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Abstract

In this study, the mesoporous MCM-41 have been prepared and modified with acidic agents, including citric acid, acetic acid,
and ascorbic acid to obtain a suitable drug carrier for the controlled release of losartan potassium. The prepared samples have
been characterized by XRD, FTIR, SEM, TGA and BET methods. Then, the drug loading of losartan potassium on modi-
fied MCM-41 has been investigated for the first time. Subsequently, the effects of carrier type, carrier concentration, contact
time, drug solution concentration and pH of the drug solution have been investigated, and the optimum loading conditions
have been evaluated. The results of drug loading show that loading of losartan potassium in MCM-41 functionalized with
citric acid and ascorbic acid is higher than other synthesized samples. The amount of losartan loaded in these carriers is
97.68 and 60.76%, respectively. Moreover, the results of the drug release phase experiments in the pH range of (3—11) show
that the highest drug release is at pH=7.4. Finally, five kinetic models are used to determine the rate of the drug release.
Based on the kinetic modeling, it is found that the release of losartan potassium from MCM-41-Ci and MCM-41-As obeys
the Higuchi model with non-Fickian diffusion. This was confirmed by investigating the results of error function analysis.
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Introduction

Traditional drug delivery systems have virtually no control
over the location and speed of drug release. Also, the con-
stant change of the drug concentration in the blood reduces
the efficacy of the drug, so the side effects are inevitable.
Slow release systems are the initial drug delivery in which
the drug is embedded in an appropriate release system and
produces uniform concentration of the drug in the blood for
a certain period of time. In this method, the type of particle,
the way of entering the drug into the body, and the way of
releasing the drug are the most important parameters. The
type of disease and the type of drug regulate these param-
eters (Chen et al. 2021). The focus of drug technology is on
the getting the drug to the right place in the body, at the right
time, and with the desired therapeutic effects. The advan-
tages of this technology include the ability of maintaining
the drug concentration at a relatively constant level for a
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specified period, adjustable drug release rate depending on
the drug delivery site, the ability of delivering multiple med-
ications with one formulation, and the possibility of drug
delivery in the nanoscale (Chen et al. 2021; Diaf et al. 2012).

Many materials have been studied as drug release sys-
tems, including biodegradable polymeric materials (Diaf
et al. 2012; Musial et al. 2010) and ceramic materials such
as hydroxyapatite (Pasandideh et al. 2020) and calcium
phosphates (Fosca et al. 2022). Recently, the application of
mesoporous silica materials (Baumgartner and PlaninSek
2021; Deaconu et al. 2018) in slow release systems has
drawn much attention. These compounds have very large
surface area, and their cavities are adjustable. They also have
high level of functionality, so they provide an opportunity for
the development of new drug delivery systems to control the
rate of drug loading and releasing (Manzano and Vallet-Reg{
2010; Wang 2009). In fact, the high porosity of mesoporous
silica materials leads to the biologically active molecules
with different size to occupy the cavities of these materi-
als. Additionally, the regular porosities of these compounds
result in obtaining the appropriate loading and release rate
of the drug (Mahmoudi et al. 2015). In recent years, most of
the researchers have focused on the studies of the M41S as
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porous silicate compounds. Three important types of M41S
family are MCM-41 with hexagonal structure, MCM-48
with cubic structure, and MCM-50 with layered structure
(Popova et al. 2021; Talaei et al. 2021). The diameter of the
channels of MCM-41 with regular hexagonal channels can
be set in the range of (1.5-10) nm. High surface area, large
cavity volume, and ideal biocompatibility make the MCM-
41 as one of the best materials to carry many compounds so
that it attracts a great deal of attention in the realm of drug
delivery systems (Solanki et al. 2019). In the study of drug
release, the first step is the absorption of the drug by the
carrier. Chemical surface modification of adsorbents such as
MCM-41 is known to increase efficiency. Ho et al. (2003),
synthesized ordered mesoporous silica adsorbents by graft-
ing amino- and carboxylic-containing functional groups onto
MCM-41 for the adsorption of organic dyes. Samson et al.
(Akpotu and Moodley 2016) modified MCM-41 with citric
acids and used it in the adsorption of cationic dyes. The
results indicate the modified sample showed an improved
adsorption as compared to the unmodified MCM-41.

