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In this study, the FesO4/NH2-SBA-16 mesostructure was synthesized as a nanocarrier for loading and release of the phenobarbital drug.
To identify and characterize the properties of the SBA-16/NH: and FesO4/NH2-SBA-16 nanostructures, several identification methods, such
as X-ray diffraction analysis, Fourier transform infrared spectroscopy, nitrogen adsorption-desorption isotherm, elemental analysis, scanning

electron microscopy and transmission electron microscopy images, were used. The effects of variables including pH, drug concentration,
nanocomposite dose, temperature, and contact time on absorption efficiency were studied by the response surface methodology and design
of experiments software. The encapsulation loading efficiency percent was surveyed by the Design of Experiment software, and the features
of release were measured. The results show that the highest percentage of adsorption can be achieved by the optimization of the effective
factors on the loading drug. Moreover, Fes04/NH2-SBA-16 exhibited controlled drug release.
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INTRODUCTION

Drug delivery refers to new approaches in the field
of safe drug transfer within the body at the required
concentration. In traditional drug delivery systems, such as
oral or injection, the drug is distributed throughout the body,
and only a small percentage of the drug reaches the desired
tissues [1,2]. Also, under the influence of stomach
acid, enzymes and metabolic processes, peptides, and
proteins are altered, degraded, or absorbed before
entering the systemic circulation, and their bioavailability
is greatly reduced. Nanotechnology  has  solved
many aforementioned problems. Nanoparticles protect the
drugs that are prone to degradation in the body from
damage and increase the effect and efficiency of the drugs by
prolonging the presence of the drug in the blood and the long
release of the drug. The main goals in preparing
pharmaceutical carriers are to reduce the particle size,
increase the surface area, and release the drug at the desired
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location and with the appropriate speed and therapeutic dose
[3-5]. Currently, most efforts emphasize the development of
drug delivery techniques to the target tissue, for example,
cancer tissues, and the gradual release of the drug from drug
delivery carriers. To achieve this goal, the designed systems
must be such that the body’s defense system is not
stimulated, and the carriers can exist in the body for a longer
time and reach the target tissue [6,7].

Mesoporous nanoparticles are one of the newest and best
nanoparticles that can be used in targeted drug delivery with
the help of these nanocarriers. The drug is delivered to the
target tissue at a specific time and place with appropriate
efficiency and controlled release. Mesoporous protects the
drug in the body and releases it in the target tissue [8,9]. An
important and non-toxic group of these
mesoporous compounds is the SBA family [10]. SBA-type
mesoporous materials belong to the ceramic family and were
first synthesized in 1998. These compounds have a pore size
of 30-46 nm and have thick silica walls. SBA-16 is a three-
dimensional cubic cage belonging to the space group Im3m
among the mesoporous SBA compounds [11,12]. SBA-16
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causes higher mass transfer due to its highly effective surface
area and connected three-dimensional channels. Non-ionic
surfactants are often used in the synthesis process of this
porous mesoporous. These surfactants are usually oligomer
surfactants based on alkyl poly (ethylene oxide) PEO with
the general formula EOXPOYEOX, where the amount of x
affects the wall thickness and the amount of y affects the size
of the pores [13,14].

SBA-16 has parallel open mesochannels with narrow,
tunable and uniform pore size distribution over a wide range
from 6 to 12 nm, high pore volume, good thermal and
chemical stability, controllable hydrophobicity or
hydrophilicity, water insolubility, non-toxic [15], mechanical
resistance, biocompatible and biodegradable, and a wall
thickness of about 3 to 4 nm. Such properties make these
materials suitable as carriers for drug delivery systems.
However, these mesoparticles do not have diverse functional
groups (mainly containing silane groups), which limits the
possible applications of these materials for specific target
molecules [16]. The FesO4 nanoparticles have electrical and
magnetic properties. In addition, due to their biocompatible
surface chemistry, high magnetic saturation value, narrow
particle size distribution (less than 100 nm), far-field
controllability, resonant response to field changes, and
superparamagnetic properties, compared to other magnetic
nanoparticles, they are very useful in the field of drug
delivery [17]. Among the disadvantages of these compounds
in drug delivery systems, we can mention the reduction of the
external field to a certain extent and the high cost of preparing
this carrier [18].

Numerous studies have shown that silica nanoparticles
and magnetic nanoparticles have good biocompatibility and
biodegradability. Furthermore, they are destroyed in the body
over time. In vitro toxicity studies showed little toxicity at
low concentrations for these compounds, but an increase at
higher concentrations. It has been shown that toxicity is
somewhat dependent on the particle size. In vivo studies have
shown little toxicity for SBA-16 [19]. Mesoporous silica
particles modified with iron oxide have shown low toxicity
in the bodies of mice [20].

Nowadays, there are many physical and chemical
methods for designing magnetic nanoparticles. Many efforts
have been made to design, develop and improve magnetic
nanoparticles to enable the production of highly pure
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nanomaterials on a mass scale, but controlling the shape and
size of the nanoparticles is not easily possible. In general,
three methods (physical, chemical, and biological) are used
to synthesize magnetic nanoparticles. These methods are
difficult to apply on a large scale due to the need for a high-
energy, skilled researcher and complex optimized
parameters. The main challenge in preparing magnetic
nanoparticles for biomedical applications is to control the
size, shape, distribution, magnetic properties, and surface
chemistry of nanoparticles.

