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ABSTRACT

Inorganic mesoporous structures are a class of novel biomaterials that have shown
practical applications in delivery of a variety of therapeutic agents. In the present
study, two mesoporous structures were prepared, and the effect of surface modi-
fication on their insulin delivery and in vitro cytotoxicity was evaluated. Morpho-
logical and structural characterizations of silica particles were accomplished by
different analytical techniques, including scanning electron microscopy, X-ray
diffraction, Fourier transform infrared spectroscopy (FTIR), and Brunauer-Em-
mett-Teller (BET) surface area analyses. The drug loading capacity and in vitro drug
release behavior of silica structures were investigated under simulated gastroin-
testinal conditions and phosphate-buffered saline solution using FTIR and UV-Vis
spectroscopy. In vitro cytotoxicity evaluation was carried out via MTT assay.
Results showed that the morphology of MCM-41 was round, while SBA-15 was
wheat like, both possessed almost homogeneous size distribution. Also, modifica-
tion with amine did not influence the morphology and structure of the particles.
Both MCM-41 and SBA-15 particles were found to have narrow pore-size distri-
butions of 2.8 and 6.8 nm, respectively. SBA-15 particles demonstrated a high
insulin loading capacity of about 15.1 %, while MCM-41 and modified MCM-41
(mMCM-41) were observed to load virtually no insulin at all. The surface modifi-
cation by amino groups resulted in higher insulin loading and the slower rate of
release for modified SBA-15 (mSBA-15) compared to the non-modified SBA-15
(SBA-15). According to the cytotoxicity evaluation results, all of the samples showed
cytotoxicity Grade 0-1, in a concentration-dependent manner. Moreover, insulin-
loaded mSBA-15 particles exhibited higher cell viability compared to the others. It
was concluded that amine modification of SBA-15 could result in higher loading
and extended release of insulin and more cell viability.
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Introduction

At the beginning of the 1990s, the M41S family of
ordered mesoporous silica was introduced, and the
synthesis of advanced mesoporous materials has
undergone explosive growth since then [1]. These novel
compositions have many specific applications in areas
such as catalysis [2], sorption [3], separation [4], sensing
[5], optics [6], diagnostic approaches [7], and drug
delivery [8]. Generally, mesoporous materials are
derived from supramolecular assemblies of surfactants,
which template the inorganic precursor during synthe-
sis. By eliminating the surfactant, different silica phases
are obtained. These materials can be easily synthesized
by sol-gel methods in acidic or basic conditions con-
taining the silica precursor and the surfactant micelles as
the template. The most common and well-known
ordered mesoporous frameworks are the 2D hexagonal
planar MCM-41 and SBA-15 structures (symmetry
group pémm) with around 2 and 10 nm pores, respec-
tively, and the 3D-cubic MCM-48 (symmetry group
la3d) with the pore size of approximately 3 nm [9].
Stable mesoporous structures with well-defined surface
properties such as MCM-41 and SBA-15 materials con-
sist of a honeycomb-like porous structure of empty
channels that can store relatively large amounts of
bioactive molecules. They are ideal for encapsulation of
pharmaceutical drugs, proteins, and other biogenic
molecules [10]. The use of silica materials for clinical
applications has considerably expanded in recent years,
in particular for orthopedics [11] and drug delivery
systems [10]. Silica-based materials are also used in glass
ceramics [12], silica nanospheres [13], and bioglasses
[14]. Many researchers have also focused on other types
of these materials, such as star gels, template glasses,
and ordered mesoporous materials. Initial investiga-
tions confirmed that silica materials have the potential
for clinical applications [15]. Mesoporous silica particles
contain some attractive features, such as high surface
area, large pore volume, tunable pore size, uniform
porosity, and stability in aqueous media [16, 17].

Recent researches in the synthesis of mesoporous
silica materials have led to the development of a series
of new delivery systems with various molecules, such
as pharmaceutical drugs [18] and fluorescent imaging
agents [19, 20]. Their easy chemical functionalization by
different organic groups, biocompatibility, and uni-
formly sized pores and volume has made them useful
for many biomedical purposes, such as drug [8] and
gene delivery systems [21].
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The functionalization by 3-aminopropyltri-
ethoxysilane (APTES) can be accomplished at differ-
ent temperatures and reaction times and in different
solvents, such as toluene and ethanol [22]. In recent
years, mesoporous materials for loading and delivery
of various pharmaceutical molecules, such as gen-
tamicin [23], ibuprofen [24], amoxicillin [25], and
alendronate [26] have been developed. Both small
and large molecules can be entrapped within the
mesopores [27]. Surface functionalization and geo-
metrical design of the pores are two strategies that
allow for the precise control of the chemical surface
properties and subsequently determine both drug
release and transport properties of the carrier [28].

