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ABSTRACT: The present study deals with the synthesis andfunctionalization of mesoporous silica
nanoparticles as drug delivery platforms. SBA-15 nanorods with high surface area (1010 m?g™)
were functionalized by post grafting method using 3-mercaptopropyl trimethoxysilane (MPTS). The
parent and thiol-functionalized SBA-15 nanorods were used as nanocarriers for an anticancer drug
(gemcitabine). The characterization of all samples were done by small angle X-ray scattering (SAXS),
N, adsorption/desorption, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), FTIR and UV spectroscopies. The adsorption and release properties of all samples were
investigated. It was found that the surface functionalization increases the interaction between the carrier
and gemcitabine and results in the loading enhancement of the drug. The obtained results reveal that
the surface functionalization leads towards significant decrease of the drug release rate. These findings
demonstrate that the functionalized mesoporous system is appropriate drug delivery platform due to

their loading content and the possibility to modify drug release.
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INTRODUCTION

Recently, mesoporous silica nanoparticles (MSNs)
have been emerged as drug delivery systems (DDS)
because of several unique properties such as high sur-
face area, large pore volume, uniform and tunable pore
sizes, very high thermal and chemical stability, control-
lable morphology, modifiable surfaces, lack of toxic-
ity and well biocompatibility (Vallet-Regi, et al., 2001,
Tourne-Peteilh, et al., 2003, Doadrio, et al., 2006, Pro-
kopowicz and Przyjazny 2007, Nunes, et al., 2007).
The porous system architecture, thickness of walls,
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chemical modification of the surface, chemical char-
acteristics of the adsorbed drug, morphology of meso-
porous silica particles and many other parameters can
influence on the drug loading and release into and out
of MSNs (Tozuka, ef al., 2010, Izquierdo-Barba, et al.,
2005, Munoz, et al., 2003, Song, et al., 2005, Heikkila,
et al.,2007). It was demonstrated that the surface mod-
ification with appropriate functional groups is an im-
portant method of varying the drug loading and release
properties of mesoporous silica materials. For exam-
ple, MSNs modified with amine groups were applied as
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carriers for adsorption of drugs with acidic character
(Halamova, ef al., 2010). In contrary, modification of
the surface with acids (e.g. with carboxylic groups)
increases the adsorptive properties of drugs with ba-
sic properties (Doadrio, et al., 2004). Several research
groups investigated the effect of the morphology of
MSNSs on the drug adsorption and release. Tsai, et al.
found that rod-like MSNs have greater potential than
that of spherical ones in monitoring the cell trafficking,
cancer cell metastasis, and drug/DNA delivery (Tsai,
et al., 2008).SBA-15 with highly ordered 2D-hexago-
nal mesostructure with large pore size of 4.6—-10.0 nm
is attractive for the easy modification and application
as drug delivery system. The performance improve-
ment of SBA-15 particles affected by their size and
morphology. The rod-like morphology of SBA-15 is
more interesting due to its small dimensions, which
results in short diffusion paths and therefore the pos-
sibility of fast adsorption and mass transfer (Lai, ef al.,
2003, Qu, et al., 2006, Tang, et al., 2000).

Gemcitabine (Gem) (Fig. 1) is a water-soluble low-
molecular-weight anticancer drug that is commonly
used for the treatment of several kinds of cancers in-
cluding colon, pancreatic, lung, breast, ovarian, and
bladder. Different drug delivery systems such as li-
posomes and polymeric nanoparticles were designed
in order to protect Gem from rapid metabolization,
overcome drug resistance, target drug delivery, and
improving its anticancer efficacy (Braakhuis, ef al.,
1991, Burris and Storniolo 1997, Patra, et al., 2010,
Sevimli and Yilmaz 2012).

This paper describes the adsorption and release
of gemcitabine on the thiol-functionalized SBA-15
nanorods. Investigation of the effect of the surface
functionalization on the adsorption capacity and re-
lease behavior of Gem is the main aim of this study.
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Fig. 1: Chemical structure of gecitabine
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MATERIALS AND METHODS

Materials

Poly (ethylene glycol) block poly (propylene glycol)
block poly (ethylene glycol), P123, (EO, PO, EO,,
M,, = 5800 g/mol) was obtained from Aldrich.
Tetraethyl orthosilicate (TEOS), hydrochloric acid
(35 %), ethanol and 3-mercaptopropyl trimethoxysi-
lane (MPTS) were purchased from Merck. Gem-
citabine was obtained from Lilly France S.A.S. Com-
pany. All chemical reagents were used without further

purification.

Synthesis of SBA-15 nanorods

SBA-15 nanorods were synthesized according to the
procedure that described in our previous work (Bah-
rami, et al., 2014). In a typical synthesis, 23.4 g of
non-ionic triblock copolymer (Pluronic P123) was
dissolved in the mixture of deionized water (606.8
g) and hydrochloric acid (146.4 g, 35 %). Then, 50 g
of TEOS was added to this clear solution while stir-
ring at the rate of 500 rpm at 55°C. The reaction batch
was maintained at static conditions for 24 h (hydro-
lysis time) at this temperature and then for another
24 h at 100°C for further condensation. The precipi-
tate was obtained after filtration, and ethanol extrac-
tion. A soxhlet extractor was used for removing the
triblock copolymer template.

