Finally, the
cell viability (in %) of each specimen was found out by the
following relation:

o OD (chss, - _HSS-Fe-tr
Cell v1ab111ty (11’1 %) _ (c-HSS, u-HSS & c-HSS-Fe-treated cells)

OD (control cells)
x 100

The samples were processed for OD reading by utilizing the
ELISA plate reader, where light has 570 nm wavelength. The
control and the treated specimens with different doses were
visualized under an inverted light microscope. The digital
photographs of the specimens were recorded at a representative
magnification of 400x to highlight the important morpholog-
ical features of each specimen. In addition, the statistical
analysis for the control and the treated cells (u-HSS to HCT-116,
¢-HSS to HCT-116, and c-HSS-Fe to HCT-116) was performed by
applying the GraphPad Software.

3. Results and discussion
3.1 Morphological and structural analysis

SEM and TEM are commonly used to analyze the surface
morphology and structure of the nanomaterials at high resolu-
tion. Fig. 2 shows the morphological analysis of the Fe;O,
particles and the three-silica products; u-HSS, c-HSS, and c-HSS-
Fe. It was observed that the nano-powder of Fe;O, exhibited
spherical-shaped particles with a bit of agglomeration (Fig. 2a).
Several particles, more than 250 individual particles were
selected from different TEM images and their size was measured.
The results of this measurement were drawn in the form of a size
histogram (Fig. 2b). The average diameter of the particles was
found 14.2 &+ 1.4 nm. Nearly the same sized Fe;O, nanoparticles
were incorporated into mesoporous hollow silica nanocapsules
prepared by either sol-gel route or emulsion polymerization.**-**
The Fe;0,4 nanoparticles showed the polycrystalline nature when
analyzed by electron diffraction as judged by the appearance of
several rings in the SAED pattern (Fig. 2¢). The first 5-rings of the
SAED pattern started from the inner ring are indexed as, (220),
(311), (400), (511), and (440), confirming the structure of the
Fe;0, crystal.*>* Fig. 2d-f shows the SEM micrographs of u-HSS,
¢-HSS, and c-HSS-Fe (Fe;0, doped HSS) specimens. As per TEM
analysis, the silica spheres appeared monodispersed and showed
awell-organized and uniform spherical texture. The size of u-HSS
was measured from the SEM micrographs, which were found to
be around 760 nm (Fig. 2d).>* Upon applying the calcination step,
the size of c-HSS was reduced substantially because of the
removal of phenol groups from the HSS (Fig. 2e). This observa-
tion was verified when the average diameter of the c-HSS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(c) Average Size = 14.2 nm

Count (%)
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Fig. 2 Morphology and size analysis of the FesO4 nanoparticles and hollow silica spheres (HSS). (@) TEM image, (b) SAED pattern, and (c) size
histogram of FezO4 particles. The average diameter of the particles is ~14 nm. (c) SAED pattern of the FezO,4 nanoparticles, showing the
polycrystalline nature, the first 5-rings of the pattern are indexed as, (220), (311), (400), (511), and (440). SEM micrographs of (d) u-HSS, (e) c-HSS
and (f) c-HSS-Fe. The scale bars are: 100 nm (a), 1 um (d—f).

specimen was estimated which was found to be 515 + 15 nm. suggesting no further modifications or changes were happening
Nearly, a similar size and morphology were found for the inthe morphology of the spheres concerning size and shape after
magnetic nanoparticles incorporated silica specimen (c-HSS-Fe), loading of Fe particles (see Fig. 2f).