On the other hand, losartan is one of the most commonly
used drugs. It is also known as one of the angiotensin I1
receptor blocking drugs. Angiotensin II is responsible for
tightening blood vessels in the body. Losartan is used to
treat high blood pressure alone or in combination with other
antihypertensive drugs. In spite of the wide application of
losartan, the losartan release has been reported only in a
few literature works: design and evaluation of controlled
release losartan potassium microcapsules (Vidyadhara
et al. 2013); regulating cancer-associated fibroblasts with
losartan-loaded injectable peptide hydrogel to potentiate
chemotherapy in inhibiting growth and lung metastasis of
triple negative breast cancer (Hu et al. 2017). Therefore,
further investigation into the controlled-release of losartan
potassium is necessary. Also, as mentioned above, it seems
that mesoporous silica materials such as MCM-41 have
important advantages that can be tailored to control the dif-
fusion rate of an adsorbed losartan potassium. Based on our
finding, the application of mesoporous MCM-41 modified
with citric acid, acetic acid, and ascorbic acid as drug car-
rier for the controlled release of losartan potassium has yet
to be studied.

In this work, the MCM-41 has been synthesized and then
modified with ascorbic, acetic and citric acids. The samples
have been characterized with XRD, FTIR, SEM, TGA and
BET techniques. The loading and releasing experiments with
losartan potassium on synthesized samples were performed.
The effect of different variables on loading and releasing of
losartan such as carrier type, reaction time, carrier weight,
pH of drug solution, drug concentration at drug loading
stage, pH of phosphate buffer solution, and the time of the
drug release stage have been studied. Moreover, the kinet-
ics of losartan release has been studied by using different
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kinetic models, and the best kinetic model and parameters
have been obtained.

Experimental
Materials used

Materials that are used for the synthesis of mesoporous
MCM-41 samples were CTAB (cetyl trimethyl ammonium
bromide) (Merck, Germany) with a purity of 98%, sodium
silicate (Merck, Germany) made up of Na,O in the range of
(7.5-8.5) wt% and SiO, in the range of (25.5-28.5) wt%,
ethanol (Merck, Germany) with a purity of 9% and ammo-
nia with a purity of 25% (Qatran Chemical Company, Iran).
The acids used in modification and activation of mesoporous
were hydrochloric acid (Sigma-Aldrich) with a purity in the
range of (36.5-38.0)%, ascorbic acid (99%, Merck) and cit-
ric acid (99.5%, Merck) and acetic acid (Qatran Chemical
Company, Iran) with a purity of 99%. Losartan potassium
with a purity of 100.0% (Damavand Drug Factory, Iran) and
monosodium phosphate and disodium phosphate also used
in load and release experiments.

Synthesis of MCM-41

To prepare MCM-41, the specified amount of CTAB and
120 ml of distilled water were mixed under vigorous stirring
in a balloon, CTAB was dissolved in the water at the room
temperature. Then, 10.25 ml of ammonia solution was added
to the initial solution under vigorous mixing by a magnet
stirrer. After constant stirring for 30 min, 10 ml of etha-
nol was added to the above solution and stirred for 30 min.
Finally, 7.5 ml of sodium silicate was added to the solution
and stirred for 1 h. The resulting sample was filtered, and the
precipitate was washed several times with distilled water for
neutralizing. Then, it was dried in oven at the temperature of
110 °C for 24 h. The resulting powder was calcined in a fur-
nace at the temperature of 550 °C for 5 h (Parida et al. 2012).

