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Abstract

Nowadays, nanotechnology is growing very fast, appearing every day in many fields related to this
nanotechnology. In the present study silica nanoparticles (Si NPs) were synthesized, their surface was
modified using a silazane and mesoporous Si NPs were further used for the loading tocopherol ac-
etate. Si NPs were synthesized from tetraethyl orthosilicate (TEOS) in the presence of NaOH, with an
easily handled, well known Stober method. In this, procedure TEOS was used as a source of silica and
treated with NaOH and H,O, undergoing condensation and hydrolysis reactions to produce Si NPs.
These Si NPs were then modified by the hexamethyl silazane to avoid agglomeration and can be used
easily for targeted delivery, as smart carriers. In the end, tocopherol acetate was successfully loaded
in the modified Si NPs and different parameters were recorded for optimum loading. All the samples
were characterized through SEM XRD, FTIR, BET and UV-VIS spectroscopy. XRD peaks reveled
the typical peak of mesoporous Si NPs appeared at 26 = 22°. The pore size was found to be 2.45 nm.
BET surface area was found to be 694.29 m*/g. FTIR presented the main peaks of functional groups
at 1600 cm™, 1000 cm™ and 2900 cm™' respectively. Modified Si NPs were synthesized and character-
ized, and the tocopherol was loaded inside the mesoporous Si NPs successfully. These experiments
showed that mesoporous Si NPs can be used as smart carriers to deliver broad types of drugs efficiently.
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and mesoporous silica nanoparticles (MSNs) with
its: excellent compatibility, well-organized pore size
properties, deep pore size distribution, large pore

Introduction

In the 2000s, researchers showed great interest

towards silica nanoparticles (Si NPs) due to its unusual
properties which recommended their applications
in chromatographic separation, catalysis, molecules
adsorption, etc [1]. In 2001, silica was introduced as
new Mesoporous Crystalline Material (MCM-41)

volume for drug accommodation and high surface area.
Si NPs are highly biocompatible due to presence of
abundant silanol groups on their surface and therefore,
silica-based nanomaterials are getting popularity
in biomedical applications. The silanol groups are
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involved in the post-synthesis functionalization of the
silica, can modify the interaction between host and
guest molecule’s delivery, and produced it in constant
and controllable manners, particularly, when used as
drug carriers [2].

It has been explored that MSNs are getting attraction
due to their biomedical applications. Mesoporous silica
nanomaterials became famous due to their promising
nature to overcome all the problems related to targeted
delivery and producing sustained and controlled
release of a drug. Nanomaterials are extensively
used as drug delivering agent, due to their favorable
chemical properties, biocompatibility and thermal
stability. At advanced level, employing MSNs was
also studied in the blood vessels to check the behavior
of nanoparticles. This research established the size
and surface possession on the interface of MSNs with
human red blood cell membranes and suggested that
the appropriate surface modification of nanomaterials
can enhance their biocompatibility and reduce their
dangerous effects on red blood cells. The actual unique
advantage of Si NPs is the smart delivery, outstanding
biocompatibility, good hydrophobicity, systemic
stability and resistance to pH changes with good
multi-functionality. They are smart carriers, as they
can permeate easily through the tumor tissues (active
or passive targeting) because of their nano size and
releasing the drug in a continuous manner. Popularity
of silica nanomaterials as a smart nano carrier and
normal drug vehicle is increasing because of their
prominent and irregular mesoporous structure [2].

Takeuchi et al. prepared polypropylene grafted
silicon dioxide (PP-g-Si0O,) nanoparticles by reacting
Si0, with hydroxylated PP (PP-OH) situated on
terminals. The synthesized polypropylene-silica
nanocomposite with great uniform dispersed phase was
obtained by using sol-gel method of silicon alkoxide

[3].

Silanol (hydroxyl groups) that are present on
mesoporous silica nanoparticles, react as very suitable
and secure points of organic functionalization. To
present certain organic groups, mainly post synthesis
method has been introduced onto the surface of
silanol on a variety of collected silica materials.
Generally, precursors such as organochlorosilanes
or organoalkoxysilanes are used for surface
functionalization, which is active to functionalize the
surface of mesoporous silica nanoparticles [4]. Two
reaction methods are used to synthesized MSNs, and

the most common is under basic conditions through
hydrolysis and condensation process of silicon sources,
called as the Stober method [5].

