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Abstract: This study presents a design for a controlled drug delivery system
using modified SBA-16 mesostructured as carrier and temozolamide as drug.
Physicochemical properties to confirm the structure of modified SBA-16
after synthesis were characterized using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and elemental analysis
(EDX). The effect of effective parameters on drug loading including pH,
initial drug concentration, nanocarrier amount, temperature and contact time
were investigated using response surface methodology (RSM), central
combination model (CCD) by design of experiment (DOE) software. Drug
release was studied in three simulated body environments at 37°C, including
neutral environment with pH=6.8, acidic environment with pH=4.8 and
alkaline environment with pH=7.4 at times of 1, 2, 3, 4, 12, 24, 48 and 72
hours. The data obtained from isotherm determination and drug loading
kinetic studies showed that the drug loading process followed the Langmuir
isotherm with R? = 0.9936 and the quasi-kinetic second-order model with R?
= 0.9953. Also, thermodynamic studies showed that drug loading onto the
synthesized nanocarrier is an exothermic and spontaneous process.
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Introduction
delivery.

New drug delivery system (NDDS) is a term mainly

Glioblastoma is the most common malignant brain > ) _
associated with the formulation of new dosage forms

tumor in adults. Treatment of tumors, especially

glioblastoma, is a challenging issue because the
average survival time for patients is less than one year.
Temozolamide (Fig 1) is an efficient alkylating agent
used in the treatment of brain tumors. The use of
temozolamide can increase the survival period from
12.1 months to 14.6 months in patients with high-grade
glioma. This 2.5-month increase in survival is a major
advance in treatment. Temozolamide has 100%
bioavailability with a short half-life, therefore, high
doses are necessary. However, high doses cause severe
side  effects such as melium  poisoning,
thrombocytopenia, ulceration, nausea, diarrhea,
fatigue, and headache, which limit its effectiveness.
The use of modern drug delivery systems is a new
strategy that can eliminate the side effects of
temozolamide and increase its efficacy and reduce
toxicity [1-3]. Table 1 shows the physicochemical
properties of temozolamide relevant to targeted drug

that have optimized properties such as smaller particle
size, higher permeability parameters and site-selective
targeting. NDDSs can be used to enhance the
performance of bio therapeutic agents compared to
their effect in conventional dosage forms. A new drug
delivery system is a novel approach that uses new
technologies, innovative ideas and methodologies to
deliver active molecules in a safe yet effective
concentration to produce the desired drug effect [4].
The new drug delivery system can also maintain the
drug concentration in the plasma in a controlled manner
to achieve the desired effect for a longer period of time.
Therefore, compared to the conventional dosage form,
it increases the performance of the drug in terms of
safety, efficacy and patient compliance [5]. The
process of targeted drug delivery maintains the level of
appropriate drug concentrations for a long period of
time and reduces many limitations of conventional
treatment such as the number of doses used, the initial
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concentration of the drug, as well as the side effects
caused by the simple release of the drug in an uncertain
systemic distribution. Each targeted delivery system
includes a drug, a carrier and a targeting ligand, in
which the distribution, metabolism and cellular
absorption of the drug are determined according to the
physicochemical properties and biological behavior of
the carrier and ligand. Therefore, the design of the
appropriate carrier and ligand increases the efficiency
of the drug in the diseased tissue and reduces the
toxicity of the drug in other healthy tissues [6]. Drug
delivery systems (DDS) are created in order to improve
the medicinal and therapeutic properties of drugs used
in patients, and often contain the drug in a reservoir.
These systems release the drug in a certain amount and
in a specific place, thus affecting the pharmacokinetics
and distribution of the drug in the body. Nanoparticles
are widely used in drug delivery. In recent years,
special attention has been paid to nanostructures as
drug carriers; Because these structures control and slow
down the drug release, protect the drug molecule,
particle size smaller than the cell, the ability to cross
biological barriers to deliver the drug to the target site,
increase the drug's shelf life in the bloodstream,
targeted drug delivery and biocompatibility. be
considered a very effective drug delivery system;
which increase the therapeutic efficiency of the drug.
During the last half century, advances in related
sciences; Such as polymer science and chemistry,
biology as well as mechanical and physics sciences
have all been able to influence the variety of
nanocarriers and introduce various categories of
carriers with unique properties and different efficiency
to medical science [7-9].

Among all the existing nanomaterials, several
studies have investigated porous silica nanoparticles
due to their unique properties, such as large surface
area and pore volume, controllable particle size, and
good biocompatibility. Mesoporous silica
nanoparticles (MSN) have attracted much attention in
the last decade due to their unique and tunable
physicochemical properties. Among the mesoporous
silicon compounds, Santa Barbara amorphous
compounds can be mentioned. These compounds were
synthesized in 1998 by Zhao et al. at the University of
Santa Barbara in California. The compositions of SBAs
contain mesopores with a size of 50 to 300 angstroms
[10]. The wall material of these compounds is silicate
and they have a surface area of about 600-1000 square
meters per gram. For the synthesis of this category of
mesoporous compounds, the three-part copolymer EO-
PO-EO (polyethylene oxide and polypropylene oxide)
is used as a structure directing agent and silica
precursor as a source of silica in acidic conditions. The
synthesized mesoporous silica has a regular porous
structure and is quite effective in adsorbing
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pharmaceuticals or other organic compounds [11]. Due
to having large pores, it provides enough space for
large drug molecules and absorption of more than 80%
of the initial concentration. In general, mesoporosity is
one of the important factors for better absorption of
medicinal substances on silica or related adsorbents.
Among the SBA compounds, SBA-16 with Im3m
symmetry and cubic structure is synthesized using poly
(ethylene oxide)-poly (propylene oxide)-poly(ethylene
oxide) triblock Pluronic copolymer F127 with a pore
diameter above 5 nm. Also, SBA-16 mesophase with
lower EO/PO ratios is obtained by using a blend of
Pluronic F127 with Pluronic copolymer P123. Each
mesopore in the cubic structure of SBA-16 has eight
neighboring mesopores, in fact, the electron
crystallography study shows that each mesopore is
connected to its eight adjacent pores, thus forming a
multi-directional network system [12]. Due to its large
surface area, uniform pore structure, and
interconnected three-dimensional cubic symmetry
(Im3m), SBA-16 provides a highly ordered
mesoporous network suitable for loading and
controlled release of various therapeutic agents. These
characteristics allow SBA-16 to serve as a promising
nanocarrier in advanced drug delivery systems,
enabling site-specific and pH-responsive release [13,
14].
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Fig 1. Chemical structure of temozolamide drug