Modification of MCM-41 with various acids

Ascorbic, citric and acetic acids were used to modify the
mesoporous silica. To achieve this aim, 1 g of synthesized sam-
ple was mixed with 20 ml of 0.6 M acid in an ultrasonic bath
for 45 min. The mixture was stirred with a stirrer for 45 min.
The mixture was dried in the oven at the temperature of 50°C
for 24 h. After 24 h, the oven temperature was increased up to
120°C. The temperature of this step was maintained at 120 °C
for 90 min. The obtained precipitate was washed with distilled
water until the pH of the washing became neutral. In the final
step, the precipitate was dried in the oven at the temperature
of 70 °C for 70 h (Kushwaha et al. 2014a). This method was



Chemical Papers (2022) 76:3949-3961

3951

performed for modification of MCM-41 with three acids. The
MCM-41 sample that modified with ascorbic acid, acetic acid
and citric acid, were labelled MCM41-As, MCM-41-Ac and
MCM-41-Ci, respectively.

Characterization of synthesized samples

The low angle (2 6 =1.5-10) and long range (2
0 =5 — 80) X-ray diffraction (XRD), D§-Advance Bruker
Cu Ka (A=0.15406 nm), was used to determine the struc-
ture of the prepared samples. The chemical properties and
surface functional groups of the prepared composites were
evaluated using a Fourier transform infrared spectroscopy
(FT-IR), RXI, manufactured by Perkin Elmer Company. The
morphology of the particle surface was also examined using
Field Emission Scanning Electron Microscopes (FE-SEM),
HTACHI S-4160, with magnification of 20-30,000 and
maximum voltage of 30 kV. Besides, in order to examine the
thermal stability of the particles, Thermogravimetric analy-
sis (TGA) device, BAHR thermo Analyse STA 503, was
used at temperature range of 25-800 °C, 10 °C per minute.
Surface area and pore size of the samples were measured
using a N, adsorption—desorption method at liquid nitrogen
temperature (76.03 K) by ASAP 2010 instrument. Prior to
the measurements, the sample was degassed at 573 K under
vacuum for 5 h.

Drug loading experiments

For loading the drug on different carriers, 0.25 g of the pre-
pared carrier was dispersed into 25 ml of losartan solution
(0.5 mg/ml) and stirred with an electric shaker for 24 h in
the absence of light. Then obtained powder centrifuged and
the supernatant was collected for using in the release experi-
ment. The amounts of losartan adsorbed were determined
based on the difference between the initial and remaining
concentrations of losartan solution via UV—-vis spectroscopy
as follows:

Description of the kinetic models

The kinetics of drug release have been studied by using dif-
ferent kinetic models, and the best correlation pattern can
be obtained by studying and comparing drug release with
different models and choosing the model with the highest
correlation coefficient. The investigated kinetic models
include the zero-order kinetic model, the first-order model,
the Higuchi model, the Korsmeyer-Pepas model and the
Hixson-Crowell model (Vilaga et al. 2013).
Zero-order kinetic model is stated as follows.

O, = Qg + kot 2)

where Q, is the percentage of drug released, O, is the initial
amount of drug in the solution (most times, Q,=0, ¢ is the
release time and k is the zero order release constant.

In the first-order kinetic model, the rate of drug release
depends on the concentration of drug remaining in the
medium at any one time and it is expressed by the following
equation:

LnQ, = LnQ, + k;t 3)

where k; is the first order release constant.
The third kinetic model, Higuchi model, is stated as
follows:

Q, = kyt'? @)

In this model, the size of the particles is a significant fac-
tor. Also, k shows the rate constant.
The Korsmeyer-Papas model can be written as follows:

Q, = kyt" Q)

The main assumption of this equation is the controlled
infiltration of the polymer substrate. In this model, n deter-
mines the type of infiltration, k is the rate constant. In drug
release from polymer matrices, various factors such as the
penetration of liquid into the matrix body, the hydration,

initial amoun of losartan — residual losartan

loading efﬁciency(%% ) =

initial amount of drug

x 100 ey

Drug release experiments

To determine the amount of drug released from the drug-
carrier system, 0.15 g of the losartan-loaded carrier was dis-
persed in 30 mL of phosphate buffer (pH="7.4). The result-
ing suspension was incubated at 37 °C under shaking during
2-48 h in the absence of light. After this step, the sample
was withdrawn and centrifuged. Then, the released losartan
was monitored by UV—Vis analysis.

polymer ablation and gelation, the diffusion, and diffusion
of drug molecules through the gel and polymer dissolution
are involved. The mechanism of drug release in these cases
follows the Korsmeyer-Peppas equation, also known as the
power law.