Peptide delivery has been a significant challenge for
the pharmaceutical industry due to factors such as
immunogenicity and sensitivity to enzymatic degra-
dation, temperature, and pH variations, leading to
short plasma half-lives [29]. Compared with organic
carriers, such as liposomes, hydrogels, and polymeric
nanoparticles, mesoporous silica possesses better sta-
bility [30, 31] and the possibility of avoiding a burst
release [32]. Recently, there has been an increased
interest toward insulin delivery via inorganic materi-
als such as silica nanoparticles. Andreani et al. devel-
oped silica nanoparticles coated with mucoadhesive
polymers for oral administration of insulin [33], and
they showed that surface engineering of silica
nanoparticles may be a promising approach to design
carriers for oral administration of proteins [34]. How-
ever, silica nanoparticles as drug carriers cannot avoid
burst release, and their loading capacity is limited to
the surface of particles. Although recently some
reports have described the adsorption and release
behavior of different small molecular drugs [23, 26]
from mesoporous silica, there are only few reports
studying peptides adsorption and delivery behavior in
mesoporous silica [35-37]. Lin et al. used mesoporous
silica for direct delivery of enzymes into cells and
showed that mesoporous structures can be promising
carriers for the delivery of enzymes [36]. Furthermore,
Tukappa et al. introduced a polyglutamic acid-gated
mesoporous silica nanoparticle as enzyme carrier for
treating cancer cells [37]. Also, Gan et al. provided a
pH-responsive mesoporous silica carrier for peptide
delivery and showed an excellent capability for pro-
tein delivery via SBA-15 mesoporous structures [38]. In
our previous work, we investigated the possibility of
insulin loading in SBA-15 structure and studied its
release behavior for 6 h in simulated gastrointestinal
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tract and reported that SBA-15 can be a suitable carrier
for peptide drugs such as insulin [39]. Our present
approach offers more comprehensive information
about this structure as an insulin delivery carrier and
an insight into the effect of pore size and surface
chemistry modification on insulin loading and release
and their effect on cell viability. Although the use of
different kinds of mesoporous silica for insulin deliv-
ery has been studied previously, itis the first time thata
comparison between MCM-41 and SBA-15 and their
functionalized form as insulin delivery systems is
studied, and their effect on cell viability is evaluated.
The aim of amino-functionalization was to improve
drug loading capacity and decrease release rate as a
result of drug and amino groups interactions and
studying its effect on cell viability. The mesoporous
silica surfaces were amino-functionalized with APTES
by a post-grafting method. Both chemistries were
investigated for the storage, and release of insulin in
different simulated buffers, such as phosphate-buf-
fered saline (PBS), simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF), was investigated.

Materials

Tetraethyl orthosilicate (TEOS, Merck 99/9 %), hex-
adecyltrimethylammonium bromide (CTAB, Aldrich,
95 %), sodium hydroxide (Aldrich, 98 %), Pluronic
P123 (PEG-PPG-PEG, Aldrich Mw 5800), (3-amino-
propyDtriethoxysilane  (APTES, Aldrich, 99 %),
hydrochloric acid (Merck, 37 %), anhydrous toluene
(Aldrich, 99.8 %), human insulin of recombinant DNA
origin (Exir), Dulbecco’s modified Eagle’s medium
(DMEM, Gibco BRL Life Technologies), fetal bovine
serum (FBS, Gibco BRL Life Technologies), and MTT [3-
(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, Sigma] were all used as received without
further purification.