Table 1. Physicochemical properties of
temozolomide relevant to targeted drug delivery

Unit / Relevance to
Property Value Descripti Drug
on Delivery
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Molecular diffusion,
weight 194.15 g/mol loading
efficiency
Indicates
LogP hydrophilicit
(octanol/wat -0.37 - y; important
er) for release
profile
Water 330 mg/mL at dilsAsi)flellc‘[Esc)n
solubility ’ 25°C

and loading
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into
mesopores
Impacts
ionization at
physiologica
1 pH
Justifies use
of
controlled-
release
systems
Influences
interaction
with silanol
groups on
SBA-16
Affects
surface
binding and
solubility
Related to
permeability
and
bioavailabili
ty
Relevant
during drug
loading
(thermal
stability)
Important
for
processing
in
mesoporous
carriers

pKa

Hydrolyz
es at pH —
>7
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(aqueous)

Hydrogen

2 count
bond donors

Hydrogen
bond 6
acceptors

count

Polar surface

area (PSA) S

107.43

Melting

point 212-214

°C

Decompositi

. ~250
on point

°C

In this work, the mesostructure of SBA-16-NH; was
first synthesized. After the structure of the target
material was confirmed by the prepared analyzes
(XRD, SEM, FTIR, etc.), Then the drug release studies
were investigated using dialysis bag in three neutral,
acidic and alkaline environments [15-17]. Also, with
the help of experiment design software, 5 effective
parameters in drug loading, including pH, temperature,
contact time, drug concentration, and the amount of
nanocomposite as a carrier, were investigated in order
to obtain optimal conditions for drug loading on
nanocomposite.

The novelty of this study lies in the synthesis and
surface functionalization of SBA-16 mesoporous silica
with amine groups (SBA-16-NH:) to develop a highly
efficient and targeted nanocarrier for the anticancer
drug temozolomide. For the first time, five key
parameters affecting the drug loading process—pH,
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temperature, contact time, initial drug concentration,
and carrier dose—were simultaneously optimized
using response surface methodology (RSM) based on a
central composite design (CCD), which led to an
exceptionally high drug loading efficiency (up to
99.99%) under mild conditions.

In addition, drug release studies were performed in
three simulated physiological environments (acidic,
neutral, and alkaline), demonstrating that SBA-16-NH-
provides a pH-responsive and controlled release
profile. A faster the release rate was observed under
acidic conditions, while slower and sustained release
occurred in neutral and alkaline  media.
The release kinetics data were best fitted to the pseudo-
second-order model, indicating a controlled and
predictable release behavior in biological systems.

To the best of our knowledge, this is one of the few
studies that integrates mesoporous  structure
modification, statistical process optimization, and
comprehensive drug release analysis to design an
advanced and efficient temozolomide delivery system.

Materials and Methods

Chemicals

Pluronic surfactant F127 and Tetraethyl orthosilicate
(TEOS) were supplied from Sigma Aldrich Co. (purity >
99.0%). Temozolomide drug with formula CsHsNgO2
purchased from Sigma-Aldrich Co. (purity: United States
Pharmacopeia (USP) Reference Standard). Dialysis
tubing cellulose membranes were used to perform drug
release tests made by Sigma Aldrich (avg. flat width 23
mm (14000MWCO, 99.99% retention)). From sodium
NaH;PO4 and NaO,HPO, are used for the preparation of
buffer solutions. All other chemicals were analytical.

Characterization

The Netherlands AXS-D8Advance model device with Cu
Ka radiation source with 26=0.5-70° was used for X-ray
diffraction (XRD) measurement. Morphology studies
were performed using scanning microscope (SEM) and
transmission microscope (TEM) with HITACHI and S-
3400N models from Japan, respectively. The functional
groups of the absorbent structure were identified using
Fourier transform infrared spectroscopy (FTIR).
Spectrophotometric measurements were performed by a
UV/Vis spectrophotometer (Dynamica-HALO-DB-20,
Germany). BET analysis was performed by nitrogen (N2)
adsorption and desorption isotherm at 77 K temperature
to investigate surface area, size and pore volume
(NanoSORD92 model, Japan). Thermogravimetric
analysis (TGA) was performed in a nitrogen environment
at a temperature of 1000 degrees Celsius and a speed of 5
revolutions per minute by TA company model Q600 made
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in America. Also, in this research, pH meter (ST2100,
Switzerland), magnetic  stirrer  (Labinco-L81ST,
Netherlands), oven (Memmert, Germany), ultrasonic
(Elmasonic-S, Germany) and centrifuge (Teb-X-400 rpm,
Iran) were used.

Preparation of Mesoporous Silica Nanoparticles
SBA-16

In a typical synthesis, 3.0 g of Pluronic P127 was
dissolved in 144 mL ultrapure water and 13.9 mL 38%
HCI solution, under stirring at 25°C. After half an hour,
11 mL butanol was added as co-surfactant, in order to
achieve a 1: 3 mass ratio (F127: butanol). Subsequently,
15.3 mL of tetraethyl orthosilicate was added to the
solution, under continuous stirring at 45°C for 24 hours.
After hydrothermal treatment at 100°C for 24 hours in a
Teflon autoclave, the solid was collected by filtration and
air dried at 80°C under vacuum. The surfactant was
removed by calcination at 550°C for 6 hours [18].

Synthesis of SBA-16-NH;

Functionalization of silica materials with amine groups
was performed under conventional anhydrous grafting
conditions. For SBA-16 functionalization with 3-
aminoethylaminopropyltrimethoxysilane, 1.0 g of
calcined silica were heat-treated at 150 °C under vacuum
for 12 h. After cooled down to 120 °C, the powder was
flushed under dry N2. The solid was thereafter immersed
in a solution containing 1 mL of 3-
aminoethylaminopropyltrimethoxysilane precursor in 50
mL of dry toluene. The solution was heated under N
atmosphere at 120 °C for 4 h. Then, the powder was
recovered by filtration, absolute ethanol washing, and
drying at 100 °C for 12 h [19].