The other kinetic model, Hixson Crowell, is expressed
as follows.

1

0'%— Q) =Ko xt (6)
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This model examines drug release from systems in which
changes in surface area and particle thickness exist. K- is the
Hixson—Crowell constant.

Results and discussion
Characterization of the synthesized samples
XRD investigation

Figure 1 shows the XRD patterns of MCM-41 and modified
MCM-41 with various acids. Figure 1a is the XRD pattern
of the synthesized sample in the 20 range of (1.5-10)°. The
powder X-ray diffraction patterns of MCM-41 samples show
three peaks corresponding to indices, including (100), (110),
and (200) at 26 between 0 and 5, showing the characteristic
of the high order of the meso-material. In the present study,
the XRD spectra obtained for synthesized MCM-41 are
compatible with XRD spectra of different literature works
(Idris et al. 2011; Mannaa et al. 2021). In the samples modi-
fied with various acids, the (110) and (200) peaks disappear
and one peak near (100) peak appears with a reduction in the
intensity of the peak which indicates a reduction in the struc-
tural order of the modified samples, especially for MCM-41
modified with ascorbic acid a reduction in the intensity of
the peak is significant. It seems that the presence of cyclic
groups in the structure of ascorbic acid increases the interac-
tion between these groups and pore of MCM-41 other than
citric acid and acetic acid. In addition, the decrease in peak
intensities is due to the decrease in pore space as a result of
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interaction between acid groups and MCM-41. Figure 1b
shows the wide angle XRD images for the MCM-41 and
modified specimens obtained in the range of (4—80)°. For
all samples, a large amorphous peak around (20-30)° in the
XRD pattern is the characteristic of siliceous material. In
the modified specimens, no significant characteristic peak
of acid species is found in the corresponding XRD patterns.

FT-IR analysis

Figure 2 shows the FT-IR spectra of MCM-41 and modi-
fied MCM-41 with different acids. A relatively high peak
observed in the 3400 cm™! can be attributed to the stretching
vibration of the OH group and the water absorbed on the
sample surface. Moreover, the band at 1556 cm~! in MCM-
41 can be ascribed to C=0 stretching vibration (Hayee-
masae et al. 2020). The same band appears in the spectra of
acid functionalized MCM-41 matrix but with higher inten-
sity that indicates a chemical interaction occurred between
carboxylic acid of ascorbic, citric and acetic acids, and sur-
face groups of MCM-41. Also, the peak at 1416 cm™! can be
attributed to the CH, scissor vibration (Monash and Pugaz-
henthi 2010). Increase in the mentioned peak intensity in the
acid functionalized MCM-41 matrix confirms the binding of
carboxylic groups to the MACM-41 matrix. The absorption
peak observed around 1080 and 798 cm™! is due to asym-
metric and symmetric stretching of Si—O-Si, respectively
(Mannaa et al. 2021). Also, the absorption peak observed at
464 cm™! can be attributed to the bending vibrations of the
siloxane group (Si—O-Si) in the silicate compressed lattice
(Kushwaha et al. 2014b).
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Fig. 1 X-ray diffraction patterns for synthesized samples. a Low-angle, b Wide-angle
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Fig.2 FT-IR spectra of synthesized samples
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Fig.3 SEM images of synthesized samples

SEM analysis

Figure 3a—d shows SEM images of the MCM-41, MCM41-
Ci, MCM-41-Ac and MCM-41-As, respectively. There is
a considerable change between these samples. The mor-
phological appearance of MCM-41 comprised a mixture of
rods and amorphous particles and converted to the spheres
and rods in the modified form of MCM-41 especially in the
MCM41-Ci and MCM-41-As samples. An enlarged view
of MCM41-Ci and MCM-41-As samples, SEM images
revealed coating by mentioned acid as it is visible on small
grain like spheres of MCM-41 particles. Based on the micro-
graphs, it was found that the ascorbic and citric acids were
dispersed in the mesoporous MCM-41 network. It means
that these acids have a good synergism with MCM-41 and
improve its network which may be promising approach for
drug adsorption and release.