shell  core | IR

Fig.3 Morphology, size, and structural analyses of the hollow silica spheres (HSS). TEM image of (a) uncalcined HSS, (b) calcined HSS, and (c—e)
c-HSS-Fe specimen at three different magnifications. The FesO,4 nanoparticles are highlighted by arrows. (f) SAED pattern of the c-HSS-Fe
specimen showing the dots of the FesO,4 nanoparticles. The scale bars are: 700 nm (a), 500 nm (b and c), 400 nm (d) and 100 nm (e).
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All prepared products, u-HSS, c-HSS, and c-HSS-Fe were
further analyzed by TEM, particularly to confirm further the
loading of Fe;O, nanoparticles into the HSS (Fig. 3). Fig. 3a
displayed the morphology of several uncalcined spheres (u-HSS
specimen), where several uncalcined silica spheres are shown.
As analyzed by TEM, the u-HSS were larger in diameter
compared to c-HSS and c-HSS-Fe specimens (see Fig. 3a—c). This
was expected due to the presence of phenyl groups attached to
silica that produced larger HSS. This result is consistent with
the observation made earlier by SEM (Fig. 3). Furthermore, the
TEM images resolved the obvious hollow structure of the
spheres as evident by the bright contrast in the middle of the
spheres, especially visible in the calcinated specimens. The
shells of the spheres were appeared darker compared to hollow
cores due to their solid nature by scattering more electrons than
the thin/hollow cores. The shell/core structure was more evident
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for the c-HSS specimen (Fig. 3b), where the brightness of the
image was increased a bit to clarify the core and shell structures.
TEM micrographs showed clear evidence of the core structure of
the silica spheres appearing with bright contrast as compared to
the shell. The shell thickness of one sphere is marked with
a black arrow and the core of the other sphere is highlighted
with a yellow dotted circle and indicated by a red arrow. Fig. 3c-
e showed the TEM micrographs of the c-HSS-Fe specimen at
three different magnifications to highlight the obvious
morphology of the silica spheres and to reveal the presence or
loading of iron nanoparticles inside the spheres. Excitingly, the
Fe;0, nanoparticles that are coupled at the edges of the cores,
are visible, the hollow nature of the core helps to reveal the ~14
nm-sized iron nanoparticles inside the cores under TEM. Few
such Fe;O, nanoparticles inside the core were highlighted by
white arrows in Fig. 3d and e, identified by their darker contract
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Fig. 4 Energy-dispersive X-ray spectroscopy (EDS) along with EDX elemental mapping of (a), u-HSS, (b) c-HSS, and (c) c-HSS-Fe. The
concentration of constituent elements is shown inside of each spectrum in the form of a pi-graph.
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compared to the hollow core. Due to their nature, the higher
atomic number than Si, Fe;O, scattered more electrons than
hollow Si-core under TEM and generated darker contrast
compared to Si-cores. Further to highlight the presence of the
Fe;0, nanoparticles, SAED was performed in the TEM for u-HSS
and c-HSS and c-HSS-Fe specimens. Only the SAED pattern of
the c-HSS-Fe displayed the dots in the pattern due to the co-
existence of Fe;0, nanoparticles (Fig. 4f), while the other two
HSS specimens exhibited only blurred rings which are the
signature of amorphous nature and the non-existence of any
particles.? In summary, SEM, TEM and SAED analyses confirm
the hollow structure and the successful loading of Fe;O,
nanoparticles into the hollow silica spheres.

The presence of Fe;O, in the HSS product was further
signified by performing EDS in the SEM. The results of EDX
(EDX spectra along with elemental mapping) of u-HSS, c-HSS,
and c-HSS-Fe specimens are presented in Fig. 4. SEM images
from where each EDX spectrum was taken are also shown along
with elemental mapping images. The EDX spectrum of u-HSS
displayed the existence of carbon (C), oxygen (O), and silicon
(Si) with a weight percentage of 56.4, 29.3, and 14.2, respec-
tively. The presence of C content in the u-HSS specimen arrived
from phenyl groups (Fig. 4a). The EDX spectrum and elemental
mapping of the u-HSS displayed the distribution of C, O, Si, and
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lack of iron (Fe). The EDX spectrum of the c¢-HSS confirmed the
removal of the organic groups from the HSS upon calcination as
no peak was observed for C (Fig. 4b). The weight percentage of O
and Si was obtained as follows: 64.2 (O) and 36.8 (Si). The EDX
spectrum of the c-HSS-Fe specimen confirmed the presence of
Fe in the HSS as the peak of the Fe can be seen at ~6.5 eV in the
spectrum (Fig. 4c). The Fe peak was missing in both the spectra
of u-HSS and c-HSS specimens. Furthermore, no peak was
observed for C, verifying the absence of phenyl groups in the
iron-loaded HSS (c-HSS-Fe specimen). The weight percentage of
the three constituent elements is found as follows: 24.4 (O), 57
(Si), and 18.6 (Fe). The distribution of Fe along with O and Si
was shown by EDX mapping, suggesting the uniform distribu-
tion of the Fe into the silica spheres. Thus, EDX analysis
confirmed the presence of iron in the final HSS product (c-HSS-
Fe specimen).