Temozolamide drug calibration curve

The standard solution of the drug was prepared using
distilled water as the solvent due to the drug’s high
solubility in it, which ensures complete dissolution and
accurate concentration for analytical purposes.

Solutions with specific concentrations (10-100 ppm)
were prepared from the mother solution with a
concentration of 1000 ppm of temozolamide and the
absorbance of the desired solutions was read by UV-Vis
device at the maximum wavelength of temozolamide (329
nm). By plotting the absorbance-concentration diagram,
the best line equation was obtained to obtain theunknown
concentrations (Fig 2).
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Fig 2. Adsorption calibration curve of temozolamide drug
Drug Loading

To load the drug onto SBA-16-NHz nanoparticles, 10 ml
of temozolamide was pipetted, then the pH value
suggested by the experimental design software was
adjusted in each experiment using 0.1 M hydrochloric
acid and sodium hydroxide. The amount of nanocarrier
was weighed and added to the drug solution, then the
defined temperature was applied and the drug solution
along with the nanocarrier was placed on a magnetic
stirrer for a specified time. After the stirring time was
over, the nanocarrier was separated from the drug using a
centrifuge. The concentration of the absorbed drug was
measured using a UV device at the maximum wavelength
of the drug (max\ = 329). The percentage absorbed was
calculated using equation 1:

%Load = LS~ Ce) CO; Ce) x

0

100 (D

Where Co and C. are the initial and equilibrium
concentrations of the drug, in mg/L, respectively.

The pszc of SBA-16-N H,

In the process of surface adsorption, at pHpzc the electric
charge density on the surface is zero. When the pH of the
environment is lower than the pHpzc value, there are more
protons on the surface, and the surface of adsorbent
becomes positively, which is able to adsorb anions.
Conversely, if the pH is higher than pHpzc, the surface
becomes negatively charged, which is important in
absorbing harmful cations. To determine pHpzc, 0.01 g of
SBA-16-NH» was dissolved in 15 ml of distilled water.
Solutions of SBA-16-NH, were prepared and each
solution was adjusted to a pH (pHi= 2-12) by HCI and
NaOH. After stirring the solution for 1 hour, the pH was
read again (pHy) [20]. By drawing the graph of pHr vs. pHi
(Fig 3), the pHpzc was obtained.
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Fig 3. The pHpzc of SBA-16-NH: adsorbent

Experiment design using the response surface
method

Response surface method (RSM) is a statistical method
used in the development of statistical models to solve
various equations. This method is based on predicting the
functional relationship between the response and the
experimental variables [21]. It also optimizes variables.
The response surface method uses a series of designed
experiments and obtains an optimal response for the entire
method that is dependent on the process variables. Central
composite design or CCD is the most common method
used when optimizing process related parameters [22].

In this research, experiment design, statistical data
analysis using Stat-Ease Design-Expert software (version
11), response surface method as a mathematical and
statistical tool to optimize variables affecting adsorption
such as solution pH, adsorbent amount, the initial
concentration of the drug, contact time and temperature
for the adsorption of the cefixime drug were performed as
the response (output). Table 1 shows different
experimental levels of independent factors and their
codes. Table 2 basically consists of 2" factorials and 2 x n
axial paths along with the number of central points (p). Eq
2 is used to calculate the number of test runs based on the
number of input variables:

Np = [2"+ (2 *m) + p] 2
where Np indicates the number of necessary test
executions, m indicates the number of variables affecting
the output of the process. In this research, the value of m
is equal to 5.

Table 2. Different levels for independent parameters affecting

drug absorption
code independent  unit -2 1- 0 1+ +2
parameters
A pH - 2 4 6 8 10
B Absorbent g 0.01 0.02 0.03 0.04 0.05
dose
C Drug ppm 10 20 30 40 50
concentration
D Temperature °C 30 40 50 60 70
E Contact time = min 10 20 30 40 50
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The central composite design consists of 3 steps, which
include starting the experiment design, calculating the
model coefficients, predicting the model's behavior, and
calculating the results [23]. The experiments lead to the
creation of an empirical model that calculates the
functional behavior based on the input parameters along
with their related combinations, and a second-order
polynomial model is obtained for the analysis and
prediction of drug loading as shown in Eq 3:

Y = Bo+ X, BiXi + X BiiXiX; ®)

where Y and (X; and Xj) respectively represent the
response of drug absorption in terms of percentage and
coded independent factors. B is a constant value, while [3;,
Bii, and B represent the linear, quadratic, and interactive
coefficients of the input independent variables,
respectively [24]. A total of 50 runs by the response
surface model were proposed by the software to
investigate the effects of 5 independent factors on drug
absorption as presented in Table 3.