(D) MCM-41-As
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TGA analysis

Figure 4 shows TGA/DTA curves for MCM41-Ci and
MCM-41-As before and after the absorption of Losartan
in the temperature range of (20-800)°C. The MCM41-
Ci results in the first weight loss (about weight percent
of 9) that occurs at the temperature range of (0-120)°C.
This can be due to the loss of adsorbed water molecules.
The second weight loss (about 4wt%) occurs at the tem-
perature range of (300—450)°C that can be attributed to
the carrier decomposition. In the TGA thermograms of
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MCM41-Ci/Lo (Losartan), the second step around 400 °C
can be attributed to the decomposition and oxidation pro-
cess of the Losartan, proving its presence in the composite
(about 8.5wt. %) (Zendehdel et al. 2014). The similar trend
was obtained for the TGA thermograms of MCM-41-As
before and after absorption of losartan. It was observed
that both the MCM-41-As and MCM-41-As-Lo show slug-
gish decomposition, however, the weight loss in case of
MCM-41-As-Lo (about 11.8 wt%) is higher than that of
MCM-41-As (about 6.5 wt%) in the temperature range
of (300-450)°C which indicate the presence of losartan
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Fig.4 TGA thermograms of MCM41-Ci and MCM-41-As before and after absorption of Losartan
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in the composite (Zendehdel et al. 2014; Soenmez et al.
2018). Furthermore, at 800 °C, the residue for MCM41-
Ci/Lo (82%) was found to be higher in comparison with
MCM-41-As-Lo (75%). The higher residue of MCM41-
Ci/Lo confirms its higher thermal stability than the
MCM-41-As-Lo.

BET analysis

The nitrogen adsorption/desorption isotherms of the pre-
pared MCM-41, MCM41-Ci and MCM-41-As are shown
in Fig. 5. Based on Fig. 5, for all samples, a distinctive
type IV adsorption isotherm for mesoporous solids was
observed that indicating the mesoporous nature of the
synthesized samples. For the determination of the sur-
face area and the pore size distribution, the BET and BJH
(Barrett-Joyner-Halenda) methods were used, respec-
tively. The high BET surface area of the samples includ-
ing MCM-41, MCM41-Ci and MCM-41-As was obtained
802, 594 and 573 m? g~!, respectively, that coincided with
the high surface area of mesoporous materials (Akpotu
and Moodley 2016). The results indicated that modifica-
tion of MCM-41 with citric and ascorbic acids caused
a reduction in surface area. This was as a result of pore
filling by citric and ascorbic acids. The pore diameter
of samples was obtained 22.28, 26.14 and 24.09 A for
MCM-41, MCM41-Ci and MCM-41-As, respectively, that
agreed with the range of pore diameter for mesoporous
materials (Monash and Pugazhenthi 2010).
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Fig.5 Nitrogen adsorption/desorption isotherm of the MCM-41,
MCM-41-Ci and MCM-41-As

Drug loading studies
The effect of carrier type on drug loading

Losartan is in the drug class angiotensin receptor blockers,
and it has been used as a model molecule to evaluate the
capacity of prepared MCM-41, MCM41-Ci, MCM-41-Ac,
and MCM-41-As in controlled release of drug molecules.
The drug loading efficiency of carrier samples is illustrated
in Fig. 6. One can see in Fig. 6 that the highest loading effi-
ciency is for MCM-41-Ci (about 74.27%) and MCM41-As
(equal to 49.82%).