These mesoporous nanomaterials are used in
different analytical fields, target delivery system,
bio-sensing, cellular uptake, bio-medicines, etc.
The MSNs own a definite framework with bigger
surface area, as well as their porous structure allows
different functional groups to attach with specific
targeted site. Chemically, the mesoporous carriers
have active site surfaces and structure like honeycomb.
Functionalization is enabled by active surfaces to link
therapeutic molecules.

To determine the association of Mesoporous
Crystalline Material (MCM) and their loading
capability and pore size, different MSNs with pore
sized (4-25 nm) were made using two surfactants
cetyl-trimethyl ammonium bromide (CTAB) and
cetyl-trimethyl ammonium tosylate (CTAT).
Recrystallization facile vacuum pump process was
used to encapsulate the tocopherol acetate. The drug
loading dimensions, and enclosed competences
of modified nano carrier were investigated and
compared with pure MSNs in different pH conditions.
Antioxidant properties, cytotoxicity and hemolysis
were also observed for mesoporous drug delivery for
the assurance of its bioactivity [6].

Si NPs and other sources of silicon have been
applied and found significant to mitigate the adverse
effect of salt stress in wheat [7—10]. However,
in biomedical fields, SiINPs can be used as smart
nanocarriers. For drug delivery options, biodegradable
porous silicon particles under development for drug
delivery with optimum particle size can be used as
smart nanocarriers. The particle size depends upon
medical use, and microparticles can perform specific
illustrations as smart carriers [11].

MSNs are getting popular in modern medicine
applications, due to their applications as nano carriers
for drug delivery and as well as for their non-toxicity.
The invitro cytotoxicity test was done by MTT assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) for breast cancer cell assessment, the
commonly used MCF (cell lines), which showed
that silica nanoparticles are safe drug agents [12]. It
has been reported that SiNPs are nontoxic and reach
to their target point safely without affecting healthy
tissues [13]. Si NPs interact with immunocompetent
cells and induce immune toxicity. However, the toxic
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effects of Si NPs on the immune system have been
inadequately reviewed [14].

In this research, our key objective is synthesizing
the monodispersed, spherical, hexamethyl disilazane-
capped Si NPs which can be used in several biological
fields. The fundamental MSNS were synthesized
from tetraethyl orthosilicate (TEOS) according to the
advanced Stober process, and these MSNs were used
as smart carriers by loading tocopherol.

Materials and Methods

TEOS was purchased from Sigma Aldrich.
Analar grade chemicals such as ethanol, methanol,
cetyl trimethylammonium bromide, benzyl tri-N-
butyl bromide, sodium dodecyl benzene sulphonate,
hexamethyl disilazane, a-Tocopherol, and toluene
(solvent) were also purchased. Figure 1 shows the
schematic representation for the Si NPs synthesis,
modification, loading and optimization of tocopherol
and their characterization.

Synthesis of silica nanoparticles

SiNPs were synthesized by well-known Stober
method. At first, deionized water (120 mL) and 1
mol/L NaOH (1.75 mL) was taken in a beaker with
CTAB (0.5 g), heated for 1h at 80 °C with constant
stirring at 100 r/min till the solution become clear, then
its pH was maintained at 12. Then TEOS was added to
this solution with constant stirring and white precipitate
were observed after 3 min. Leave the mixture stirring
for some time then centrifuge for 15 min. Wash it 3
times with excess water and ethanol solution (3:4), and
then after calcination, it was dried in oven at 120 °C for
8 h. Grayish color indicated the formation of the SiO,
NPs. Fine particle size can be obtained by prolonged
sonication [15]. Then Si NPs were characterized by
ultra violet visible infrared spectroscopy (UV-VIS) and
Fourier transform infrared spectroscopy (FTIR).

Three different surfactants were used to get various
porous medium and surface diameter. Sodium dodecyl
benzene sulphonate (0.4 g), benzyl tri-N-butyl bromide

(0.8 g), cetyltrimethylammonium bromide (0.5 g) were
used to prepare SiNPs. Different surfactants, sodium
dodecyl benzene (SDBS), benzyl tri-N-butyl bromide
and CTAB were used to obtain Si NPs with different
pore sizes [16—19]. The best results were achieved
using CTAB in this experiment.