Table 3. Experiments suggested for cefixime drug adsorption

Ru A:pH B:com C:con D:tem E:gont load
n p. dose s.drug p. . time
- g ppm © Min %
1 10.00 0.03 30.00 50.00 30.00 48.00
2 4.00 0.02 40.00 60.00 20.00 80.50
3 6.00 0.03 10.00 50.00 30.00 68.50
4 8.00 0.04 20.00 40.00 40.00 61.50
5 8.00 0.02 20.00 40.00 20.00 88.75
6 6.00 0.05 30.00 50.00 30.00 61.00
7 8.00 0.04 40.00 40.00 20.00 80.25
8 6.00 0.03 30.00 50.00 30.00 68.50
9 8.00 0.04 20.00 40.00 20.00 58.00
10 8.00 0.02 40.00 60.00 20.00 90.25
11 4.00 0.02 40.00 40.00 20.00 73.50
12 6.00 0.03 50.00 50.00 30.00 57.10
13 8.00 0.02 20.00 60.00 40.00 99.50
14 2.00 0.03 30.00 50.00 30.00 79.75
15 6.00 0.03 30.00 50.00 30.00 99.99
16 4.00 0.04 20.00 60.00 40.00 80.25
17 6.00 0.03 30.00 50.00 30.00 99.00
18 4.00 0.04 20.00 40.00 40.00 80.50
19 6.00 0.03 30.00 50.00 30.00 83.00
20 4.00 0.02 20.00 60.00 20.00 95.00
21 4.00 0.04 20.00 60.00 20.00 90.50
22 4.00 0.02 20.00 40.00 20.00 90.00
23 4.00 0.02 40.00 40.00 40.00 78.50
24 6.00 0.03 30.00 30.00 30.00 66.00
25 8.00 0.02 40.00 40.00 40.00 70.25
26 6.00 0.03 30.00 50.00 10.00 62.00
27 8.00 0.02 40.00 60.00 40.00 96.00
28 4.00 0.04 20.00 40.00 20.00 64.75
29 8.00 0.04 20.00 60.00 20.00 8150
30 6.00 0.03 30.00 50.00 30.00 66.30
31 8.00 0.02 40.00 40.00 20.00 86.00
32 4.00 0.02 40.00 60.00 40.00 79.00
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33 6.00 0.03 30.00 50.00 30.00 67.50
34 8.00 0.04 20.00 60.00 40.00 58.25
35 8.00 0.02 20.00 60.00 20.00 88.00
36 4.00 0.02 20.00  40.00 40.00 89.00
37 4.00 0.04 40.00 60.00 40.00 76.00
38  4.00 0.04 40.00 60.00 20.00 58.50
39 8.00 0.02 20.00 40.00 40.00 86.20
40  4.00 0.02 20.00 60.00 40.00 80.50
41 6.00 0.03 30.00 50.00 30.00 78.00
42 6.00 0.03 30.00 50.00 50.00 68.50
43 6.00 0.03 30.00 70.00 30.00 79.50
44 6.00 0.03 30.00 50.00 30.00 91.50
45  4.00 0.04 40.00 40.00 40.00 62.50
46 8.00 0.04 40.00 60.00 40.00 80.75
47 6.00 0.01 30.00 50.00 30.00 68.50
48 8.00 0.04 40.00 40.00 40.00 68.00
49  4.00 0.04 40.00 40.00 20.00 88.00
50 8.00 0.04 40.00  60.00 20.00 55.00

Drug release

In this study, drug release was performed by
dialysis process. In the dialysis process, first the
dialysis bag was cut according to the width of the
dialysis bag and the volume of the solution. After that,
it was boiled in 2% sodium bicarbonate solution for 10
minutes to prepare. Then, the end of the dialysis bag
was closed with special clamps and the temozolamide
drug solution along with the SBA-16-NH; nanocarrier
was transferred into the bag, and its beginning was
closed again with special clamps so that there was no
leakage. Three acidic, alkaline and neutral
environments were prepared as simulated body
environments with a volume of 500 ml each and the
dialysis bag was placed in them. This set was placed on
a magnetic stirrer at 37 degrees Celsius. Drug release
experiments were tested at times of 1, 2, 3, 4, 12, 24,
48 and 72 hours. In dialysis, the drug permeates from
the nanocarrier into the dialysis bag membrane and
diffuses into the buffer solution. The release rate of
temozolamide from the SBA-16-NH; nanocarrier was
calculated using eq 4.

Weight of drug in solution
Weight of medicine in SBA-16—NH2

x 100 (4)

%release =

Results and Discussions

Characterization of mesostructure of SBA-16-NH>
The FTIR spectrum of SBA-16 and SBA-16-NH, can be
seen in Fig 4a. As shown in Figure 4a, a broad peak at
3441.12 cm is associated with the symmetric stretching
vibration of the O-H bond of the Si-OH silanol groups.
Also, the peak observed at 1630.95 cm™ is associated with
the stretching and bending vibrations of the water
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molecules adsorbed on the SBA-16 surface. The peaks at
463.52 cm?, 805.2 cm and 1086.21 cm™* are associated
with the symmetric and asymmetric Si-O-Si bending,
stretching and bending vibrations, respectively. The
above data confirm that the synthesized material is a
silicate mesoporous [25]. The observed band at 1085.30
cm? is related to the asymmetric stretching vibrations of
Si-O-Si and around 797.37 cm™ and 949.10 cm? is
dedicated to the symmetric stretching vibrations of the Si-
O-Si bond. Also, the bands observed in the region of
471.94 cm? represent tetrahedral silica due to the
presence of SiO, units. The broad band of 16.3414 cm*
refers to the O-H stretching vibration mode of silanol
groups. Bands assigned to C-H stretching vibrations of
propyl chains were observed around 2930 cm™ in the
spectrum of the sample containing amine. (C-H)v and (C-
H)d deformation vibrations in methyl groups were
observed in the regions of 1463.39 cm™ and 1353 cm™ in
the spectrum of the sample containing amine [26]. Also,
in the XRD analysis related to mesopore SBA-16 and
SBA-16-NH; (Fig 4b), a very strong peak at 26 = 20-30°.
corresponding to the (110) plane, and the next three weak
peaks at a higher angle, corresponding to the (211) plane,
are observed. Which confirms the presence of a cubic
structure of space group Im3m [27]. Fig 4d shows the
scanning electron microscope (SEM) image of the surface
of the synthesized SBA-16 and SBA-16-NH, samples.
According to this micrograph, it can be concluded that the
synthesized samples of SBA-16 and SBA-16-NH; has
spherical and homogeneous morphology. Also, the size of
the pores is in the range of 2-50 nm, which proves that the
synthesized material is a mesoporous one [28]. The low-
angle X-ray diffraction (XRD) pattern of SBA-16-NH.
confirms the presence of a well-ordered mesoporous
structure with a three-dimensional cubic symmetry of
Im3m, characteristic of SBA-16 materials. Distinct
diffraction peaks are observed in the low 260 range
(typically between 0.8° and 1.5°), corresponding to the
reflections from various (hkl) planes of the cubic
mesoporous network. The presence of these peaks
indicates a highly ordered and coherent mesoporous
framework with cubic geometry. After functionalization
with amino groups (NH.), slight changes in the intensity
and position of these peaks are noticed, indicating that the
original mesoporous structure is retained and the amino
groups are successfully grafted onto the pore walls. The
minor reduction in peak intensity is generally attributed to
the partial filling of the mesopores by the grafted amino
groups, which affects the diffraction pattern slightly.
Therefore, the low-angle XRD results confirm that SBA-
16-NH: maintains its three-dimensional cubic Im3m
mesoporous structure, and the surface functionalization
does not lead to structural collapse (Fig. 4c). TEM image
taken of the SBA-16-NH, mesostructure at a
magnification of 100 nm is shown in Fig. 4e. This image
shows a highly ordered cage-like arrangement of
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mesopores. Fig 4f shows the adsorption-desorption
isotherm diagram of SBA-16-NH,. As can be seen, this
nanocomposite has a type IV isotherm and the adsorption
curve does not coincide with the desorption curve and
forms a ring called hysteresis. When a compound forms a
hysteresis ring in its isotherm diagram, it can be said that
that compound has 100% mesopores. Also, using the
adsorption-desorption isotherm diagram and the
hysteresis ring formed, the geometry of the pores can be
identified. According to the diagram, the hysteresis ring is
of type H1. Therefore, the pores have a cylindrical
geometry [29]. Table 4 shows the results of BET analysis
of mesoporous SBA-16-NH,. The results indicate that the
specific surface area of SBA-16-NH, is 258.64 m?/g.
Also, the average particle diameter and pore volume were
4.098 nm and 0.5876 cm3g, respectively. Therefore, it
can be concluded that the synthesized SBA-16-NH is
mesoporous [30]. The thermal stability of the samples
was determined by thermogravimetric analysis (Fig 49).
The mass loss between room temperature and 200°C
corresponds to the release of absorbed moisture. It should
be noted that mass loss in this temperature range is
reduced as a result of modification with amine groups. At
higher temperatures, thermal decomposition of the amine
ligands took place and the decomposition was completed
at 800°C. For samples modified with amine groups, only
one main peak was observed at 400 °C [31].
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Fig 4. (a) FTIR spectrum, (b) XRD analysis, (c) low angle
XRD pattern, (d) SEM image, (¢) TEM image, (f) BET