The effect of carrier concentration on drug loading

The amount of the carrier concentration is an important issue
in drug absorption. Figure 7 shows effects of carrier concen-
tration. According to Fig. 7, for both selected carriers, 0.25 g
of carrier leads to achieving 68.9 and 53.1% of the drug
adsorption for MCM-41-Ci and MCM-41-As, respectively.
This result shows the higher adsorption percentage than the
other conditions; therefore, 0.25 g was selected as the opti-
mum carrier weight. In fact, when the amount of carrier
increases, the available sites for contact increase and much
more drug can absorb on the carrier surface. In contrast, at
higher carrier concentration, some carrier particles tend to
become condensed. This results in decreasing the number
of active or accessible surface sites and the amount of drug
absorption reduces.

The influence of contact time on drug loading

Due to the equilibrium nature of the adsorption process, the
contact time is very important to achieve the equilibrium.

Loading efficiency %

MCM41

MCM41-Ac MCM41-Ci MCM-41-As

Fig.6 Compression between different synthesized samples on load-
ing of losartan potassium
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Fig.7 The effect of carrier

amount on drug loading
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0.05 0.15 0.25
amount of carrier (g)

MCM-41-Ci

Loading efficiency %

0.35 0.05 0.15 0.25 0.35
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Fig.8 Effect of time contact on
the drug loading at MCM-41-As
and MCM-41-Ci carrier

MCM-41-As

Loading efficiency

2 4 8 16
Time (h)

Therefore, the optimized carrier’s amount was in contact
with losartan at different times. The results of the experi-
ments are shown in Fig. 8. Experimental results show that
drug loading increases when contact time increases from 2
to 24 h. During this period of time, the active sites of the
carriers used are gradually occupied and eventually saturated
for 24 h. It is possible that some molecules of the absorbed
drug tend to be desorbed. Therefore, at longer exposure
times of 24 h, the rate of drug loading is reduced. Therefore,
the contact time of 24 h is selected as the optimum time in
the drug loading phase.

Effect of drug concentration on loading rate

The effect of different concentrations of losartan potassium
was investigated in suspensions containing 0.25 g of carrier
in 25 ml losartan solution for 24 h contact time. Table 1
shows the results of losartan loading at various concentra-
tion experiments. According to the results of Table 1, low
adsorption exists at very low or very high concentrations
of drug. According to the results, by increasing the con-
centration of losartan up to 0.5 mg/ml, the uptake of drug
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Table 1 The performance of carriers for adsorption of losartan at var-
ious concentration of losartan

losartan concentration (mg/ Loading efficiency (%)

ml) -
MCM-41-As MCM-41-Ci

0.1 14.538 53.359

0.3 19.62 75.36

0.5 20.611 98.492

0.7 13.978 28.268

0.9 10.995 14.591

Conditions: dosage of carrier: 10 g/l; pH: 10; adsorption time: 24 h

increases until all available pores of carrier are filled by
losartan and the carrier surface is saturated. After a cer-
tain concentration (0.5 mg/ml), the amount of adsorption
decreases. Apparently, at concentrations above 0.5 mg/ml,
the hydrogen bonding occurred between the losartan mol-
ecules and dimer-like molecules with higher size formed.
Therefore, these larger molecules do not enter the surface,
and the carrier pores and the drug adsorption are reduced.
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Influence of pH of drug solution on loading

In this section, the effect of the pH of the losartan solution
in the range of (3—11) was investigated on adsorption effi-
ciency. Table 2 presents the results of this part. According
to these results, the neutralized pH of the losartan solution
increases the amount of the drug absorbed by the carriers.
For both carriers, when the pH of drug solution equal to 7,
the best performance of the adsorption was obtained.

Drug release studies
The effect of phosphate buffer on drug release rate

In order to optimize the pH of the buffer during the drug
release phase, five experiments were designed in which
all conditions were the same, but the pH of the phosphate
buffer solution was changed to 2, 4, 7.4, 9 and 11 in each
experiment to obtain the optimum pH. Figure 9 shows the
effect of pH of the buffer solution on the release of losartan.
One can see that the pHs below 7.4 increase the amount of
drug released for both carriers when the pH of the solution

Table 2 The performance of carriers for adsorption of losartan at var-
ious pH of losartan solution

pH of solution Loading efficiency (%)