Modification of MSNs by hexamethyl
disilazane

Silica surface modification (functionalization) and
all handlings were performed in two neck isopiestic
flasks. Freshly dried silica (1 g) was mixed with toluene
(25 mL). In this mixture, Hexamethyl disilazane (3
mL) and hydrochloric acid were poured, maintaining
the temperature at 100—150 °C. This reaction was kept
for 3—4 h. It was centrifuged and washed with solvent
(ethanol) for multiple times and kept for drying under
oven at 110 °C.

Calibration curve for tocopherol

A UV-VIS spectrophotometer (Shimadzu 1700)
was used. The drug tocopherol acetate (vitamin E)
commercially available was used due to its ease and
availability. Stock solution was prepared from the
drug tocopherol acetate (1 mg/L) and further dilutions
were made as 5 mg/L, 10 mg/L, 15 mg/L, 20 mg/L,
25 mg/L, and 50 mg/L. Solvent such as methanol or
acetonitrile was used as a reference opposite to the
standard solution of tocopherol acetate. Lambda max
of tocopherol used was 284 nm. Tocopherol acetate 5
mg/L solution with 10% ethanolic solution was used
for loading tocopherol. First calibration curve was
taken before loading tocopherol and it was observed
that 5 mg/L solution led to load tocopherol easily
because above 5—10 mg/L, there remained its solubility
issue.

Loading tocopherol in MSNs

A mixture of 5 mg/L tocopherol acetate and 50
mg of dried Si NPs was soaked into the 10% ethanol
solution, in a beaker and kept on stirring for about
12 h. After tocopherol loading process, the solution
was centrifuged, and the supernatant was used to

Fig. 1 The schematic representation for the Si NPs synthesis to characterization
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check the results. Different parameters were taken to
identify the optimization of tocopherol loading. All the
parameters were performed consistently and gained the
optimization rate. All the parameters were performed
with same factors using the dose which was already
optimized at rate of 5 mg/L.

Table 1 indicates pH, time, adsorbent and
temperature study for loading of tocopherol acetate
as well as dosage parameters for loading tocopherol
acetate.

Results and Discussion

In the present study, SiNPs were synthesized by
breakdown of TEOS in the first step. In the second
step, the synthesized SiNPs were surface, modified
by HMDS. In the last step, tocopherol acetate was
loaded inside the MSNs at optimum conditions. A pH
= 9 optimum tocopherol was loaded in 12 h at 22 °C.
The optimum concentration found 5 mg/L for loading

tocopherol. Scanning electron microscopy (SEM)
images of the prepared Si NPs showed that particles
were spherical in nature. Three samples with different
surfactants (cetyltrimethylammonium bromide, sodium
dodecylbenzene sulphonate, and benzyl trimethyl
ammonium) with help of SEM were analyzed (Fig. 2).

The structure of prepared silica nanoparticles was
recorded by X-ray diffraction (XRD) by powder
diffractometer using Cu-Ka = 1.54 A (1 A = 0.1 nm)
with a scanning rate of 26/min (Fig. 3). The XRD
spectra of Si NPs appeared as a broad hollow peak
centered at two theta value of 22°. This XRD pattern
corresponds to pair distubition function analysis (PDF)
card standard for silica-cristobalite phase JCPDS # 00-
001-0424 that confirmed amorphous nature of SiNPs
(Fig. 3), which is similar to previously reported studies
[20, 21].

Nitrogen adsorption/desorption analysis
Nitrogen adsorption/desorption isotherms were
measured at 77.35 K by using micromeritics Gemini

Table 1 Effect of different parameters on Tocopherol loading

1 pH for tocopherol Dose and time Concentration of drug & temperature Temperature and speed
A pH=3 50mg3h 5mg/L at 22 °C 10 mL 20 r/min

B pH=9 50mg3h 5 mg/L at 22 °C 10 mL 20 r/min

C pH=12 50mg3h 5 mg/L at 22 °C 10 mL 20 r/min

2 Time for loading Mass and volume Concentration of drug Speed and temperature
A 3 h 50 mg 10 mL 5 mg/L 20 r/min 22 °C

B 9 h 50 mg 10 mL 5 mg/L 20 r/min 22 °C

C 12h 50 mg 10 mL 5 mg/L 20 r/min 22 °C

3 Amount of Si NPs Volume and time Concentration of drug & pH Speed and temperature
A 5 mg 10mL 12 h Smg/LatpH=9 20 r/min 22 °C