Preparation of thiol-functionalized SBA-15 nanoro-
ds (SH-SBA-15)

To functionalize the surface of SBA-15 nanorods
with mercapto groups, 0.1 g of SBA-15 nanorods was
dispersed in 20 mL of anhydrous ethanol. Following
the addition of 3-mercaptopropyl trimethoxysilane
(MPTS) (1 mL), the mixture was stirred moderately at

SH
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Fig. 2: Thiol-functionalization of SBA-15 nanorods
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80°C for 6 h. The precipitate was collected by cen-
trifugation, washed with ethanol and dried at room
temperature to give the thiol-functionalized SBA-15
nanorods as white powder. The obtained modified
sample was denoted as SH-SBA-15 (Fig. 2).

Adsorption of gemcitabine on SBA-15 nanocarriers
20 mg of the non-modified or thiol-functionalized
SBA-15 nanorods was dispersed in 8 mL of gem-
citabine solution (2.5 mg mL™'). The mixture was
stirred at room temperature for 24 h in order to load
Gem on SBA-15 nanorods. The gemcitabine-loaded
samples were collected by centrifugation and rinsed
several times with distilled water to remove the physi-
cally adsorbed Gem. The prepared samples were la-
beled as G@SBA-15 and G@SH-SBA-15. UV/Vis
spectrophotometer was used to measure the amount
of the loaded drug at the wavelength of 269 nm. The
drug loading content and the entrapment efficiency
were calculated using the following equations:

Weight o f Gem h mesoporous material

Loading content(%) = (—— —)x
Weight o f Gem loaded mesoporous material

. Weight o f Gem i mesoporous material
Entrapment efficiency(%) = (

" . )% 100
Initial weight o f Gem

Gemcitabine release

Phosphate-buffered saline (PBS) solutions with the
pH values of 5.6 and 7.4 were chosen for the drug re-
lease experiments. The certain amount of Gem-loaded
samples was suspended in 4 mL of PBS solutions. The
solution was kept at 37°C using an incubator in or-
der to simulate body temperature. At scheduled time
points, suspension was centrifuged at 13000 rpm for
15 min. The amount of released drug was measured
by a UV/Vis spectrophotometer at the wavelength of
269 nm. The measurement was repeated three times
for each sample to ensure the accuracy.

Instrumentation

The small angle X-ray scattering (SAXS) patterns
were recorded with a model Hecus S3-MICROpix
SAXS diffractometer with a one-dimensional PSD
detector using Cu Ka radiation (50 kV, 1 mA) at the
wavelength 1.542 A. The SEM and transmission elec-
tron microscopy (TEM) images were taken using Ox-
ford LEO 1455 V STEM and Philips EM-208 100 kV,
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respectively. Nitrogen physisorption isotherms were
obtained on a BELSORP mini-II at liquid nitrogen
temperature (77 K). The specific surface areas were
measured using multiple point Brunauer—Emmett—
Teller method. The pore size distributions were cal-
culated using desorption branches of the isotherms
by Barrett—Joyner—Halenda (BJH) method. The FTIR
spectra were recorded using Equinox 55 spectrometer
in the range between 400 and 4000 cm™. The UV/Vis
absorption spectra were recorded using a Ray light,
UV 1600 spectrophotometer.

RESULTS AND DISCUSSION

Small angle X-ray scattering analysis (SAXS)

The SAXS patterns of the non-modified and thiol-
functionalized SBA-15 nanorods were displayed in
Fig. 3. All the samples have a single intensive reflec-
tion at around 260 = 0.72° and two additional peaks
related to the higher ordering (110) and (200) reflec-
tions similar to the typical SBA- 15 materials, that
is reported in the literature (Bahrami, et al., 2015a).
These three peaks are characteristic of the ordered
structure of hexagonal lattice (Bahrami, ef al., 2015b).
The existence of three main diffraction peaks in the
patterns of the functionalized sample confirms that the
introduction of the organic functionalities does not de-
stroy the mesoporous structure of the parent SBA-15.
However, due to the existence of organic groups in the
mesochannels, a decrease in the intensity of peaks is
observed.

Morphology study

The scanning electron microscopy (SEM) image of
SBA-15 matrix (Fig. 4a) is shown that the synthesized
particles having rod-like shape. As it can be observed
in the transmission electron microscopy (TEM) image
(Fig. 4b), the width and length of these rods are about
100 nm and 1 pm, respectively. In addition, these
nanorods have highly ordered 2D-hexagonal meso-
channels along the length of the rods.