A disadvantage of nanoparticles is their separation from
the liquid phase. The common method for separating
nanoparticles from the liquid phase is using a centrifuge, and
the efficiency of this method is low. One of the useful
methods for separating nanoparticles from the solvent is to
use magnetic particles in the nanocomposite structure and
then easily separate them with a magnet. Magnetic separation
is a process used in many industries to extract ferromagnetic
and paramagnetic particles from mixtures. This process has
advantages, the most important of which are the following:
Magnetic separation is a clean process that does not require
chemicals, so there are no environmental hazards. Magnetic
separators are highly efficient in separating magnetic
particles from non-magnetic materials and are ideal for
applications where high purity levels are required. Magnetic
separation can be used to recover a wide variety of magnetic
materials, from ferromagnetic to paramagnetic particles. In
this research, FesO4 magnetic nanoparticles were loaded on
SBA-16/NH; by the in situ method [21].

By comparing the present study with other studies on the
loading and release of phenobarbital drug, it was concluded
that the nanocarrier prepared in this study has the ability to
adsorb more drug and can also release the drug for a longer
period of time. For example, in a study, solid lipid
nanoparticles were used as carriers for the phenobarbital
drug. The results of this study showed a loading rate of
98.2%, but the release studies showed that the drug was
released quickly and the drug remained in the body for a
shorter period of time [22]. In another study, magnetic
nanoparticles were used as a carrier for the phenobarbital
drug. The results of this research showed that this nanocarrier
adsorbed only 61% of the drug, and 80% of the drug was
released in 20 min [23]. Therefore, by comparing the
nanocarrier prepared in this study with other studies, it can be
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concluded that this carrier can be a more suitable carrier for
phenobarbital due to its ability to achieve the highest drug
loading and slow and stable release.

This study is unique in comparison to other studies in that
it can be summarized as follows: In this study, the drug
carrier used was material SBA-16, which has not been widely
utilized in this field. Furthermore, this class of substances is
pore-forming, and pore-forming substances are ideal for the
regulated release of drugs. The surface was modified with the
functional groups —NH2 in order to improve its efficiency.
The nanoparticles, however, are challenging to separate
because of their colloidal character. The produced
nanoparticles can be separated from the solution using a
magnet because of the magnetic FesO4 utilized in this study.
The ideal conditions were then determined using the Design
of Experiment program.

In this work, the characteristics of the Fes04/NH,-SBA-
16 nanocomposite prepared by the immersion method were
evaluated using different analyses. After loading the
phenobarbital (PHB) drug on the nanocomposite, the release
of this drug was tested in vitro environment. For the
optimization of the main effects of loading drugs onto the
nanocomposite, the DOE software (CCD) model and the
response surface method (RSM) were used. The parameters
that were investigated included: pH, the amount of adsorbent,
drug concentration, temperature, and contact time. Three
models were used to determine the synthetic model of drug
loading on the nanocomposite: Freundlich, Langmuir, and
Temkin isotherms. Thermodynamic, drug loading, and
release Kinetics studies were conducted to determine the
thermodynamic and kinetic parameters.

The highlight of the present work is that by optimizing
the silica surface, the active sites for loading the drug will
increase and the percentage of adsorption will increase up to
about 99%. One of its disadvantages is related to the
separation of SBA-16-NH, from the liquid phase after the
adsorption of the phenobarbital drug from water. The
conventional method for separation from the liquid phase is
filtration. However, filtration causes the filters to clog and
some SBA-16-NH, to be lost. Therefore, researchers are
looking to find new ways to separate nanoparticles from the
liquid phase. One of these methods is to create a magnetic
property in nanoparticles and then easily separate them
with a magnetic field [24,25]. In this work, by magnetizing
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SBA-16-NH; with Fe3Os, we easily separated it from the
aqueous environment. Another important work is the
determination of the affective factors on drug adsorption
using experimental design as a time method that minimizes
the amount of error in the result of adsorption percent. In this
way, knowing the influence coefficient of each of the
effective parameters in adsorption, the desired adsorption can
be reached. In this work, an experimental design has been
used for the industrial production of nanocarriers, and the
conditions can be changed selectively. Also, due to the high
specific surface of the nanocarrier, a small amount of the
nanocarrier can be used to carry a large amount of medicine,
which is economically viable.

EXPERIMENTAL

Chemicals

Pluronic f127 copolymer, 3-aminopropyltriethoxysilane
(APTEOS), and tetraethylorthosilicate (TEQOS) were
obtained from Sigma-Aldrich Company. To prepare FesOs
magnetic nanoparticles, FeCls;.6H,O and FeCl,.4H,O were
produced by Merck Co. Phenobarbital drug (PHB) with the
formula Ci2H12N2O3 (Sigma  Aldrich). NaH»PO, and
NaO;HPO, were used to prepare buffer solutions as a
simulated body environment. A dialysis bag with an average
flat width of 23 mm was used to release the drug (Sigma
Aldrich Company).

Apparatus

An AXS-D8Advance device (Netherlands) was used for
the X-ray diffraction measurements X-ray diffraction.
Morphology studies were performed using a scanning
microscope (SEM) model FESEM, Czech Republic and a
transmission microscope (TEM) with models HITACHI, S-
3400N, Japan, and EM208S 100KV, respectively. The
functional groups of the SBA-16, Fes0., SBA-16/NH>, and
Fes04/NH>-SBA-16 structures were identified using Fourier
transform spectroscopy (FTIR) with models Magana550,
Perkin  Elmer-Spectrum65, USA. Spectrophotometric
measurements and BET analysis were performed using a
UV/Vis  spectrophotometer  (Dynamica-HALO-DB-20,
Germany) and a nitrogen (N) adsorption-desorption
isotherm at 77 K temperature to check the surface area, size,
and volume of pores, respectively (NanoSORD92, Japan).
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Thermal analysis (TG) was performed under a nitrogen
environment at 1000 °C and a speed of 5 revolutions per
minute by the TA company model Q600 made in the USA.
Also, in this research, a centrifuge (Gama Teb-X-400 rpm,
Iran), pH meter (ST2100, Switzerland), magnetic stirrer
(Labinco-L81ST, Netherlands), oven (Memmert, Germany),
oven (Shimazo, Iran), and ultrasonic (Elmasonic-S,
Germany) were used.