3.2 Structural analyses and a physical test

3.2.1 XRD analysis. Further to SEM and TEM, the XRD
analysis was carried out on the c-HSS-Fe specimen to confirm
the presence of Fe;O, NPs in the silica spheres. Fig. 5a shows
the results of the XRD powder pattern of c-HSS-Fe within the 2¢
range of 15-70°. The broad diffraction peak at 20° (26 degrees)
marked with (¥) symbol on the left shoulder is ascribed to the

10 20 30 40 50 60 70
2-Theta (degree)

c-HSS-Fe a (b)
N ( ) Fe,O, i
@11) l
~ i & | c-HSS-Fe
= (440) m
M
s £ | cHss
.*? (400) (511) = —
= £
: :
b= C Al
£ ®© . |
l g | urss W
y y y y y y 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

(©
110+
100
%.)
© 90
=
X go{ — u-HSS-Fe
— ¢-HSS-Fe
— ¢-HSS
1 — u-Hss
60 Y y . . r .
100 200 300 400 500 600

Temperature (°C)

Fig. 5

(@) XRD pattern of the c-HSS-Fe. (b) FTIR spectra of the u-HSS, c-HSS, and c-HSS-Fe specimens. For comparison, FTIR spectra of

individual FesO4 nanoparticles are also shown. (c) TG plots of the u-HSS, c-HSS, c-HSS-Fe, and u-HSS-Fe. (d) A digital photograph of the physical
appearance of c-HSS (1) and c-HSS-Fe (2); the magnetic slab used to attract the c-HSS-Fe powder (3). The c-HSS-Fe powder can be seen

attached to the magnetic slab after the test (4).
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amorphous silica. The XRD patterns of u-HSS showed that silica
spheres show a similar pattern.® The diffraction peaks of [2 2 0],
[311],[400],[440],and [5 1 1] proved the existence of Fe;0,
spinel structure in the HSS, confirming the presence of
magnetic nanoparticles within the silica spheres.*® This result
agrees with electron diffraction data shown earlier in Fig. 2c,
where Fe;O, nanoparticles were analyzed by the SAED pattern
obtained by TEM. The intense peak/ring in both cases is (311).

3.2.2 FTIR analysis. FTIR analysis was conducted to explain
the major chemical bonds of the individual silica spheres and
Fe;0, intercalated products (u-HSS, c-HSS c-HSS-Fe, and Fe;0,
nanoparticles) (Fig. 5b). Fig. 5b shows comparative FTIR spectra
(started from bottom) of u-HSS (black), c-HSS (red), c-HSS-Fe;0,
(blue), and individual Fe;O, nanoparticles (green). It can be
seen that HSS shows a strong broad absorption band, belonging
to Si-O-Si asymmetric stretching is located at ~1135 cm™ ' in
each HSS spectra (black, red, and blue). The symmetric and
asymmetric stretching vibrations of Si-O peaks are seen at ~730
and ~492 cm™', respectively. The absorption at 970 cm™*
belongs to the bending vibration of Si-O units and a character-
istic weak stretching centered at ~3500 cm™" are assigned to Si-
(O-H) groups. The phenyl groups which are linked to HSS show
~3120 cm™' due to asymmetrical stretching vibration of
aromatic CH groups, only available in the uncalcined HSS (u-
HSS). It is clear that the calcination process diminished the
strong asymmetric stretching of Si-O-Si at ~1135 and a new
weak peak appeared at 1080 cm™* (Fig. 5b). The weak absorp-
tions at ~798 and ~445 cm ™" were assigned for Si-O symmetric
stretching vibration. It is clear that all the peaks related to
phenyl substances are detached and the c-HSS materials had
only a pure silica matrix. The intercalation of Fe;O, into HSS
was confirmed by the distinctive peak stretching vibration
associated with the metal-oxygen absorption (Fe-O bonds) at
~580 cm ™' (c-HSS-Fe, Fig. 5b).%