Methods
Mesoporous silica preparation
Preparation of MCM-41

MCM-41 particles were prepared through sol-gel
process according to the literature with minor mod-
ifications [9, 40]. Briefly, 1.04 g of NaOH was
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dissolved in 1800 mL of water at 80 °C. Then, 3.71 g
of CTAB was added to the solution and stirred vig-
orously. When the CTAB had completely dissolved,
17.33 g of TEOS was added dropwise. Subsequently,
the solution was stirred for 2 h at 80 °C. The resulting
precipitate was filtered and washed with water and
ethanol. In order to completely remove the CTAB, the
particles were calcined at 550 °C for 48 h. Each pro-
cedure was repeated many times under the same
controlled conditions.

Preparation of SBA-15

SBA-15 particles were prepared through a
hydrothermal process by pluronic P123-templated
condensation reaction of TEOS according to the lit-
erature with minor modifications [18, 22]. Briefly, 4 g
of pluronic P123 was dissolved into 150 mL of 2 M
HCI solution. Up to 8.5 g of TEOS was then added
dropwise to the solution and was stirred continu-
ously at 500 rpm and the reaction temperature was
maintained at 35°C for 20 h. Subsequently, the
mixture was aged at 100 °C for 24 h under static
conditions in a Teflon-lined autoclave. The precipi-
tated product was then filtered and washed with
deionized water and dried at room temperature.
Finally, the particles were calcined at 600 °C for 6 h to
remove the surfactant. Each procedure was repeated
many times under the same controlled conditions.

Functionalization of particles by post-synthesis grafting

To study the influence of amino groups on peptide
loading and delivery, mesoporous particles were
functionalized by APTES. Functionalization of MCM-
41 and SBA-15 with amino groups was accomplished
by immersion of particles into 2 mmol APTES in
30 mL of anhydrous toluene at 110 °C for 2 h. The
particles were then washed and dried. The obtained
samples were designated as mMCM-41 and mSBA-15
[22, 30].

Characterization of mesoporous silica
particles

X-ray diffraction

Powder X-ray patterns were carried out using a
PANalytical and Equinox 3000 instrument, with Cu K
radiation. Typically, the diffractograms have been
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collected in the 20 values in the ranges of 1.5°-10° and
5°-75° at room temperature. In order to support the
results, the experiment was repeated three times for
random samples.

Scanning electron microscopy

Scanning electron microscopy (SEM) images were
obtained on a XL30 field emission SEM (acceleration
voltage of 10 kV; Philips). The samples were attached
to aluminum stubs and coated with a thin layer of
gold before analysis.

Nitrogen adsorption analysis

BET surface area, pore volume, and pore diameter
were determined by N, adsorption using the BJH
method in a Belsorp-mini II.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was
carried out with a BOHEM FT-IR spectrophotometer,
scanning from 400 to 4000 cm ™' at a resolution of
4 cm™" for 42 consecutive scans at room temperature
in KBr pellets.

Insulin loading and release study

Insulin loading was performed by dissolving 4000
units of insulin in 68 mL of 0.1 M acetic acid solu-
tion. Once dissolved, 680 mg of mesoporous silica
powder was added and stirred for 24 h. Subse-
quently, the particles were centrifuged at 4000 rpm
and the supernatant was collected and its concen-
tration was analyzed by UV-Vis to calculate the
amount of drug loading into the particles. The par-
ticles were subsequently washed with deionized
water for three times. Release studies were per-
formed with 160 mg of drug-loaded mesoporous
silica after immersion in 40 mL of simulated gastric
fluid (SGF) at pH 1.2 under stirring for 2 h. Then the
particles were collected and re-immersed in simu-
lated intestinal fluid (SIF) at pH 6.8 while stirring for
another 4 h. The release evaluation in PBS at pH 7.4
was performed using 320 mg of the sample for
10 days. All of the delivery tests were repeated three
times. The insulin loading percentage was quanti-
fied using UV-Vis spectroscopy and characterized
by FTIR spectroscopy [41].

@ Springer
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Cytotoxicity evaluation

The cytotoxicity of the samples was evaluated via
MTT assay. Caco-2 cells as a human colon epithelial
cancer cell line were cultured in 96-well plate at
5 x 10° cells/100 pL medium in each well with
Dulbecco’s modified Eagle’s medium (DMEM), 10 %
fetal bovine serum (FBS), 100 U mL ™! penicillin, and
100 mg mL™" streptomycin at 37 °C in a humidified
atmosphere of 5 % CO,. Then the cell culture plate
was incubated for 24 h to allow cell attachment.