Synthesis of Fe;04

FesO4 magnetic nanoparticles were prepared using the
Stopper method [26,27]. First, FeCl,.4H,0 and FeCls;.6H,0
were dissolved in 10 ml of distilled water (0.994 and 2.702 g,
respectively). Then, the sample was stirred in a three-hole
beaker under a nitrogen atmosphere. Then, 20 ml of ammonia
was added to the flask under stirring (pH~9). The obtained
precipitate (black color) was separated from the solvent by a
magnet and washed with 96% ethanol. Finally, the FesO4
nanoparticles were dried in an oven at 65 °C for 18 h. The
summary of the reaction of the FesO4 preparation is shown in
the following equation.

2Fe(I11) + Fe(II) + 80H™ - Fe(OH), + 2Fe(OH); - Fe,0, + 3H,0 (1)

Synthesis of SBA-16/NH;

In this work, to increase the efficiency of SBA-16, it was
functionalized by the —NH, group [28]. For the preparation
of SBA-16/NH,, 3 g of F127 copolymer was dissolved in 144
ml of distilled water and 9 ml of HCI. After stirring for about
half an hour, 9 ml of 1-butanol was added to the mixture.
After one hour, specific amounts of ingredients (TEOS and
APEOQS) were added to the mixture. The mixture was stirred
for 24 h at 35 °C. Then it was placed in an oven at 100 °C for
24 h. Finally, the template was removed using ethanol
extraction.

Synthesis of Fes04/NH2-SBA-16

In this work, 60 mg of FezO4 was dispersed in 20 ml of
ethanol, and then 0.2 g of SBA-16/NH; was added to it and
mixed for 8 h at ambient temperature. Then, the prepared
nanocomposite was separated from the solvent by a magnet
and dried at room temperature.
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Drug Loading on FesO4/NH>-SBA-16 Nanocarrier
To load the phenobarbital drug, solutions with
concentrations of 10, 20, 30, 40, and 50 ppm were prepared
from the PHB drug. Then, 50 ml of each of these solutions
were mixed with specific amounts of Fe;Os/NH,-SBA-16
nanocarrier (0.01, 0.02, 0.03, 0.04, and 0.05 g) and 15 min
were placed in the ultrasonic and then stirred by a magnetic
stirrer for 3 h. Then the samples were and it was separated by
a magnet. The amount of drug loading was obtained from

Eq. (2):

_ (Co—Ce

EE% ) % 100 @)

0

where Co (initial concentration) and C. (residual
concentration) were obtained from UV-Vis spectrometry.

Potential Zero Charge (PZC) of Phenobarbital

A solution with a concentration of 1000 ppm of the drug
was prepared, and more dilute solutions were prepared using
this stock solution., Then the absorbance of these solutions
was read at the maximum wavelength of the phenobarbital
drug (Amax = 276 nm).

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Absorption

y=0.0007x+0.0075
R3=0.9939

20 40 60 80

Concentration of PHB (ppm)

100

Fig. 1. Calibration curve of PHB drug.

The pHpzc was determined by dissolving the PHB drug
in 15 ml of distilled water, and the pH of the solution was
read in the range of 2 to 12 as the initial pH. At zero-point
pH, positive and negative surface charges are equal [29].

Then, the final pH of the solution was read again after
stirring for 2 h. According to Fig. 2, pHpzc Was obtained equal
to 6.5.
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Fig. 2. The pHpzc of PHB Drug.

Experimental Design

One of the important goals of the drug delivery process is
to determine the optimal value of drug adsorption on the drug
carrier. It is essential to study the influencing factors on the
amount of drug adsorption on the nanocarrier. One of the
useful methods in parameter optimization is the use of main
effects and pairwise interactions of factors affecting the
response [30]. Therefore, experiments were performed for
five parameters, initial nanocomposite dose, drug
concentration, contact time, and temperature at five levels.
The proposed tests of the software are reported in Table 1,
and the results were fitted using Eq. (2):

Y = Bo+ X1 BiXi + X BiiXiX; @)

where Y is a symbol of the response, X; and X; are the main
effects symbols, and B is the fitting coefficient. Our goal is to
find these coefficients. The software has predicted 50 tests
for the load of the drug onto the FesOs/NH»-SBA-16
nanocomposite (Table 2).

Drug Release

Drug release was performed using a dialysis bag in three
neutral, acidic, and alkaline environments as an external
solution or simulated body environment. The neutral medium

was distilled water with pH = 6.8, and the acidic and alkaline
mediums were buffer solutions with pH 4.8 and 7.4,
respectively. A solution of 500 ml was prepared from each of
the external environments. Then, the dialysis bag containing
the drug solution and nanocarrier was transferred inside
them. This set was placed on a magnetic stirrer. Drug release
experiments were tested at 1, 2, 3, 4, 12, 24, 48, and 72 h.

RESULTS AND DISCUSSIONS

FT-IR Spectrum

For studying the functional groups in the SBA-16/NH,
and Fes04/NH»-SBA-16 nanoparticles, the FT-IR spectrum
was used (Fig. 3). The sign of the presence of the stretching
and bending vibrations of the Si-OH functional group has
been identified at 3441.12 cm? and 1630.95 cm<,
respectively [31]. The bonds observed at 1086.21 cm™ and
(797.37 and 949.10 cm) show the asymmetric and
symmetric stretching vibrations of Si-O-Si. Also, the bands
observed in 471.94 cm™ were assigned to tetrahedral SiOs.
The bands assigned to the N-H stretching vibrations around
2930.52 cm indicate the presence of the -NH, group [27,32].