MCM-41-As MCM-41-Ci
3 32.816 6.649
5 35.409 91.012
7 60.76 97.624
9 10.134 31411
11 10.11 3.772

Conditions: dosage of carrier: 10 g/l; losartan concentration: 0.5 mg/
ml; adsorption time: 24 h
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Fig.9 Effect of pH on drug release on MCM-41-As and MCM-41-Ci

increases. When the pH of phosphate buffer solution is 7.4,
carriers have a better performance in the drug release phase
and they have the highest drug release rate. Under alkaline
conditions (pH >7.4), increasing the pH leads to forming an
ionic group of losartan that absorbs the carrier; therefore,
it decreases the amount of the released drug. Finally, it is
found that when the pH of the phosphate buffer solution
is 7.4, the highest release rate of the drug can be obtained.

The effect of time on the drug release

To test the effect of time on the drug release, experiments
were designed and performed in 2, 4, 6, 10, 16, 18, 20 and
24 h. The release of the drug in the delivery process can be
conducted as follows. At the beginning of the drug release,
the fluid must penetrate into the pores on the carrier surface.
Then, the fluid penetrates into the internal pores of the car-
rier, and the drug is dissolved in the fluid. Finally, since
the fluid dissolves the drug, it removes the drug from the
carrier/drug system. Figure 10 shows the amount of losar-
tan release over time at pH="7.4. The rapid release of the
drug that occurs during the early stages of release can be
attributed to the release of a drug that mainly accumulates
on the outer edges of the carrier. However, most drugs are
stored in the main carrier pores (internal pores), for which
along time is required for dissolving and releasing the drug
from these main cavities. After releasing most of the drugs,
a small amount of drugs are released on the walls of the
carrier pores.

The results of the kinetic model

As mentioned in the previous section, five kinetic models
have been applied to this study. To recognize the appropriate
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Fig. 10 Time-diagram on drug release on MCM-41-As and MCM-
41-Ci
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kinetic model and mechanism of drug release, the param-
eters of each kinetic model have been determined based on
the experimental kinetic data. Figure 11 shows the release of
losartan potassium from carriers of MCM-41-Ci and MCM-
41-As by different kinetic models at pH="7.4. The constants
determined by the kinetic models are given in Table 3.
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Based on the obtained correlation coefficients, it is fully
apparent that the release of losartan potassium from MCM-
41-Ci and MCM-41-As carriers follows the Higuchi model.
According to this model, the liquid penetrates the carriers
of MCM-41-Ci and MCM-41-As matrix and dissolves the
embedded losartan, and so the losartan release seems to be a
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Table 3 The kinetic parameters of all applied models in the present
study

Kinetic model Parameter MCMC-41-Ci MCM-41-As
Zero order ko 2.088 2.937
R 0.956 0.966
First order ky 0.053 0.063
R 0.848 0.862
Higuchi ky 13.608 19.074
R 0.993 0.996
Korsmeyer-Pepas k, 13.067 12.284
n 0.521 0.620
R 0.985 0.990
Hixson Crowell ke, 0.059 0.074
R 0.892 0.907

Table 4 Error functions to evaluate the fit of the linear equation

Error functions Equation
Residual root mean square error  pprep \/m
The variance accounted for VAF = [1 _ YarQexy—ea) ] % 100

var (Veyp)
Mean absolute percentage error MAPE = # Z{i . % % 100
Mean absolute error MAE = % Zf\i 1 [Vear = Yexp
Mean squared error MSE = % Zfi e = Yoo )2
The coefficient of determination  po _ | _ Zgi, (gl—y‘p))

i=1Veal " Vm

The correlation coefficient R= Mean[(yexp - mean(yexp))

(ycal — mean (ycal ) )]
/(6Yexp)(OYcar)

Non-linear chi-square 2N GaVew)
2= Yexp

The sum of square of the error SSE = 21\1 | Oexp — ycal)z

The sum of the absolute error SAE = ZN 1

Yeal ~ Yexp

Average relative error Yeal ~Vexp

1 N
ARE = ﬁ Zi:l

Yexp

process predominately controlled by diffusion. According to
the results, the Korsmeyer—Peppas model can also be consid-
ered as a suitable kinetic model, and since the “n” value (dif-
fusion exponent) in this model is in the range of 0.45-0.89,
we can conclude that the losartan release was anomalous
(non-Fickian) transport. Similar drug release kinetics were

reported for nanoparticles by Bhandari (Bhandari et al.
2017) and Lu (Lu and Hagen 2020).