After 24 h exposure to different concentrations of
samples, MTT was added to wells and incubated for
4 h. After that, 50 pl. of DMSO was added to each
well, and the spectrophotometric absorbance of the
samples was measured at 570 nm by microplate
reader (BioTek ELX808). An average of three mea-
surements was taken for each group.

Results and discussion

The crystalline structure of materials can be deter-
mined by X-Ray Diffraction (XRD) of CuKa radiation.
We used low-angle XRD to characterize the structure
of our mesoporous materials and verify the
arrangement of the pores. Although the walls of
mesoporous materials generally do not have a crys-
talline structure, these materials show some peaks in
low-angle XRD spectra due to the difference between
scattering power of the silica framework and the pore
voids [1, 9]. Figure 1 shows the XRD pattern of
MCM-41, mMCM-41, SBA-15, and mSBA-15 in both
low and high angles. The results of MCM-41 and
mMCM-41 at low angles showed the four peaks
corresponding to diffraction of (100), (110), (200), and
(210) planes (Fig. 1a). SBA-15 and mSBA-15 exhibited
three peaks corresponding to the (100), (110), and
(200) reticular planes (Fig. 1c) confirming a highly
ordered hexagonal mesostructure for each particle,
which revealed that the mesoporous silica particles
were MCM-41- and SBA-15-type materials, and this
hexagonal structure remains unchanged after func-
tionalization. At high angles, XRD patterns of MCM-
41 and SBA-15 exhibited amorphous structure of the
silica, which is in agreement with previous reports
(Fig. 1b-d) [17, 22]. Porous structures can also be
characterized by their adsorption—desorption prop-
erties. Nitrogen sorption isotherm analysis provides
information about the properties of porous materials
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«Figure 1 XRD patterns of mesoporous silica particles. a Low-

angle XRD patterns of MCM-41 and mMCM-41. b High-angle
XRD pattern of MCM-41. ¢ Low-angle XRD patterns of SBA-15
and mSBA-15. d High-angle XRD pattern of SBA-15.

via the formation of a monolayer of nitrogen gas on
the surface of the porous material. Typically, a pres-
sure range P/P0 between 0.2 and 0.3 is observed for
MCM-41 materials and between 0.4 and 0.7 for SBA-
15-type materials. The inflection of the isotherm in
these ranges demonstrates the capillary condensa-
tion inside the pores and a hysteresis loop can be
created by the evaporation of nitrogen at a pressure
lower than the capillary condensation. Mesoporous
structures generally display type IV or V isotherms
and solids with well-defined cylindrical-like pore
channels and uniform pore sizes provide a type H1
hysteresis, compared to a type H2 hysteresis for
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Figure 2 Nitrogen gas adsorption—desorption isotherm of meso-
porous silica. a MCM-41 and mMCM-41. b SBA-15 and mSBA-
15. Va volume of gas adsorbed at standard temperature and
pressure (STP).
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disordered and non-uniform pores [42]. The nitro-
gen sorption isotherms (Fig.2) show the typical
type IV and H1 hysteresis loop for all samples
according to the IUPAC classification, which is a
typical characteristic of MCM-41 and SBA-15 with
well-defined hexagonal cylindrical channels and
open uniform pores. The BET surface area, pore
volume, and pore size are listed in Table 1. These
results are in good agreement with the results of
other studies [43, 44]. The pore diameter of MCM-
41 and mMCM-41 (2.8 and 2.46 nm) is very close to
the size of the insulin molecule and this will
influence the ability to load drug into the pores.
The pore diameters of SBA-15 and mSBA-15 are
larger than the insulin molecule and should make

Table 1 Results from BET analysis of N, gas absorption data for
mesoporous silica particles

Sample SBET (m* g~") Vpore (cm® g~') Pore size (nm)
MCM-41 645 1.38 2.8

SBA-15 449 1.12 6.11
mMCM-41 342 0.97 2.46
mSBA-15 248 0.75 5.73

J Mater Sci (2016) 51:10897-10909

them more amenable for insulin loading. The
observed pore size change post surface modification
with APTES demonstrates the successful function-
alization of the amino group onto the pore walls as
a decrease in pore volume, pore diameter, and
specific surface area was observed for both mMCM-
41 and mSBA-15 compared to MCM-41 and SBA-15.
These facts confirm the grafting of the amine group
to the pore wall, which causes less available space
for adsorbed nitrogen.