.

; .
/ 787.31 471.94
N

203056 SBA-16/NHp  1630.05

949.10
344112

1086.21

Fe,0,/NH,-SBA-16

Transmittance (a.u.)

4000 3000 2000 1000
Wavenumber (cm™)

Fig. 3. FTIR peaks of SBA-16/NH; and Fe3O4/NH,-SBA-16
in the region of 4000-400 cm'.,

Table 1. Effective Factors of Drug Loading by the Fes04/NH»-SBA-16 Nanocarrier by CCD Design

Parameter Component Unit Applied level

(-2) (-1) () (+1) (+2)
A pH - 2 4 6 8 10
B NCD g 0.01 0.02 0.03 0.04 0.05
C ICT ppm 10 20 30 40 50
D Temp. °C 30 40 50 60 70
E CT min 10 20 30 40 50
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Table 2. The Proposed Software Tests and Experimental Results at Low, center and High Levels

Row pH NCD (g) ICD (ppm) Temp. (°C) CT (min) EE%
1 +2 0 0 0 0 47

2 -1 -1 +1 +1 -1 78.25
3 0 0 -2 0 0 79.50
4 +1 +1 -1 -1 +1 66.75
5 +1 -1 -1 -1 -1 60.50
6 0 +2 0 +2 0 87.50
7 +1 +1 +1 +1 -1 60.00
8 0 0 0 0 0 79.25
9 +1 +1 -1 -1 -1 67.50
10 +1 -1 +1 +1 -1 57.00
11 -1 -1 +1 -1 -1 89.75
12 0 0 +1 0 0 72.50
13 +1 -1 -1 +1 +1 56.10
14 -2 0 0 0 0 98.50
15 0 0 0 0 0 78.25
16 -1 +1 -1 +1 +1 99.00
17 0 0 0 0 0 80.25
18 -1 +1 -1 -1 +1 99.50
19 0 0 0 0 0 80.50
20 -1 -1 -1 +1 -1 82.00
21 -1 +1 -1 +1 -1 93.00
22 -1 -1 -1 -1 -1 89.50
23 -1 -1 +1 -1 +1 89.20
24 0 0 0 -2 0 78.50
25 +1 -1 +1 -1 +1 65.00
26 0 0 0 0 -2 69.50
27 +1 -1 +1 +1 +1 61.00
28 -1 +1 -1 -1 -1 95.00
29 +1 +1 -1 +1 -1 62.50
30 0 0 0 0 0 79.50
31 +1 -1 +1 -1 -1 65.50
32 -1 -1 +1 +1 +1 82.00
33 0 0 0 0 0 78.00
34 +1 +1 -1 +1 +1 66.50
35 +1 -1 -1 +1 -1 56.50
36 -1 -1 -1 -1 +1 87.00
37 -1 +1 +1 +1 +1 86.00
38 -1 +1 +1 +1 -1 78.00
39 -1 -1 -1 +1 +1 57.50
40 -1 -1 +1 +1 +1 85.20
41 0 0 0 0 0 79.50
42 0 0 0 0 +2 77.00
43 0 0 0 +2 0 67.50
44 0 0 0 0 0 78.50
45 +1 +1 +1 -1 +1 90.50
46 +1 +1 +1 +1 +1 61.50
47 0 -1 0 0 0 80.75
48 +1 +1 +1 -1 +1 65.00
49 -1 +1 +1 -1 -1 86.00
50 +1 +1 +1 +1 -1 55.00
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XRD Diffraction Patterns

Figure 4a provides the XRD analysis of mesoporous
SBA-16/NH,, which presents a sign of the preparation of
porous materials in the range of 26 = 20-30° [33]. In Fig. 4b,
the XRD pattern of the sample Fes04/NH2-SBA-16 is shown.
The XRD patterns of the synthesized Fe;04/NH2-SBA-16
nanoparticles show six peaks at 20 = 31, 35, 44, 54, and 63°
with Bragg peaks at (220), (311), (400), (422), (511), and
(440), respectively, related to the FesO4 nanoparticles. The
XRD pattern of the FesO4/NH2-SBA-16 nanoparticles shows
another peak around 26 = 20-30°, which can be referred to as
the existence of the non-crystalline part of the composite
[34].

(a)
SBA-16/NH,,

E)
=
]
= g
E =|
= Fe;0,/NH,-SBA-16
=

(b)

0 10 20 30 40 50 60 70 80

20 (degree)

Fig. 4. XRD patterns of (a) SBA-16/NH; and (b) FesO4/NH--
SBA-16 nanoparticles.

SEM, TEM and EDAX Analyses

The electron microscopy images (SEM and TEM) and the
EDAX spectrum of the synthesized Fe3;O4/NH,-SBA-16
sample are shown in Fig. 5. We can conclude with the help
of the SEM images (Figs. 5a, b) that the synthesized
FesO4/NH>-SBA-16 nanocomposite has a spherical and
homogeneous morphology. Also, as shown in the figure, the
size of the nanoparticle pores is between 2-50 nm, which
confirms the mesoporous nature of the nanocomposite. [35].
Scanning electron microscope images (TEM) of the
Fes04/NH>-SBA-16 nanocomposite (Fig. 5c¢) show that the
Fes04 particles were successfully placed on the SBA-16/NH;
mesostructure (black spots). As itis clear from the TEM
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images, the morphology of SBA-16/NH. is maintained after
the placement of FesO4 and no significant change is observed
in it[33,36]. In addition, the EDAX spectrum shows (Fig. 5d)
elements in the Fe304/NH,-SBA-16 nanocomposite structure
that include C, O, N, Si, and Fe atoms.