3.2.3 TGA analysis. TGA (thermo-gravimetric) plots of u-
HSS, c-HSS, u-HSS-Fe, and c-HSS-Fe are shown in Fig. 5c. TGA
plots of all the HSS specimens were plotted between tempera-
ture (25 to 700 °C) and percent weight loss (vertical scale). For c-
HSS (red plot), a small weight change or weight loss was
observed for the entire TG range 25 to 700 °C. On the other
hand, the u-HSS specimen (black curve) started its weight loss
or degradation at a temperature around 250 °C and continuous
at higher temperatures, which is corresponding to the burning
of organic species present in the HSS in the form of phenyl
groups. In addition to the removal of organic molecules,
a significant weight loss was noticed for magnetic nanoparticles
incorporated HSS (u-HSS-Fe) after 550 °C (see green plot). The
weight decay was attributed to the removal of impurities and
oxygen from Fe;O, under an inert atmosphere. The loss of
impurities resulted in transformation to weak ferromagnetic
hematite.*® Contrary to u-HSS and u-HSS-Fe, the c-HSS-Fe
specimen shows no visible weight change and remains
constant from 25 °C to 700 °C (see blue graph). The behavior of
TGA plots ofc-HSS and c-HSS-Fe were nearly similar to each
other, which is no weight loss, highlighting the strong thermal
stability of the iron-loaded HSS product. The nature of each
specimen and preparation is given earlier by a schematic Fig. 1.
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The results of TGA were further explained by TEM analysis (see
Fig. 2), where we have found that the average size of the c-HSS
specimen was reduced, about 30% reduction in the size of the
spheres (sphere diameter 760 to 510 nm). This size reduction
was happened because of the removal of phenyl groups from
the spheres after the multi-step calcination process. The
thermal stability of the calcined spheres (c-HSS and c-HSS-Fe)
was reaffirmed by SEM and TEM inspection and analyses (see
Fig. 2 and 3), the morphology of HSS was not altered or affected
after the calcination and doping of iron oxide nanoparticles.
Hence, the thermally stable Fe;O, doped HSS (c-HSS-Fe) were
obtained after removing the organic groups from the u-HSS.

3.2.4 A physical test of c-HSS-Fe. The physical appearance
of two products, c-HSS (1) and c-HSS-Fe (2) is shown in Fig. 5d.
The c-HSS specimen showed the white milky color whereas c-
HSS-Fe powder gave the blackish appearance, indicating the
presence of Fe;O, NPs in the product. The existence of Fe;0,
NPs in the HSS material was also confirmed by performing
a simple test as shown by panels 3 and 4 of Fig. 5d. The c-HSS-Fe
powder was pulled by magnetic slab as highlighted by the yellow
arrow, while the c-HSS specimen showed no attraction to slab.
The c-HSS-Fe powder attached to the magnetic slab can be seen
in Fig. 5d (4), confirming the presence of magnetic nano-
particles in the sample. To clarify the surface morphology of the
magnetic slab, a digital photograph of the same slab before the
test was also shown in Fig. 5d (3).

3.3 Effect of u-HSS, c-HSS, and c-HSS-Fe on cancer cell
morphology

The effect of u-HSS, c-HSS, and c-HSS-Fe particles on the
morphology of the cancerous cells under different doses (0, 1, 3,
5, and 7 mg ml %) are shown in Fig. 6. The treatment of u-HSS
(1 mg ml™") showed a little impact on the cancer cells as
compared to cells of the control group (Fig. 6; upper row). The
treatment of cells with a dose of 3 mg ml~* showed a moderate
effect where nuclear condensation of cancer cells was observed
(Fig. 6¢). The dosages of 5 and 7 mg ml~' showed some changes
in the morphology of the cancer cell but not many cells'
deaths were observed. The post 48 hours treatment of c-HSS
(1 mg ml™") showed a moderate level of nucleus condensation
of the cells (Fig. 6, middle row). The treatment of 3 mg ml™"
showed a strong nuclear condensation and cell membrane
disruption was found. The 5 and 7 mg ml ™" doses caused the loss
of a cell large population. The treatment of c-HSS-Fe (1 mg ml ™)
showed a strong nucleus condensation of the cancer cells
(Fig. 6b-bottom row). We did not observe any morphological
changes in the control cells. The 3 mg ml™" ¢-HSS-Fe treatment
showed further nucleus condensation, whereas the dosages of 5
and 7 mg ml~" caused the loss of the cancer cell population.
This is the first study where iron oxide nanoparticles are
loaded to hollow silica spheres and tested their anticancer
capabilities against human cancer cells (HCT-116). For
example, multi-shelled dendritic mesoporous organo-silica was
used in cancer immunotherapy.” In another report, hollow
mesoporous silica nanocarriers were used for in vivo cancer
imaging and therapy.** In addition to this, ytterbium (Yb) doped

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Effect of u-HSS, c- and c-HSS-Fe on cancer cell morphology. Morphology of the cancer cells after treatment (48 h) with u-HSS (top row),
c-HSS (middle row), and c-HSS-Fe (bottom row). (a) Control (0 mg ml™), (b) treated 1 mg ml™, (c) treated with 3 mg ml™2, (d) treated with 5 mg
ml~t and (e) treated with 7 mg ml™™. The arrows showed cellular disintegration, augmentation, and condensation. The scale bars are 20 um.