B 25 mg 10mL 12h Smg/LatpH=9 20 r/min 22 °C

C 50 mg 10mL 12h Smg/LatpH=9 20 r/min 22 °C

4 Dose of drug Adsorbent mass and volume Time and pH scale Speed and temperature
A 2 mg/L 50 mg/10 mL 12hatpH=9 20 r/min 22 °C

B 5 mg/L 50 mg/10 mL 12hatpH=9 20 r/min 22 °C

C 10 mg/L 50 mg/10 mL 12hatpH=9 20 r/min 22 °C

5 Temperature Dose and volume Drug Concentration Speed and time

A 22°C 50 mg/10 mL 5 mg/L 20 r/min 12 h

B 80 °C 50 mg/10 mL 5 mg/L 20 r/min 12 h

C 100 °C 50 mg/10 mL 5 mg/L 20 r/min 12 h

Fig. 2 SEM of CTAB surfactant showed Si NPs at resolution of (a) 500 nm, (b) 200 nm and (c) 100 nm
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at 200 cm?/g quantitative adsorbent at P/P,= 0.3,
and constantly increased to 240 cm?/g at P/P,= 0.9
relative pressure. Figure 4(b) showed surface area
of nanoparticle. This calibrated graph was the plot
of relative pressure against quantitative pressure
which was increasing from 0.0005 to 0.0020 (relative
pressure). A calibrated graph (Fig. 4(c)) for the
thickness of pore present in the Si NPs indicated the
relation between thickness and quantity absorbed,
and the pore thickness was increased from 100 cm?
to 180 cm?. BTH is a technique in which powdered
sample is analyzed to check the pore diameter. Figure
4(d) indicated a high porous volume of 0.26 cm/g.
Figure 4(e) represented the pore diameter of Si NPs
against pore volume. The cumulative pore volume was
0.278503 cm?®/g, and the average pore size was 2.4507
nm. Figure 4(f) is the pore volume against the pore
area. It highlighted the lager porous Si NPs with larger
pore area. Overall pore volume of Si NPs was 0.278503
cm?®/g, and their average pore size was 2.4507 nm.

FTIR analysis

The simple SiNPs synthesized in 1st step are SA-1,
whereas SiNPs were modified by HMDS in 2nd step
(SA-H). The characteristic peaks of SA-1 were 1365
cm', 1645 cm™, and 3268 cm . The peaks observed at
1046 cm ' and 1060 cm ' in both spectra were due to

Si-O-Si stretch, whereas in SA-H, the peak appeared
at 1625 cm™', 1633 cm ', 757 cm™', and 3375 cm . The
peak appeared at 970 cm and 802 cm ™' were due to Si-
O-Si stretching and bending in-plane bending vibration
respectively [22]. The peak observed in both spectra
in the region of 790-806 cm ' was due to the presence
of quartz in silica. The above all peaks were similar in
both unmodified and modified silica except the peaks
observed at 2922 cm ' and 2852 cm ' due to sp’ C-H
stretch, 1467 cm™' and 1366 cm™' due to CH, and CH,
bending vibration, which are absent in unmodified
silica that confirmed the modification of silica with
HDMS. These all peaks confirmed the formation of
modified silica with HMDS (Fig. 5).

Loading tocopherol in silica
nanoparticles

Different standard solutions were made by the drug
tocopherol and analyzed by UV-VIS spectroscopy. The
lowest absorption peak shown by the solution was 5
mg/L and intense absorption peak was showed by 50
ppm solution (Fig. 6).

Passive methodology was proposed to load the
drug in the Si NPs. Three various solvents were used
to load drug molecules. 5 mg/L drug, and 50 mg
carrier and 10% polar solvent (methanol, ethanol,
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Fig. 5 (a) FTIR of calcined, (b) Unmodified, (¢c) HMDS Si NPs
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Fig. 6 Calibration curve of tocopherol in 10% ethanol solution

and acetonitrile) The suspension was then kept for
stirring overnight. The effects of temperature and
loading time was observed sharply. The tocopherol
loaded Si NPS were then collected and centrifuged
(3000 r/min) and the supernatant was progressed
for UV-VIS spectrophotometry. Both modified and
unmodified adsorbents were kept under loading
process. In a few cases both the polar solvents
become hindered and the solvents are responsible
for the drug entrapment. Low polar solvents are less
capable for drug loading, while the research concluded
that methanol and acetonitrile had high entrapment
efficiency. Different parameters were given by the
loading process. The appropriate temperature for the
loading was 25 °C and the time for the maximum
loading was 12 h, while 50 mg concentration of
drug carrier and 5 mg/L drug loading was optimized.
Keeping all these factors constant, 51% of the
entrapment according to these above-mentioned factors
was completed.