Fig. 5. SEM micrograph (a, b), TEM micrograph (c), and
EDX graph (d) of Fes04/NH,-SBA-16.

TG Analysis for SBA-16/NH;, Sample

Thermal gravimetric analysis (TGA) was performed to
study the thermal stability of the samples (Fig. 6). The mass
loss at ~20-200 °C corresponds to the release of the absorbed
moisture. At higher temperatures, the decomposition of the
amine group began and was completed at 800 °C. For
samples modified with amine groups, only one main peak
was observed at 400 °C.

120
100
80
60
40

20

200 400 600

Temperature (°C)

800

Fig. 6. SBA-16/NH; thermal gravimetric diagram.
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Nitrogen Adsorption/Desorption Analysis (BET
Analysis)

Figure 7 illustrates the adsorption and desorption
isotherm and pore size distribution of the Fes04/NH,-SBA-
16 nanocarrier. As shown in Fig. 7a, which can be
demonstrated as the type 1V(a) isotherm corresponds to
the IUPAC nomenclature of the isotherms, and the
absorption/desorption process formed a hysteresis loop [37].
Also, by using the adsorption/desorption isotherm, we will be
able to identify the geometry of the holes. According to the
diagram (Fig. 7a), the holes have a cylindrical geometry
[38,39]. The BJH curve in the range of 1-100 nm is shown in
Fig. 7b. Using this curve, the distribution of the holes can be
measured. As can be seen, the maximum distribution of holes
is in the range of ~1-50 nm. Also, the BET results of the
Fes:04/NH>-SBA-16 nanocomposite indicate that the specific
surface area of the FesO4/NH,-SBA-16 nanocomposite is
19.158 m?/g. Also, the average particle diameter and pore
volume are 17.894 nm and 0.086 cm? g, respectively.

il 0.012

(a) Adsorption/Desorption Isotherm (b) BJH-Plot
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Fig. 7. (a) Adsorption/desorption isotherm and (b) BJH-plot
for checking the pore size distribution of the Fe3Os/NH.-
SBA-16 nanocomposite.

Experimental Design

The normal probability curve shows how the residual
values follow a normal distribution. Even though the data
follow a normal distribution, some average distribution is
expected. Therefore, the results show that the data have a
normal distribution and are consistent with the model
proposed by the software (Fig. 8a). The graph of the actual
values versus the predicted values is shown in Fig. 8b which
states a good agreement between the actual and predicted
values (Fig. 8b). The curve of the standard residual values
versus the responses can be seen in Fig. 8c. According to the
figure, all the results are within the confidence range of -4 to
+4, which indicates a good fit between the model and the
answers obtained. According to Fig. 8d, all the results are
within the confidence range of -3 to +3, which shows a
random distribution. It is concluded that the model can
describe the responses.

After the tests, the results are given to the software to
provide the best model for evaluating and describing the data.
Among the 4 linear, interaction, quadratic, and cubic models,
the software's proposed model was the quadratic model,
which was the most consistent with the answers. As can be
seen in Table 3, the quadratic model has a probability value
of less than 0.05 and the highest regression coefficient
(0.9945) compared to the other 3 models, that show the most
suitable model.

ANOVA analysis was performed by operating a
quadratic accurate model (Table 4). It shows the main
effective factors on the encapsulation of phenobarbital drug
on the Fes04/NH2-SBA-16 nanocomposite separately and
their interactions based on the proposed software model.
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Fig. 8. Graphical plots of the experimental design.
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Table 3. The Appropriate Model Based on the Statistical Analysis Suggested by the DOE Software

Sequential Lack of fit Adjusted Predicted
Source
p-value p-value R? R?
Linear <0.0001 0.0001 0.9011 0.8843
2FI 0.0009 0.0006 0.9420 0.9404
Quadratic < 0.0001 0.4462 0.9945 0.9898 Suggested
Cubic 0.1999 0.6537 0.9958 0.9838 Aliased

Table 4. ANOVA Analysis Based on the Suggestion Model

Source Sum of squares  D.f.  Mean square F.v. P.v.
Model 8338.22 20 416.91 446.51 < 0.0001 Significant
A-pH 7010.58 1 7010.58 7508.29 <0.0001
B-comp. dose 175.35 1 175.35 187.80 < 0.0001
C-cons. drug 118.51 1 118.51 126.92 <0.0001
D-temp. 235.95 1 235.95 252.70 <0.0001
E-cont. time 81.94 1 81.94 87.76 < 0.0001
AB 11.22 1 11.22 12.02 0.0017
AC 69.47 1 69.47 74.40 <0.0001
AD 4.39 1 4.39 4.70 0.0385
AE 4.92 1 4.92 5.27 0.0291
BC 208.34 1 208.34 223.13 <0.0001
BD 8.66 1 8.66 9.28 0.0049
BE 36.66 1 36.66 39.26 <0.0001
CD 26.74 1 26.74 28.63 <0.0001
CE 11.46 1 11.46 12.27 0.0015
DE 24.24 1 24.24 25.96 <0.0001
A? 86.96 1 86.96 93.13 <0.0001
B2 45.72 1 45.72 48.97 <0.0001
o 22.36 1 22.36 23.95 <0.0001
D2 80.49 1 80.49 86.20 < 0.0001
E? 74.27 1 74.27 79.54 <0.0001
Residual 27.08 29 0.9337

LOF 21.27 22 0.9670 1.17 0.4462 Not significant
PE 5.80 7 0.8292

CT 8365.30 49

D. f.: Degree of freedom F.v.: F-value P.v.: P-value
LOF: Lack of fit PE: Pure error CT: Core total.
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The p-value and lack of fit are among the statistical
parameters that are used to measure the validity and accuracy
of the investigated model. When the p-value is greater than
0.05 for the factors, the factor is of little importance and does
not play a role in the final model. As can be seen in Table 4,
all the parameters have p-values less than 0.05, which
indicates the correct relationship between the factors and
parameters. The lack of fit value is predicted by Adjusted R?
and Predicted R? coefficients, and their values change
between 0 and 1. Their proximity to 1 indicates that the model
is more appropriate. In this experiment design, the values of
Adjusted R? and Predicted R2 coefficients were obtained at
0.9945, 0.9974 and 0.9898, respectively [10].