SEM characterization revealed topographical,
compositional, and structural differences within the
two materials [43-45]. Figure 3a-d shows SEM
images of MCM-41, mMCM-41, SBA-15, and mSBA-
15, respectively. These images indicate that MCM-
41 and SBA-15 particles have sequentially uniform
particle size between the ranges of 200-400 and
300-500 nm and aggregated into the round and
wheat-like structure. The SEM images reveal that
the samples have the same morphology as com-
monly observed in this kind of mesoporous mate-
rials, and they have long-range parallel channels
with 2D-hexagonal mesoporous structure. Impor-
tantly, these images also show no change in the
morphology of silica after modification with
APTES.

Figure 3 SEM image of mesoporous silica particles. a MCM-41. b mMCM-41. ¢ SBA-15. d mSBA-15.

@ Springer
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Drug loading capacity and insulin release were
quantified in SGF, SIF, and PBS by UV-Vis spec-
troscopy. To achieve quantification, an insulin stan-
dard curve was constructed via serial dilutions of
10-200 pg mL™' and quantification at 270 nm in
deionized water, 0.1 M acetic acid solution, SGF, SIF,
and PBS. Insulin was loaded into mesoporous silica
by immersing porous particles in the insulin solution.
The amount of insulin loaded into samples was cal-
culated from the difference in concentration of insu-
lin in the supernatant after particle centrifugation and
the initial concentration in the solution used for
loading. UV-Vis spectroscopy results showed that
MCM-41 absorbed no insulin and mMCM-41 only
absorbed 0.8 % of the insulin in the solution, which is
due to the small pore sizes (2.8 and 2.46 nm). In
contrast, the larger pores (6.06 and 5.73 nm) of the
SBA-15 materials were able to absorb 15.1 and 17.6 %
of insulin into SBA-15 and mSBA-15, respectively
(Fig. 4). According to other research results, it is
hypothesized that insulin not only can be adsorbed
on the surface of mesoporous structure, but it also
can enter into the pores of SBA-15 structure [46, 47].

Despite the decrease in pore size, the higher
adsorption capacity of mMCM-41 and mSBA-15
compared to MCM-41 and SBA-15 can be attributed
to the insulin adsorption caused by interactions
between insulin and functional groups and changes

Figure 4 Schematic
illustration of drug loading of
silica and amine-modified
samples.

SBA-15-particle

functionalization
with APTES

2.7 nmI@

‘ —
-insulin
loading

insulin
loading

=== |0ading into MSBA-15
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in hydrophilicity which is in agreement with other
investigations [48]. Although insulin is considered a
large peptide with a molecular diameter of approxi-
mately 2.7 nm, the obtained loading results is rather
significant and close to the previous published report
by Sun et al. [49] and is considerably high compared
to other reports of small therapeutic agents. For
instance, Rehman et al. reported 18 % loading for
ibuprofen which only has a diameter around
0.6 x 1.0 nm [50]. However, because of the variety of
mesoporous structures, different kinds of functional
groups on surfaces and lack of reports about insulin
loading in SBA-15 structure, comparing these results
with other reports of insulin loading in SBA-15
structure is rather difficult. For instance, although
Choi et al. showed a high insulin loading capacity
(76 %) in S-MCF mesoporous silica with pore diam-
eter larger than 20 nm, in comparison with mSBA-15,
S-MCF did not release insulin in a controlled way
[51]. Moreover, Elsayed et al. developed an
injectable insulin-loaded hollow silica, which is also
called mesoporous silica nanoparticle, for controlled
release of insulin. However, hollow mesoporous
particles need to break down to release the drug.
Therefore, drug carriers may be excreted by body
without releasing their content, and therapeutic
agents cannot exert their pharmacological effects [35].
As a result, while considering the extended release of

no insulin loading
(small pore diameter)

about 15.1% insulin
loading into SBA-15

about 17.6% insulin
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Figure 5 FTIR spectra of a MCM-41, mMCM-41, MCM-41-insulin, and mMCM-41-insulin. b SBA-15, mSBA-15, SBA-15-insulin, and

mSBA-15-insulin.
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Figure 6 Cumulative insulin release from SBA-15, mSBA-15,
MCM-41, and mMCM-41 after 2 h in simulated gastric fluid and
after 4 h in simulated intestinal fluid and 6 h in PBS buffer.