yttrium oxide (Y,O;) nanoparticles (Y,O3;-Yb) and double- 3.4 Effect of u-HSS, c-HSS, and c-HSS-Fe on cancer cells
shelled hollow spheres (Er@mSiO,-Cu(x)S) have been used to survivability

enhance the chemo or photothermal anti-cancer therapy and
dual-modal imaging.** Several studies have shown that azoles
and their derivatives possess anti-cancer properties.'***°
Furthermore, HCT-116 cells have been broadly tested as anti-
cancer molecules anticancer drugs.***¢->*

The inhibition rate and the cell survivability (cell viability) of the
HCT-116 cell line were examined by using MTT assay, the results
are displayed in Fig. 7. The treatment of u-HSS specimen (dose
concentration: 1, 3, 5, and 7 mg ml ") showed respectively, 85%,

120%
] (a) u-HSS (b) c-HSS (c) c-HSS-Fe

100%

80% 1 ] ]
60% ] ] ]
20% 1 ] 1
' l' I 1
0% 1 1 ]

Control Control Control
Dose (mg/ml) Dose (mg/ml) Dose ( mg/ml

Cell viability

Fig. 7 Cancer cell viability by MTT assay: the HCT-cells were treated with u-HSS-c-HSS and c-HSS-Fe at different concentrations (0 mg ml™?,
1mg ml™% 3 mg ml™%, 5 mg ml™%, and 7 mg ml~?) for 48 h. Data are the means + SD of three different experiments. Difference between two
treatment groups were analysed by student's test where (*p < 0.05; **p < 0.01; ***p < 0.001), p-values were calculated by student's test. No
changes were observed for control specimens.
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79%, 75%, and 66% cancer cell viability, whereas the treatment of
c¢-HSS at same doses showed 79%, 76%, 65%, and 34% cell
viability, respectively. When cancer cells were exposed to c-HSS-Fe
spheres under four different concentrations (1, 3, 5, and 7 mg
ml "), the cancer cell viability was significantly reduced to 53%,
46%, 37%, and 31%, respectively. From the cell viability assay, it
was observed that u-HSS, c-HSS, and ¢-HSS-Fe have cytotoxic effects
on the cancer cells. The results have been compared with already
reported studies and reports. Similar results were reported earlier
in the study where cancer cells were treated with hollow silica
showed enhanced chemo and photothermal anti-cancer activity.*
In another study, it has been reported that multi-shelled meso-
porous silica nanospheres showed better optical cancer imaging.>
In another study, hollow microspheres and doxorubicin (DOX)
were employed to induce anti-cancer activity.>® It was reported that
silica nanoparticles can be biocompatible with dependence on
size, concentration, and other parameters.* M. R. Dzamukova et al.
have shown that the pronounced toxic effect of magnetic particles
on mammalian cells and organisms was absent and did not induce
apoptosis in either cancer cells or primary cells.*”**>¢

4. Conclusion

In this study, pure hollow silica spheres (c-HSS) and iron oxide
(Fe30,) loaded hollow silica spheres (c-HSS-Fe) were synthesized
successfully using a simple two-step method which is followed by
multi-step calcination. After characterization, the prepared mate-
rials were tested for anti-cancer aptitudes on human colorectal
carcinoma cells (HCT-116). The morphology and the loading of
Fe;O, nanoparticles into HSS were confirmed by electron
microscopy and spectroscopic techniques. It was observed that the
average size of the silica spheres was reduced significantly upon
calcination with the fact that the accompanied phenol groups are
removed after heating. Importantly, the HSS products displayed
the monodispersed morphology with an average sphere size
slightly above 700 nm (uncalcined HSS) and ~500 nm for calcined
and Fe;O, loaded HSS. EDX analysis further highlights the exis-
tence of Fe along with Si and O in the doped HSS, thus verifying
the loading of Fe;O, into c-HSS. Anticancer cells proliferation
capabilities of the three prepared products, u-HSS, ¢-HSS and c-
HSS-Fe were investigated against HCT-116 cells by using laser
microscopy and MTT assays. It was found that the iron-loaded HSS
reduced the cancer cells proliferation significantly and demon-
strate a dose-relevant behavior. The smaller dose, 1 mg ml™*
produced a minor effect, whereas the higher doses (3, 5, and 7 mg
ml ") reduced the cancer cell proliferation substantially. Further-
more, the doped and undoped HSS showed differential actions on
cancer cells under the same conditions, c-HSS-Fe was the more
effective and profound compound in terms of reducing the cancer
cells proliferation. The results of this study showed that c-HSS-Fe
could be a powerful bio-active material against cancerous cells.
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