analysis and (g) TGA analysis of SBA-16-NH»
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Table 4. BET analysis results

BET table
Vi 59.423 [cm¥(STP)
g']
a5 BET 258.64 [m?gY
Cc 174.6
Total pore 0.5876 [em3 g™
volume(p/p,=0.988)
Average pore 4.087 [nm]
diameter

Statistical analysis

After the tests, the results are given to the software to
provide the best model for evaluating and describing the
data. The proposed model of the software was among the
four linear, interactive, quadratic and cubic models, the
quadratic model was the most consistent with the
responses. Because the best and most suitable model is
determined based on the p-value values and regression
coefficients [32]. As can be seen in Table 5, the quadratic
model has a p-value less than 0.05 and the highest
regression coefficient compared to the other 3 models.
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Table 5. Results of statistical analysis of temozolamide drug
loading on SBA-16-NH2 nanocarrier

Source Seq. p- Lack of  Adj.R? Pred.
value Fit p- R?
value
Linear <0.0001 <0.0001 = 0.9020 & 0.8852
2F1 0.0011 <0.0001 | 0.9419 | 0.9404
Quadratic | <0.0001 0.0685 0.9953 0.9905 = Suggested
Cubic 0.0690 0.1770 0.9972 | 0.9839 Aliased

The results of analysis of variance (ANOVA) for
drug loading are shown in Table 5, where a smaller P-
value (P-value less than 0.05 indicates that the model
terms are significant) and a higher F-value indicate a
more significant effect of the model conditions.
Statistically, a small p-value and a large F-value
indicate the importance of a model or a parameter [33].
As shown in Table 6, the quadratic model is highly
significant for temozolamide drug loading due to the
high F-value (522.04) and very low p-value (p<0.0001)
[34]. Based on the F-values, the independent
parameters that affect the drug loading efficiency of
temozolamide are pH, temperature, nanocarrier dose,
drug concentration, and contact time, respectively,
indicating that pH is the most influential parameter on
drug loading and contact time is the least influential. In
addition, the interaction between A and C and B and C
was significant.

Table 6. Results of ANOVA analysis of variance of

temozolamide drug loading on SBA-16-NH2 nanocarrier

Source

Model
A
B
C
D
E

AB
AC
AD
AE
BC
BD
BE
CD
CE
DE
A2
BZ
CZ
D2
E2
Res.
Lack of
Fit
Pure
Error

Sum of
Squares
8246.91
6957.73
177.45
118.51
212.29
76.31
9.52
65.12
1.69
2.56
205.79
10.29
31.50
29.55
14.65
23.38
81.44
52.40
19.61
87.95
69.18
2291
20.73

2.18

df

20

[N I YU UG U (PN D JUNIY [FOIIG JUNG U QY U U (PO U U QI U U

22

Mean
Square
412.35

6957.73

177.45
118.51
212.29

76.31

9.52
65.12
1.69
2.56
205.79
10.29

31.50

29.55

14.65

23.38

81.44

52.40

19.61

87.95

69.18
0.7899
0.9421

03114

F-value

522.04
8808.63
224.66
150.03
268.76
96.62
12.05
82.45
2.14
3.24
260.54
13.03
39.88
37.41
18.54
29.59
103.11
66.34
24.83
111.34
87.58

3.03

p-value

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0016
<0.0001
0.1545
0.0823
<0.0001
0.0011
<0.0001
<0.0001
0.0002
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.0685

Sig.

not
sig.

112

Cor
Total

8269.82 49

The appropriateness of the equation of the proposed
model (polynomial) was checked with the help of R%, R?
Adj. and R? Pred. A high value of R? indicates a better fit
of the equation with the experimental data. According to
Table 7, the values of predicted R?and adjusted R? are
0.9940 and 0.9967, respectively. The closer these values
are to one, they confirm the adequacy of the quadratic
model for more drug loading. Also, the sum of squares of
R or R? is equal to 0.9953. This number means that
99.53% of the response variable changes can be explained
using the proposed software model [35].

Table 7. Regression coefficients of the quadratic model

Std. Dev.  0.8887 R? 0.9972
Mean 76.67 Adjusted R? 0.9953
CV.% 1.16 Predicted R? 0.9905
Adeq Precision 91.5924

The experimental results can be verified by
analyzing the graphs obtained from the response
surface model by model accuracy plots including
experimental vs. predicted values, standard residuals
vs. predicted values, and standard residuals vs.
experimental values. The high agreement between the
experimental and predicted values of the high
percentage of drug loading by the SBA-16-NH:
nanocarrier is shown in Fig 5a, as shown in Figure 8a.
The experimental values of drug loading efficiency and
the predicted values have a high degree of agreement.
It can be inferred from Figure 5a that the predicted
points and the experimental results are mostly close to
each other [36]. This observation indicates that the
experimental results are very acceptable for this
research. Fig 5b and ¢ show the standard residuals vs.
the experimental and predicted values, confirming that
the observed errors are normally distributed within the
confidence interval + 3.67. From Fig 5b, it can be seen
that the points are scattered around the horizontal line,
indicating that there is no significant change between
the actual and predicted [37].