In this experiment, the sum of R-squared (R? = 0.9968).
The predicted R agrees with the actual R. The difference is
less than 0.2. The ratio of 8471/84 obtained for Adeq
Precision shows the appropriateness of the proposed software
model. The coded equation related to all of the considered
parameters and their interactions is as follows:

EE% = +79.24 -13.24A +2.09B -1.72C -2.43D +1.43E -
0.59AB +1.47AC +0.37AD -0.39AE -2.55BC +0.52BD
+1.07BE -0.91CD +60CE +0.87DE -1.65A2 +1.20B2 -0.84C?
-1.59D2 - 1.52E2 (3)

Figure 9 shows the effect of 5 parameters: the pH,
composite dosage, drug concentration, effect of temperature,
and contact time factors on the encapsulation of the drug.

Experiments related to phenobarbital drug loading were
performed at pH values of 2, 4, 6, 8, and 10. The maximum
amount of encapsulated FesO4/NH.-SBA-16 nanocomposite
was obtained at pH = 2.6 (Fig. 9a). The results showed that
the pH value has an inverse relationship with the drug load.
The interaction between the drug and the nanocomposite at
low pH is greater due to electrostatic forces, so the loading
increases with the decrease in pH. The adsorbent used in this
work has a pH of zero charge (pHpz) of 6.5 (Fig. 2), which
means that the adsorbent has a positive charge at pH < 6.5,
neutral at pH = 6.5, and negative charges at pH > 6.5. At low
pH (lower than the pH of zero charges = 6.5), H* ions are
placed on the nanocomposite sites, and the nanocomposite
surface becomes more positive. Considering that the surface
of the phenobarbital drug is negatively charged due to the
amine groups, at low pH, due to the electrostatic attraction
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between the adsorbent and the drug, the percentage of drug
loading increases. However, at high pH (higher than pHpzc),
OH- ions increase on the surface of the nanocarrier, and the
repulsion between the surface and the drug reduces the
amount of drug loading [40].

The effect of the dosage of the Fe;O0./NH.-SBA-16
nanocomposite on the amount of EE% was investigated
(Fig. 9b), which had a positive effect (p-value < 0.05). It was
seen that the amount of the nanocomposite has a direct
relationship with the drug loading. Because when the amount
of the nanocomposite increases, there are more places on the
surface of the nanocomposite available for the drug to
interact. The maximum amount of the nanocomposite for
drug loading is 0.05 g.

The initial concentration of the PHB drug and the
temperature parameters presented a negative effect on the
EE% (Figs. 9c & 9d). Therefore, increasing the concentration
of PHB and temperature decreased the loading. It seems that
due to the saturation of the active sites on the nanocomposite
FesO4/NH-SBA-16, the drug loading decreases with
increasing drug concentration. The effect of temperature on
the EE% was studied at 30, 40, 50, 60, and 70 °C. A decrease
in loading can be attributed to changes in the Gibbs free
energy. In the adsorption process, the enthalpy changes are
negative (exothermic) and the entropy changes are positive.
According to the equation of AG = AH — T AS, with the
decrease in temperature. In this way, the absorption process
becomes spontaneous due to the negative free energy of
Gibbs.

The contact time required to achieve stable absorption is
directly proportional to the drug loading capacity (Fig. 9e).
In the initial stages, the speed of drug interaction with the
nanocomposite is high, due to the availability of more
vacancies

Figure 10 shows the diagram of the reciprocal effects of
the parameters affecting drug loading. Optimum values
obtained by graphic analysis and using Design Expert
software can be extracted as surface curve and contour curve
(Fig. 10) diagrams. These diagrams show the simultaneous
effect of the two variables on the percentage of drug loading
by the drug carrier. We examine the interaction of some
variables as an example. Figures 10a, 10b and 10c show the
interaction between (A/C), (B/C), and (B/D) with the values
of the RC parameters +1.47, -2.55, and +0.52, respectively.
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The graphs show that there is a non-parallel interaction
between both components (Fig. 10a). Non-parallel lines
indicate an interaction between the two components [41]. As
the contour graph moves toward the red color, each factor
provides a better level of response. For example, in the
contour graph (Fig. 12a), the percentage of drug loading is
shown as a function of pH and the nanocomposite. As can be
seen in the figure, with decreasing pH and increasing
nanocomposite amount, the percentage of drug loading
increases, which indicates that these two factors have non-
parallel effects. In Fig. 12b, it is observed that with
decreasing pH and decreasing initial drug concentration, drug
loading increases, which indicates the parallel effects of these
two variables. In these diagrams, the red areas indicate the
highest amount of drug loading.

Optimization of Encapsulation Efficiency

To achieve the maximum drug adsorption on the
mesoporous FesO4/NH,-SBA-16, the effective parameters
were optimized using the experimental design software
(Table 5). The software suggested an optimal value for each
parameter. By performing the loading test, EE% values were
calculated and compared with the value obtained by the
suggested equation by the software. The Results showed a
small difference between the experimental and predicted
values (AEE% = 0.9) with a desirability of 0.95.