insulin, mSBA-15 has a better capacity for controlling
insulin release and increasing its blood half-life.
These results confirm that the lower surface area of
SBA-15 showed a higher drug loading compared to
the MCM-41 having higher surface area which could
not load insulin due to pore-size constraints. Insulin
loading into the mesoporous structure was also con-
firmed with FTIR analyses. Figure 5a shows the FTIR
spectra of MCM-41 and mMCM-41 before and after
drug loading. The characteristic bands located at
around 1087 cm™' of MCM-41 are attributed to the
asymmetric stretching vibrations of Si-O-5i [27], and
the bands around 474 and 791 cm ™' of MCM-41 can
be assigned to the symmetric stretching and

@ Springer

deformation of Si-O-5i [27]. The MCM-41 peaks at
962 cm ™' are associated with the bending of Si-OH
[27]. The subsequent functionalization of MCM-41 by
APTES resulted in the appearance of the bands at
2963 and 1464 cm ™!, which can be attributed to the
C-H and N-H stretching vibrations of the amino-
propyl groups. The FTIR spectrum of MCM-41
insulin-loaded samples shows no new peaks which
corroborate the UV-Vis results of no insulin loading.
The spectra of mMCM-41 after drug loading shows
small peaks around 3395, 1644, and 2890 cm ™! can be
attributed to the C=O and N-H bands at amides’
types I and II in insulin [52].

Figure 5b shows a similar trend of increasing IR
spectroscopy peaks for insulin loaded into SBA-15-
based materials at an enhanced intensity due to the
significantly higher loading.

Figure 6 displays the in vitro release of insulin
from SBA-15 and mSBA-15 in SGF, SIF, and PBS. The
results show that the release was time dependent.
The morphology of SBA-15 with 2D hexagonally
structured pores influences the diffusion process in
and out of the pores and extends the release of
insulin [17]. Approximately, 18.4 % of insulin release
was found in the simulated gastric fluid over the first
120 min, and an additional 14.3 % was released in the
simulated intestinal fluid over the next 240 min.
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Compared with SBA-15, mSBA-15 showed slower
insulin release (about 8.7 and 15.79 %) in these buffer
solutions over the same duration. However, about
half of insulin is entrapped within the porous struc-
ture of both samples, which is one of the disadvan-
tages of non-degradable mesoporous ceramics. The
rather similar amount of released insulin from both
SBA-15 and mSBA-15 in 360 min at PBS, and the
simulated gastrointestinal fluid demonstrates that the
release rate is not pH dependent and amino-modifi-
cation does not have any special effect on pH
sensitivity.
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Figure 7 Cumulative insulin release from SBA-15, mSBA-15,
mMCM-41, and MCM-41 after 10 days in PBS. a Cumulative
insulin release as a function of time (h). b Cumulative insulin
Release as a function of square root of time (h).
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Figure 7a shows the extended cumulative insulin
release from MCM-41, mMCM-41, SBA-15, and mSBA-
15 in PBS for 10 days. In order to analyze the release
mechanism, we compared different release models,
including zero-order, first-order, and Hixon-Crowell
and the Higuchi model (Table 2). These results demon-
strated that the best-fit model was Higuchi model. The
Higuchi equation focuses on the influence of concen-
tration gradient and is one of the best suitable models of
diffusion controlled release from mesoporous materials:

Q = kvt,

where Q is the amount of drug released after time
t and k is the Higuchi dissolution constant [21].

This mechanism signifies that the solution fluid
penetrates into the silica matrix and diffusion con-
trols the release of insulin. Both of SBA-15 and
mSBA-15 matrices display a two-step release (Fig. 7).
The initial stage of release in samples is attributed to
the dissolution and release of the portion of insulin
located near the surface of the pores. Given that
insulin is a water-soluble drug, the insulin molecules
near the surface and on the outer surface of the par-
ticles will be released to the solution medium rather
quickly. In SBA-15 sample, silanol groups in silica
walls can interact with hydroxyl and amino groups of
insulin molecule by hydrogen bonding, which can
explain the slow insulin release rate in the later stage.
Also, mSBA-15 shows slower release of insulin than
SBA-15, which can be explained by chemical inter-
actions of the primary amines on the silica surface
and functional groups of insulin molecules.