Prodicted vs. Actual Besidusts vz Predicted

=fie s
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Fig 5. (a). Predicted values vs. experimental values, (b).
Standard balance vs. predicted values, (c). Standard vs.
experimental values

Effect of parameters on drug loading

Determining pH is one of the most important
aspects in drug loading at different pH levels. At pH
less than pHzpc, due to the high concentration of H*
ions in the medium, the surface charge of the adsorbent
is positive [38]. Therefore, positively charged
adsorbents can effectively adsorb drug molecules with
negative charges. However, at pH higher than pH.c,
due to the high concentration of OH" ions, the surface
charge of the adsorbent becomes negative. As a result,
a repulsion is created between the negatively charged
adsorbent and the negatively charged drug molecules,
and the drug loading rate decreases. Experiments were
conducted for the drug loading efficiency of
temozolamide in the pH range between 2 and 10. The
results are shown in Figure 9a. In acidic conditions, the
drug loading efficiency increased and decreased in
basic conditions. High temozolamide loading on SBA-
16-NH; was obtained at pH = 2.73. The increased drug
loading in acidic conditions is related to the
electrostatic attraction of temozolamide with SBA-16-
NH,. At lower pH (pH = 2.73), increased electrostatic
attraction between the temozolamide drug and the
SBA-16-NH, surface leads to increased temozolamide
loading.

Fig 6b shows the effect of adsorbent dose on the
adsorption of temozolamide by SBA-16-NH;
nanosorbent. The loading percentage increases with
increasing dose up to 0.045 g. The increase in loading
percentage is due to the increase in the active sites of
the adsorbent. However, with further increase in the
adsorbent dose, the loading percentage remains quite
constant because at higher adsorbent dose, the
concentration of temozolamide molecules in the
solution is not sufficient to cover all the adsorption
sites on the adsorbent surface. Therefore, the
equilibrium adsorbent dose for temozolamide was
0.045 and this value was used for subsequent
experiments [39].

The effect of initial drug concentration of
temozolamide on the adsorption efficiency was
investigated in the drug concentration range of 10-50
mg/L. The present study shows that the nanocarrier can
adsorb up to 10 mg/L of drug. The effect of initial drug
concentration factor is determined by the interaction
between the binding sites available on the adsorbent
surface and the drug concentration. In most cases, with
increasing initial drug concentration, the ratio of loaded
drug decreases. This can be due to the saturation of the
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adsorbent surface with adsorption sites. When the drug
concentration is low, there are empty active sites on the
adsorbent  surface. However, with increasing
concentration, the active sites required for drug
adsorption are not available. In other words, with
increasing initial drug concentration, the residual
concentration of drug molecules will be higher. While
at lower concentrations, the ratio of initial number of
drug molecules to unoccupied adsorption sites is
minimal. Fig 6c shows the effect of initial drug
concentration (10 mg/L) [40].

The adsorption of temozolamide onto SBA-16-NH;
nanocarrier was investigated at temperatures of 30, 40,
50, 60 and 70 K (Fig 6d). The results showed that the
drug release rate decreased with increasing
temperature. This decrease in loading can be attributed
to changes in Gibbs free energy. With increasing
temperature, the enthalpy and entropy changes become
negative, and according to the thermodynamic
relationship AG=AH-TAS, the entropy becomes
positive, resulting in a positive Gibbs free energy.
Therefore, at low temperatures the adsorption process
is spontaneous [41].

The relationship between temozolamide loading
and contact time is shown in Fig 6e. This figure shows
that the time required to reach equilibrium adsorption
is directly proportional to the loading. Experiments
showed that in the first 10 min, from 0 to 10 min,
temozolamide loading increased rapidly due to the
large amount of mesoporous particle surface area
available for loading. Then, from 10 to 50 min,
temozolamide drug loading decreased with time, which
was due to the decrease in the availability of
mesoporous particle surface area for loading. However,
the drug loading curve became almost horizontal after
50 min, indicating that the mesoporous particle
surfaces were full (saturated), or in other words, they
had reached the equilibrium adsorption level. The best
loading time was the first 10 min [42].
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Fig 6. Effect of independent parameters on the amount of drug
loading, (a). effect of pH, (b). effect of nanosorbent dosage, (c).
effect of drug concentration, (d). effect of temperature, (f).
effect of contact time

Interaction effects of independent variables

The interaction effects of the dependent variables
on drug loading are presented in Fig 7. According to
Figure 10a, with increasing the adsorbent dose from
0.01 to 0.05 g/L and decreasing the pH from 10 to 2,
the drug loading increases, while the highest drug
loading was obtained at pH = 2.73 and adsorbent dose
of 0.045 g/L and the optimum pH for drug loading was
2.73 when other parameters were kept constant. In Fig
7b, when the initial drug concentration increased from
10 to 50 mg/L, the percentage of drug loading
decreased at all adsorbent doses. However, the
interaction effect between drug loading concentration
and adsorbent dose was statistically insignificant,
especially at low adsorbent doses. Fig 7c shows the
interaction effect between pH and drug concentration.
As is evident from this figure, while the pH and initial
drug concentration decreased, the drug loading
increased. Therefore, the interaction effect of pH and
drug concentration is significant. The decrease in drug
loading with increasing initial drug concentration can
be attributed to the fact that with increasing drug
concentration, the number of active sites on the
adsorbent surface is not sufficient to adsorb all drug
molecules, thus the drug loading decreases [43, 44].
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Fig 7. The mutual effect of independent parameters on the rate
of temozolamide loading

Optimization studies

To evaluate the optimal conditions for maximum
drug loading, 5 variables pH, nanocarrier amount,
initial drug concentration, temperature and contact time
were studied within the range suggested by the
software. The experimental design software suggested
pH = 2.73, nanocarrier dose 0.045 g, drug
concentration 10 mg/L, temperature 30°C and contact
time 10 min as the optimal conditions to achieve
maximum drug loading of 99.99% with a desirability
of 1. The experiments were repeated under the
predicted optimal conditions. The results are reported
in Table 8 where the experimental data were very close
to the predicted value confirming the validity and
adequacy of the model.