Nitrogen adsorption/desorption analysis
N, adsorption/desorption measurements of the non-
modified SBA-15 nanorods, thiol-functionalized and
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Fig. 3: SAXS patterns of SBA-15 nanorods and SH-SBA-15
sample

Gem-loaded samples exhibiting a similar trend. A typ-
ical irreversible type IV nitrogen adsorption isotherm
with an H1 hysteresis loop were observed for the all
samples (Fig. 5a) (Horcajada, et al., 2004). The shape
and the position of hysteresis loop (at p/p, from 0.60
to 0.85) indicate cylindrical mesopores with very nar-
row pore size distributions (Andersson, et al., 2004).
The lower amount of the adsorbed nitrogen and the
shift of hysteresis loop of the functionalized and Gem
loaded samples toward lower relative pressures are the
indication of the presence of organic functionalities
groups and drug molecules in the pores. The textural
properties of the all samples are summarized in Table
1. As it can be observed, there is a decreasing trend in

the specific surface area (S ), pore volume (Vp), and
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Fig. 4: (a) SEM and (b) TEM images of SBA-15 nanorods

pore diameter (Dp) after the surface functionalization
and drug loading. The pore size distribution was calcu-
lated by BJH method based on the desorption branch
of N, adsorption/desorption isotherms. It is observed
that all of the samples have narrow pore size distribu-
tion with uniform mesochannels (Fig. 5b).

FTIR measurement

Infrared spectra of the SBA-15 nanorods, thiol-func-
tionalized and the Gem loaded samples were illus-
trated in Fig. 6. For all samples, the band at around
3400 cm™! can be assigned to the stretching vibration
of Si-OH groups. The stretching vibrations of Si-O-Si

Table 1: Specific surface area (SBET) (m?g™"), pore volume (V) (cm*g) and pore diameter (D) (nm) from

N, adsorption/desorption for SBA-15 nanorods, thiol-functionalized and Gem loaded samples

Textural properties
samples
Sy () V (cmg) D, (nm)
SBA-15 nanorods 1010 1.27 7.06
SH-SBA-15 598 1.02 5.40
G@SBA-15 nanorods 449 0.811 6.18
G@SH-SBA-15 358 0.826 5.40
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Fig. 5: (a) N, adsorption/desorption isotherms and (b) pore
size distribution of SBA-15 nanorods, thiol-functionalized

and Gem loaded samples

appear as two peaks: one broad and strong peak cen-
tered at around 1100 cm!; one narrow and relatively
weak peak near 800 cm! (Bahrami, et al., 2015b).
In addition, the small peaks observed at around
2800 and 2900 cm™ result from the CH stretching
vibrations. Although, the characteristic peak (related
to the —SH groups) could not be observed at around
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Fig. 6: FTIR spectra of (a) SBA-15 nanorods, (b) SH-
SBA-15, (c) G@SBA-15 and (d) G@SH-SBA-15

2580 cm™ due to the sample containing trace amounts
of the mercaptopropyltrimethoxysilane(Qu, et al.,
2006). The new adsorption band is observed in the
spectra of Gem loaded samples. The peak at around
1480 cm™ is due to N-H bending of Gem molecules
(Bahrami, et al., 2014). These results indicate that the
Gem loading was done successfully.

Table 2: Gemcitabine loading content and entrapment efficiency of the non-modified and

thiol-functionalized SBA-15 nanorods

Gem loaded samples

Loading content (%)

Entrapment efficiency (%)

G@SBA-15 nanorods
G@SH-SBA-15

7
12.96

7.90
14.90
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Fig. 7: Release profiles of (a) G@SBA-15 nanorods and (b) G@SH-SBA-15

Gemcitabine loading and release

Successful modification was also evidenced by the
drug adsorption experiments. The amount of adsorbed
gemcitabine of the non-modified and thiol-function-
alized SBA-15 nanorods was displayed in Table 2. It
was found that the non-modified SBA-15 nanorods
can adsorb 7 wt.% of Gem. In contrast, the surface
modification resulted in higher amount of adsorbed
Gem. This is due to increasing the interaction between
the carrier and the drug.

The results of the gemcitabine release from the
Gem loaded samples are plotted in Fig. 7. The drug
release behaviour was studied in PBS buffers with dif-
ferent pH values of 5.6 and 7.4 at 37°C. As shown,
in contrast with G@SBA-15, slower release rate was
observed from the thiol-functionalized sample. This
fact could be explained by taking into account that the
interaction between Gem and the functionalized sam-
ple is stronger than that of between Gem and silanol
groups of the non-modified SBA-15 nanorods. There-
fore, by controlling the surface properties of SBA-15
nanorods it should be possible to prepare novel drug
carriers with the desired release rate.

CONCLUSIONS

In the present work, the non-modified and thiol-func-
tionalized SBA-15 nanorods were used as the carriers
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for the adsorption and release of anticancer drug such
as gemcitabine. The surface functionalization leads
towards formation of the carriers that have strong
interaction with the drug. In contrast with SBA-15
nanorods, the drug release rate of the thiol-functional-
ized sample is not pH dependent. In addition, slower
release rate was observed from this functionalized
sample. Therefore, it is demonstrated that the thiol-
functionalized SBA-15 nanorods can be suitable carri-
ers for gemcitabine. The obtained results give promis-
ing perspectives for future application of mesoporous
materials in drug delivery systems.
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