The cytotoxicity assessment was carried out using
Caco-2 cells via MTT assay. The cell viability was
calculated according to the following formula:

Cell viability (%) = ODjampte/ODeontrol X 100

where the control group is associated with the pro-
liferation of cells in DMEM medium.

Table 2 Comparison of R2

values of fitting insulin release Material MCM-41 and mMCM-41 SBA-15 mSBA-15
to different release models Zero order (h) 12 - 0.8741 0.9196
12-240 - 0.6836 0.8377
First order (h) 12 - 0.9195 0.9394
12-240 - 0.586 0.804
Higuchi (h) 12 — 0.9906 0.9977
12-240 — 0.8217 0.9813
Hixson-Crowell (h) 12 - 0.9227 0.9236
12-240 - 0.454 0.7823
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Figure 8 MTT results for samples using Caco-2 cells. Error bars
represent the standard deviation from three repeated experiments.

According to Fig. 8, all of the samples have the
cytotoxicity Grade 0-1 (ISO 10993-5). It can be seen
that cytotoxicity depends on concentration. In all
samples, the number of viable cells will decrease
with the increasing concentrations. Moreover, the
higher cell viability of SBA-15 compared to MCM-41
particles can be attributed to larger surface area of
MCM-41 structure. In fact, Li et al. [53] have shown
that by increasing the surface area of silica particles,
they produce more oxidative stress, which leads to
higher cytotoxicity. According to our present work,
particles with size between 200 and 500 nm are
expected to have higher cell viability than
nanoparticles which can be explained by lower cell
membrane penetration of larger particles and their
lower surface area [53].

On the other hand, the cells exposed to insulin-
loaded samples show the highest absorbance. These
good results can be attributed to the effective role
of insulin in cell culture which works as a growth
factor and can improve cell survival. The better cell
viability of amino-modified samples is in accor-
dance with the report of Lankoff et al. [54], who
reported that modification of silica can reduce ROS
induction and makes them safer for medical
application.

Furthermore, it seems that amino-functionaliza-
tion may have a positive effect on cell viability. This
observation has been reported by several authors in
different types of cell lines and materials [55, 56]. In
fact, it has been indicated that surface chemistry
plays an important role in particle and cell interac-
tions and protein adsorption [57, 58]. Li et al. repor-
ted that increase in amino density improves the
proliferation of neural stem cells [55]. Moreover,
Chen et al. suggested that positively charged
hydroxyapatite nanoparticles can improve cell
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viability and cell proliferation in comparison with
neutral surfaces [58]. On the other hand, Chung et al.
proved the effect of positively charged surfaces on
biological function of mesenchymal stem cells [59].
This effect can be attributed to improvement of
electrostatic interactions between amine groups and
negative charges on cell surface which can influence
particle binding to cells and subsequent cell
signaling.

Conclusion

In this study, the possibility of peptide loading into
two types of mesoporous silica structures and con-
sequent drug release was analyzed. The effect of
surface modification by amine groups was investi-
gated and the effect of amino-modification on insulin
delivery and cell cytotoxicity was evaluated. Results
showed that MCM-41 and SBA-15 structures were
successfully prepared using sol-gel and hydrother-
mal methods, and functionalization was performed
with APTES by post-synthesis grafting. SBA-15 par-
ticles showed more insulin loading capacity com-
pared to MCM-41, which did not absorb insulin
molecules. This can be attributed to the small ratio of
insulin diameter to pore diameter. Hence, the careful
choice of pore size is crucial for obtaining adequate
drug loading.

The modification of SBA-15 with APTES also leads
to an increase in loading content of the particles and a
slower release rate than that of SBA-15. However, no
significant difference was observed for insulin load-
ing and release in MCM-41 and mMCM-41. The
results of in vitro cell viability experiment indicated
that samples show the cytotoxicity Grade 0-1 in a
concentration-dependent manner. Most importantly,
SBA-15 samples show higher cell viability than
MCM-41, and it was indicated that mSBA-15-insulin
would promote cell proliferation.

Although, this work confirms that amine-modified
SBA-15 mesoporous nanostructures are promising
materials for peptide delivery, several aspects of
in vitro tests remain to be elucidated and optimized.
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