In this study three surfactants such as sodium
dodecyl sulfate (SDS), sodium dodecyl benzenesulfo-
nate (SDBS), and cetyltrimethylammonium bromide
(CTAB) were used for Si NPs. Best results were
achieved by CTAB in our study, with ideal pore size.
The pore diameter was 50 nm, which is in agreement
to prior studies [16-18]. The reaction was processed
in basic or alkaline conditions because presence of
ammonium ions in the reaction medium have a twofold
role: first it alters the pH of the medium, and second
it reduces the amount of the energy required to start
the nucleation, or in other words, enhance the rate of
nucleation [23].

The content of the surfactant showed vital consequ-
ences in the structure distribution of nanospheres [22,
24]. Different kinds of surfactants were used in this
study to make a variety of MSNs with different pore
sizes and different shapes. SEM results showed that,
addition of CTAB produced the sample of 0.27
cm?/g pore volume, surface area 694 m?/g, and 2.45
nm pore size; then further, the size of the particle

raised more due to increase in reaction time and at the
last no change appeared. The particle size decreased
by reducing the concentration of NH; and TEOS, and
increased with increment of same chemicals [4, 18].
The Si NPs could be synthesized under 80 °C, and
above this temperature, nanoparticles are smashed. The
unmodified Si NPS lonely couldn’t emulsify while the
HMDS modified Si NPs material form stable emulsion
added with discrete droplets with little water hindrance.

HMDS was used to modify hydrophilic silica to be
hydrophobic and to reduce the agglomeration [25].
Another main purpose was also to make sure that when
the HMDS modified silica (hydrophobic silica) reached
the targeted site it released at once instead it released
beyond the delivery point [26, 27].

The initial characterization was done by UV-VIS
spectrophotometer. The suggested UV spectrophoto-
metric technique showed exciting features such as
swiftness, easiness, and less expensive, and did not
contained cultured or costly instrumentation. The
method is proposed for standard serial dilutions
commonly [24]. In another study, comparison of
qualitative with optimized quantitative approach for
UV/VIS spectroscopic identification of tocopherol was
done [2].

In this research, we created innovative strategy to
manufacture a new type of mesoporous silica contexts
for delivery of water insoluble drug Vitamin E. These
Si NPs can also be used as smart carriers for any drug
efficiently by increasing their bioavailability and
dispersity at target point. Average pore size of drug
delivery agent was 2.4 nm. In the meantime, similar
results were achieved. The frame-up of the unbalanced
tocopherol exclusive in the amino imbedded
mesoporous network might progress drug stability and
avoid pharmacological deficiency when exposed in to
air for 48 h [6].

According to the SEM results, the size of nano-
particles ranged between 100 nm to 500 nm, which is
acceptable for any drug loading and drug releasements
according to references [3, 17]. In XRD results, the
peak appeared at 26 = 22°, showing the crystalline
structure of Si NPs. In FTIR, the characteristics peaks
were found at 2922 cm', 2856 cm ', 1356 cm ' and
1467 cm' respectively [28, 29]. The BET, surface area
was 694.2918 m®/g, which is in agreement with other
studies [26].

If the drug (entrapment) loading is 60% then drug
releasement may be 41% because some of the drug
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trapped in inner pore volume and may not be release
to the targeted point [22, 30, 31]. Different parameters
were also checked for the optimization levels of drug
loading, therefore, the highest rate of drug loading, was
found at optimized conditions. The optimum conditions
can be further used for the loading of tocopherol or
other drugs also.

Conclusion

Stober method is the simplest method for preparation
of silica nanoparticles. Mesoporous silica nanoparticles
are gaining attention in biomedicine as they can be
used for loading any drug inside these nano-carriers.
In this study, tocopherol acetate was successfully
loaded in the modified Si NPs and different parameters
were recorded for optimum loading. The pore size
was found to be 2.45 nm, and BET surface area was
694.29 m’/g. Modified Si NPs were synthesized and
characterized using different techniques. The present
study concluded that mesoporous silica nanoparticles
can be used as nano-carriers to load and deliver broad
types of drugs efficiently.
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