Error function analysis was done to verify the models for
the kinetics study. All of the error function equations are
listed in Table 4 (Ilbay et al. 2017). Table 5 shows the results
of error functions for various kinetic models.

Based on error function analysis, the best curve fitting
is corresponding to the lower error function value (Rafati
et al. 2016). Based on Table 5, a comparison of error func-
tions reflects that Higuchi and Korsmeyer—Peppas model
have good correlation with experimental values for the
present kinetic study of the release of losartan potassium
from MCM-41-Ci and MCM-41-As carriers. These kinetic
models give the highest correlation and the lowest values for
most of error functions.

Conclusions

In this study, the mesoporous MCM-41 modified with cit-
ric acid, acetic acid, and ascorbic acid was used as a car-
rier for the losartan potassium drug. Firstly, the effect of
mesoporous silica and its modified forms with different
acids on absorption and release of losartan was investi-
gated. The effect of the type of environment on the acidity
or alkalinity, the reaction time, and the amount of drug
release was also tested. The results of experiments in this
study showed that MCM-41 modified with citric and ascor-
bic acids had better absorption of losartan potassium than
other synthesized samples and unmodified MCM-41. Opti-
mization of the effective variables such as carrier type,
carrier amount, contact time, losartan concentration, and
pH of solution for drug adsorption step was performed.
The optimum variables in the adsorption of losartan
with the synthesized carriers were contact time of 24 h,
0.25 g of carrier, pH="7 and 0.5 mg/ml concentration of
drug solution. After performing the adsorption test under
the optimum conditions, the percentages of drug absorp-
tion by MCM-41-Ci and MCM-41-As carriers were 97.6
and 60.76% and amounts of drug released from system
were 57.2 and 79.1%, respectively. Also, after the release
tests, the results showed that the amount of drug released
depends on the contact time and pH of the solution. Most
drug release from drug-carrier system occurs at pH="7.4.
Based on the kinetic modeling, it is found that the release
of losartan potassium from MCM-41-Ci and MCM-41-As
obeys the Higuchi model that is verified by the results of
error function analysis.
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Table 5 Kkinetics error

) Error function Kinetic model
function data related to the

release of losartan potassium Zero order First order Higuchi Korsmeyer- Hixson Crowell

from MCM-41-Ci and MCM- Pepas

41-As carriers

A B A B A B A B A B

RMSE 3.527 4.165 6.007 9.067 1393 1427 1.691 2.296 4.870 6.872
VAF 95.609 96.635 86.298 84.052 99.263 99.605 98.917 98.982 91.007 90.850
MAPE 8.876 8.094 13.177 14928 3.898 2949 4457 3750 11.209 12.237
MAE 2.987 3487 5153 7244 1.086 1.248 1.582 1.585 4.198 5.640
MSE 12.443  17.348 36.091 82216 1941 2.036 2.860 5.269 23.714 47.227
R 0.956 0966 0.848 0.862 0.993 0.996 0.984 0.990 0892  0.907
R 0.856  0.860 0.825 0.820 0.872 0.873 0.871 0.871  0.838  0.838
7 3.607 4454 7.689 12.583 0.664 0.362 0.667 0.788 5927  8.645
SSE 99.544 138.78 288.73 657.73 15.530 16.288 22.880 42.158 189.715 377.815
SAE 239 27.896 41.222 57949 8.691 9984 12.656 12.681 33.583 45.118
ARE 0.095  0.095 0.141 0.162 0.039 0.029 0.044 0.038 0.123  0.137

MCM-41-Ci (A), MCM-41-As (B)
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