Isotherm Parameters

In this research, three important isotherms were
considered under optimal conditions (pH = 2.60, comp. dose
of nanocomposite 0.05 g, drug concentration 10.00 ppm,
contact time 10 min, and temperature 30 °C) [42,43]. The
Langmuir isotherm is one of the most valid laws of physical
adsorption that is true in many cases. It is used for the
adsorption of one layer on surfaces with a limited number of
adsorption sites. Langmuir's linear equation is as follows.

Lot o
de bamax/ Ce dmax

where (e is the concentration of the adsorbed drug (mg/g) at
any time, Qmax iS the maximum adsorption quantity by the
adsorbent (mg g).

The equilibrium constant k; depends on the tendency of
the adsorbent-adsorbate, and C. is the equilibrium
concentration of the drug (mg g).

The Freundlich adsorption isotherm is valid for adsorption on
heterogeneous surfaces. The Freundlich linear equation is as
follows:

logq. =logks + %logCe (5)

ks and n are the Freundlich model constants that indicate the
adsorption quantity and intensity, respectively.

The third isotherm studied in this work is the Temkin
isotherm, which is expressed by the following equation:

q. = BInA + BInC, (6)

where B is a constant value related to the heat of adsorption
and is defined by B = RT/b, b is the Temkin constant
(3 mol), T is the absolute temperature (K), and R is the gas
constant (8.314 J mol* KY). In addition, A is the Temkin
isotherm constant (1 g1).

The calculated constants for all three isotherms and their
correlation coefficients (R?) were calculated at the optimum
temperature (Table 6 and Fig. 12). The results show that the
Langmuir model (R?=0.9989) is more suitable than the other
model, which shows that the adsorption of PHB on
Fes04/NH2-SBA-16 is a physical method [44-46]. In other
words, it can be concluded that the adsorption is a monolayer
by suggesting the following mechanism (Fig. 11) [47].

Table 5. The Values of the Optimal Parameters and EE% (Predicted and Experimental)

AEE%  Desirability EE% EE% pH NCD ICT Temp. CT
(Experimental value) (Predicted value)
0.90 0.95 98.96 99.50 260 0.05 10.00 30.00 10.00
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Fig. 11. The proposed mechanism for the adsorption of
phenobarbital drug onto Fe304/NH>-SBA-16.

One of the important factors in the quality of adsorption in
the Langmuir isotherm is the separation factor (R.), which is
obtained from Eq. (7):

1

L= oo )
If the value of the separation factor is between 0 and 1, it
indicates the desirability of adsorption, and if it is more than
1, the adsorption is not desirable. In this work, the value of
the separation factor (Ry) is 0.15. The result was that the
adsorption of the PHB drug on the Fe;O./NH2-SBA-16

carrier used was desirable.

Table 6. Isotherm Parameters for PHB Loading onto FesO4/NH,-SBA-16

50 ppm 40 ppm 30 ppm 20 ppm 10 ppm Parameters Model
15.0 9.1 3.5 14 0.5 C. (ppm)
26.92 23.76 20.38 14.30 7.30 Qe Lungmuir
0.037 0.042 0.049 0.069 0.136 1/9e
0.066 0.109 0.285 0.714 2.000 1/Ce
R?=0.9989 K.=0.68 1 mg? Omax = 28.9
15.0 9.1 3.5 14 0.5 Ce (ppm)
26.92 23.76 20.38 14.30 7.30 (e Freundlich
1.430 0.042 1.309 1.150 0.863 logq.
1.17 1.37 0.54 0.14 -0.30 logC,
R2=0.9297  K;=10.98 (mg/g) (I mgHn n=271
15.0 9.1 35 14 0.5 Ce (ppm)
26.92 23.76 20.38 14.30 7.30 e Temkin
3.292 3.168 3.014 2.660 1.987 Inqg,
2.70 2.20 1.25 0.33 -0.69 InC,
R2=0.9271 Ky=1.87 B =0.367
0.16 14 (b) Freundlich model
0.14 (a) Lungmuir model 12 /
012
0.10 g |
. w ¢
£ 0.8 = 0.8
0.6 ¥=0.3689x+1.0409
0.06 ¥=0.0505x+0.0346 R2=0.9207
0.04 R?=0.9989 0.4
0.02 0.2
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0.0 0.5 1.0 1.5 2.0 25 05 0.0 05 L0 1.5
1/C, log C,
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Fig. 12. Graphs of phenobarbital drug absorption on the adsorbent.
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Thermodynamic Functions for Loading of PHB

The values of ge and C. were measured to calculate the
thermodynamic functions of the PHB drug absorption onto
the FesO4/NH2-SBA-16 mesoporous at five temperatures of
303, 313, 323, 333, and 343 K under optimal conditions
(Table 7). Using the following equations, the values of the
thermodynamic functions were calculated [48,49]:

InK, = AHQ+ASQ 8
nKe=-2r+R (8)
AG’ = —RTInK, 9)
AG’ = AH' — TAS’ (10)

The values of AH® and AG® show that the adsorption of
the phenobarbital drug on the Fes04/NH,-SBA-16 adsorbent
is physical and the process is spontaneous. The plot of InKc
vs. 1/T is shown in Fig. 13.

AH®, AS°, and AG® values were determined as negative
for the five studied temperatures, 303, 313, 323, 333, and
343 K. The negative values of AG® indicate that the
adsorption process on the nanocarrier is spontaneous. It can
be seen that AG® values turn out to be extra positive with the
increase in temperature, so the increase in temperature isn't
always desired in the adsorption process. The negative values
of AH® indicated that the adsorption of PHB onto the
nanocarrier is an exothermic process. The AS® values play a
vital function in reflecting whether the order of the adsorbate
throughout the adsorption process will become less random,
AS° <0, or more random, AS° > 0. Furthermore, the negative
value of AS® includes reducing the degree of freedom of the
PHB drug inside the solution. According to the value AH®,
the adsorption between the drug and the nanocarrier could be
categorized as physical adsorption. Physical adsorption is

based on weak reactions between the adsorbate and the
surface sites of the adsorbent.