Table 8. Optimal values of independent variables for maximum
absorption of temozolamide

Ads.
dose

Cont.
time

drug
cons.

parametr  pH Temp. Load %
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Real | Pred.

Opt.

2.73 | 0.045 | 10.00 & 30.00 | 10.00 | 98.82 = 99.99

value

Adsorption isotherm

The adsorption isotherm determines the transfer of the
adsorbed material to the adsorbent in equilibrium
conditions. Interactions between drug and adsorbent
molecules and maximum adsorption capacity can be
described by equilibrium isotherms. Therefore, Langmuir,
Freundlich and Temkin models were studied to describe
the adsorption of temozolamide on SBA-16-NH»
adsorbent (Fig 8). Adsorption isotherm experiments were
performed under optimal conditions and different drug
concentrations of 10, 20, 30, 40 and 50 mg/L.

Langmuir isotherm describes the monolayer and
homogeneous adsorption of drug molecules on the
adsorbent surface [45]. The linear form of the Langmuir
isotherm is expressed as eq 5:

1 )1
+ (QmKL)C_e
where qe (mg/g), Ce (mg/L), gmax (mg/g) and K (I/mg) and
respectively the amounts of absorbed drug in the
equilibrium state, the equilibrium concentration of the
absorbed substance, the maximum absorption capacity
and are Langmuir equilibrium constants. Ki and qmax

values are calculated from the graph of 1/C. versus 1/q.
[46].

®)

The Freundlich isotherm assumes that drug adsorption on
a heterogeneous adsorbent surface is multilayered. The
linear form of the Freundlich isotherm is as described in
eq 6:

logq. = logks + %logCe (6)
where n (I/mg) and Kr (mg/g) are the Freundlich constant
and absorption intensity, respectively. Kr and n can be

determined from the linear plot of log q. versus log C.
[47].

Temkin isotherm is used for adsorbents in which the
active sites of adsorption are not the same in terms of
energy and chemical adsorption that is carried out in the
form of a single layer. The linear form of Temkin isotherm
is defined based on eq 7:

e = B4InC. + InKyp @)

Kr is the Temkin isotherm constant and B depends on the
heat of the surface adsorption process. The values of B,
and B InKr are calculated by drawing the graph of InC.
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against q. and determining the equation of the line using
the slope and width of the origin [48].

The isotherm parameters for the adsorption of
temozolamide drug on SBA-16-NH, adsorbent are given
in Table 9, where the highest correlation coefficient of
corresponds to the Langmuir isotherm, which shows that
the adsorption data are well fitted with the Langmuir
isotherm.

Table 9. Isotherm parameters for absorption of temozolamide
drug on SBA-16-NH: nanosorbent

Parameter Adsorption isotherm
Langmuir
Qmax (mg.g‘l) 28.57
Kc (I/mg) 0.55
R? 0.9936
Freundlish
n 2.93
Ke (mg~1(/mL/ng=1) 10.43
R? 0.8313
Temkin
B 4.9461
Kt (I/mg) 1.61
R? 0.9387
0.15 2
0.1 . :’,A/!/M
- 0.05 y =0.0627x + 0.035 E 05 y =0.3402x + 1.0183
R?=0.9936 > R?=0.8613
0 0
0 05 1 15 2 -0.5 0 05 ? ! 15
1/c, logC,
(a) (b)
30
25
20 LJ
o /
y=4.9461x + 11.267
* R? = 0.9387
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Fig 8. Langmuir isotherm, Freundlich isotherm and Temkin
isotherm of absorption of temozolamide drug on SBA-16-
NH2 nanosorbent

Adsorption thermodynamics

Thermodynamic studies are necessary to evaluate whether
the adsorption process is spontaneous or not. It also helps
to identify whether the absorption process is endothermic
or exothermic. Adsorption thermodynamics at different
temperatures were studied to estimate the effect of
temperature on the drug absorption process [49]. Various
thermodynamic parameters, such as enthalpy changes
AH® , entropy changes AS°, and Gibbs free energy
changes AG°, can be evaluated from Eq 8 to 11.

_ %

K= ®)

AG® = —RTInK (9)

AG® = AH° — TAS® (10)

mK="2 45 (11)
RT R

where, K represents the equilibrium constant, T is the
adsorption temperature (K) and R represents the universal
gas constant (8.314 J/mol.K). Using the slope and width
from the origin of the 1/T diagram, the value of AH® and
AS° is obtained in terms of InK.

According to Fig 9, the negative value of enthalpy showed
that the absorption process of temozolamide drug on
SBA-16-NH, adsorbent is exothermic. The amount of
entropy also decreases in the absorption process due to the
location of the absorbed molecules on the absorbent
surface as a result of their regularization, the negative sign
of entropy is also for this reason. The negative values

obtained for Gibbs free energy indicate the spontaneity of
the absorption process of temozolamide drug by SBA-16-
NH, adsorbent, according to the obtained results, the
value of AG? increases with decreasing temperature,
which is based on eq 8 and with Considering the negative
values of entropy and enthalpy, the reduction of Gibbs
free energy is not far from expected [50].

3 P

E2
1 y = 3646.9x - 8.3092
’ =
0 R? = 0.9947
0.0028 0.003 0.0032 0.0034
YT
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Fig 9. Thermodynamic diagram of temozolamide drug
adsorption on SBA-16-NH: nanosorbent

Table 10. Values of thermodynamic parameters of drug

adsorption
Temp. AH’ AS° AG’ R?
(K)  (Kj.mol 1) (Kj.mol 1) (Kj.mol™1)
303 -940
313 -30.32 -0.069 -8.70 0.9947
323 -8.03
333 -7.30
343 -6.60

Adsorption kinetics

Fast reaction speed, short contact time and significant
adsorption capacity are the necessary conditions for an
effective adsorption process. To better clarify the
characteristics of the adsorption process, 3 kinetic models,
pseudo first order, pseudo second order and Higuchi
kinetics were used in optimal conditions to describe the
change of the effective number of active sites on the
surface of the adsorbent during adsorption (Fig 10).

The pseudo-first order model is expressed as Eq. 12:

(12)

where g (mg/g) and q; (mg/g) are adsorption capacity at
the moment of equilibrium and time t. k; (min™') and t
(min) are the reaction rate and time constants,
respectively. K; and ge are calculated from the linear
graph of In (qe — q;) versus time, respectively [51].

In(q, — q¢) = —kit — Inq,

The pseudo-second order model is expressed by Eq. 13:

t 1 1

ac koq}

de

(13)

Where k, (g/mg min) is the pseudo-second order rate
constant. q. and k; are determined from the slope and
width from the origin of the linear graph of t/q; against t
[52].

Kinetics of Higuchi model assumes that the intraparticle
diffusion of drug molecules on the adsorbent is the rate-
limiting step in the absorption process [53]. The Higuchi
kinetics model is expressed as Eq. 14:

qe = kiVt +C (14)

The kinetic parameters for the load of temozolamide drug
by SBA-16-NH; nanoadsorbent are given in Table 11. The
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correlation coefficients in this table show that the
absorption data follow the pseudo second order model (R?
= 0.9953). The kinetic parameters extracted (Table 11)
indicate that although all three models fit the data well,
the highest correlation coefficient
R? corresponds to the pseudo-second-order model
(0.9953), suggesting the predominance of chemisorption
in the process. The pseudo-first-order model also exhibits
a high correlation coefficient (0.9838), while the Higuchi
model performs slightly less well (0.9813). Therefore, it
can be concluded that the adsorption mechanism involves
a combination of surface adsorption and intraparticle
diffusion, with chemisorption playing the dominant role.

Table 11. Kinetic parameters for the adsorption of the drug
temozolamide on SBA-16-NH2 nanosorbent

Parameter Kinetic model
pseudo first order

Qe (Mg.g™) 153

ks (min) -4.62
R? 0.9838

pseudo-second order

Qe (Mg.g™) 1501
k2 (mg.gt.min) 0.0013
R? 0.9953

Higuchi model

C (mg.g) 7.5261
kid (mg.g.min"2) 0.4201
0.9813

R2
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y =0.0666x + 2.254
R?=0.9953
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Fig 10. pseudo-first-order, pseudo-second-order, and
intraparticle kinetics of temozolamide drug adsorption

Drug release

The drug release curve in three acidic environments,
alkaline environment and neutral environment is seen in
Fig 11. As can be seen, the release rate of temozolamide
in acidic environment with pH = 4.8 is higher compared
to alkaline and neutral environments with pHs of 7.4 and
6.8, respectively, so that after 72 hours, 44% of the drug
in acidic environment, 40% in alkaline environment and
38.9% in neutral environment of temozolamide drug has
been released from SBA-16-NH, nanocarrier. The
increase in drug release in acidic environment is due to
the higher solubility of temozolanide at low pH. on the
other hand, SBA-16-NH: is a cation exchange compound
and at low pH it immediately exchanges temozolamide
with H* of the environment. Also, in the initial hours of
release, the drug release is explosive due to the release of
drug molecules adsorbed on the surface of the nanocarrier,
then the drug release becomes slow and stable due to the
release of drug molecules adsorbed inside the pores of the
nanocarrier. These results are consistent with the studies
of Zhang in 2012 for drug release from mesoporous silica
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Fig 11. Release of temozolamide in three acidic, alkaline
and neutral environments

Drug release kinetics

The drug release data were analyzed to determine the
release kinetics using pseudo-first-order, pseudo-second-
order, and Higuchi models. The results of the R? values of
the obtained plots showed that there was a good fit
between the experimental data for all three environments
and the pseudo-second-order model (Fig 12).

0 20 40 60 80 0 20 40 60 80
Time (h) Time (h)
(b)

Fig 12. (a) Pseudo-first-order kinetics, (b) Pseudo-
second-order kinetics of temozolamide drug release

Table 12. Kinetic parameter values for temozolamide
drug release from SBA-16-NH» nanocarrier

Parameter Kinetic model

Pseudo-first-order kinetics
Neutral environment

Qe (Mg.g™%) 0.815

ke (1) -0.0109

R? 0.9878
Alkaline environment

ge (Mg.gt) 0.836

k2 (mg.g’t.min) -0.0136

0.9856

R2

Acidic environment

0.845
e (Mg.g™Y)
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kid (mg.g™t.min"12) -0.0154

R? 0.9895

Pseudo-second-order kinetics
Neutral environment

54.34
Qe (Mg.g™)
K2 (9/mg.h™1) 0.0022
R? 0.9970
Alkaline environment
39.91
Qe (Mg.g™)
K2 (g/mg.h~1) 0.0040
0.9980

R2

Acidic environment

Qe (Mg.g™) 5263
Kz (mg.g.h') 0.0022
R2 0.9993
Conclusions

In this study, the silicate mesopore SBA-16-NH, was
synthesized by sol-gel method and its application as a
carrier for the anticancer drug temozolamide was
investigated. The results of XRD analysis showed that
SBA-16-NH» was synthesized with a cubic lattice with
very good structural order. The parameters affecting drug
loading including pH, nanocarrier dose, drug
concentration, temperature and contact time were
optimized using the response surface methodology
experimental design software. According to the obtained
results, pH has the greatest effect and contact time has the
least effect on drug loading. The software suggested the
optimal values for pH = 2.73, nanocarrier dose 0.045 g,
drug concentration 10 mg/L, temperature 30 °C and
contact time 10 min to achieve the maximum drug loading
rate (98.82%). Isotherm studies conducted among the
three isotherms of Langmuir, Freundlich and Temkin
showed that the adsorption process of temozolamide drug
is in high agreement with the Langmuir isotherm.
According to thermodynamic studies, the adsorption of
temozolamide on SBA-16-NH, nanocarrier is a
spontaneous and exothermic process. The study of the
adsorption rate by three models of pseudo-first-order
kinetics, pseudo-second-order kinetics and intraparticle
model showed that the adsorption of temozolamide by
nanosorbent is consistent with the pseudo-second-order
model. According to the obtained results, mesoporous
SBA-16-NH> can be used as an ideal drug delivery system
for temozolamide.
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