/

y=2655.1x-5.3224
R2=0.9944

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0.0
0.0028

In K,

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034

uT
Fig. 13. Linear plot of In K¢ vs 1/T for the adsorption of the
PHB drug onto Fe3O4/NH,-SBA-16.

Kinetics Studies for Loading of PHB

Four kinetic models using the following equations were
investigated to choose the best kinetic model (Fig. 14 and
Table 8) [50].

zero order (Z0) model: gt = ket +q9 (11)

pseudo first order (PFO) model: in{de = @ = ~ kit +Inqe 12

pseudo second order (PSO) model: B 5 (13)
At Qe k2qe

intra particle diffusion (IPD) model: q, = k;vt +C (14)

where g, and g, are the concentrations of PHB at equilibrium
and after time t, and kg, kq, k, and k; are the equilibrium rate
constants. According to the regression coefficient (R? =
0.9952), it can be concluded that the loading process of the
PHB drug on the FesO04/NH,-SBA-16 nanocomposite
corresponds to the PFO model.

Table 7. Calculated Parameters of Adsorption Isotherms of the PHB Drug onto Fe3s04/NH»-SBA-16

Temp. (K) INKe AH’ (k] mol™1) AS° (k] mol™*K~1) AG’ (k] mol™1) R?
303 3.42 -8.67

313 2.96 -8.22

323 2.87 -22.07 -0.04 -7.78 0.9944
333 2.64 -7.34

343 2.36 -6.36
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Fig. 14. Kinetic models for the absorption of PHB onto Fe304/NH>-SBA-16.

Table 8. Kinetic Parameters for the PHB Loading onto Fes04/NH,-SBA-16

Zero-order model (ZO)

Pseudo-first-order model (PFQO)

ko Qe R? k1 Qe R?

(M min) (mgg™) (min) (mgg™)

0.0363 8.62 0.9715 0.0170 1.52 0.9952

Pseudo-second-order model (PSO) Intra-particle diffusion (IPD)

ka Qe R? Ki Qe R?

(M min) (mgg™) (min) (mgg™)

0.0017 15.82 0.9869 0.3737 7.73 0.9752
Drug Release Tests

In this research, three aqueous, acidic, and alkaline 45

environments were used as external solutions (simulated 40 —
body environment) for drug release. The aqueous o ;3 /
environment was distilled water with pH = 6.8, and the acidic % 25
and alkaline environments were buffer solutions with S 20
pH = 4.6 and 7.8, respectively. Drug release was performed T s basic ==
atl, 2,3, 4,12, 24, 48, and 72 h (Fig. 15). In 2011, Zeng 10 acidic =
et al. presented a theoretical kinetic model to explain the drug [5'

release from silica nanoparticles [51]. This model suggests a
two-step kinetics of the drug from the nanocomposite. In this
model, it is assumed that the drug release has a fast release in
the initial times and then a slow and stable release related to
the release of drug molecules that are placed inside the pores
of mesoporous silica nanoparticles.

0 10 20 30 40 50 60 70 80
Time (h)

Fig. 15. In vitro release of PHB by Fe3Os/NH;-SBA-16
Mesoporous.
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Fig. 16. Kinetic models for the release of the PHB drug.
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Table 9. Kinetic Parameters for the Release of the PHB Drug

Zero-order model (ZO)

Pseudo-first-order model (PFO)

Condition ko Qe R? Condition k1 Qe R?
(M min) (mgg™) (min) (mg g™

Aqua 0.4768 15.518 0.9777 Aqua 0.0236 0.947 0.9945

Acidic 0.2369 20.435 0.9473 Acidic 0.0118 0.822 0.9931

Basic 0.2374 17.799 0.9504 Basic 0.0153 0.860 0.9920

Pseudo-second-order model (PSO) Intra-particle diffusion (IPD)

Condition k2 Qe R? Condition ki Qe R?
(M min) (mgg™) (min)+2 (mgg™)

Aqua 0.0027 54.470 0.9849 Aqua 4.342 1.812 0.9639

Acidic 0.0044 51.540 0.9872 Acidic 4.798 2.612 0.9254

Basic 0.0045 38.460 0.9885 Basic 3.594 4.584 0.9319

In addition, the above models were used for drug release
Kinetics. The results in Fig. 16 and Table 9 show that the drug
release also follows the first-order kinetics.

CONCLUSIONS

In this study, the FesO4/NH,-SBA-16 mesostructure was
synthesized as a nanocarrier for loading and release of the
phenobarbital drug. To identify and characterize the
properties of the SBA-16/NH; and Fe3O4/NH;-SBA-16
nanostructures, several identification methods, such as X-ray
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diffraction analysis, Fourier transform infrared spectroscopy,
nitrogen adsorption-adsorption isotherm, elemental analysis,
scanning electron microscopy and transmission electron
microscopy images, were used. The effects of variables
including pH, drug concentration, nanocomposite dose,
temperature, and contact time on absorption efficiency were
studied by the response surface methodology and design of
experiments software. Drug release in three different
environments at 37 °C, including aqueous medium with
pH = 7.0, acidic with pH = 4.6, and basic with pH = 7.8, at
times of 1, 2, 3, 4, 12, 24, 48, and 72 h was studied. The data
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obtained from isotherm determination studies and drug
loading kinetics showed that the drug loading process follows
the Langmuir isotherm with R? = 0.9989 and the quasi-first-
order kinetics model with R = 0.9952. The thermodynamic
study also showed that the adsorption of the drug on the
Fes04/NH-SBA-16 nanosilicate is an exothermic and
spontaneous process at low temperatures.
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