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Abstract

Clays are widely used in controlled drug delivery systems due to their strong adsorp-
tion properties and natural origin. In this study, a drug carrier was prepared using
chitosan, a natural polymer, mixed with bentonite clay. Then, poly(acrylic acid) was
added to improve its swelling properties. Pantoprazole was chosen as the model
drug. The swelling properties of the prepared samples were investigated at two dif-
ferent temperatures: 25 and 37 °C. The prepared samples were examined by Fourier-
transform infrared spectroscopy and scanning electron microscopy. The controlled
release of the pantoprazole from the drug carriers indicated that the release of the
pantoprazole is temperature-sensitive. In order to study the effect of bentonite on
the drug carrier system, drug release was also investigated in the samples without
adding clay. It was observed that the drug release profiles of the prepared sample
containing bentonite fitted better than the sample without clay. The release kinetics
analysis showed that the first-order and the Korsmeyer-Peppas models fit the best,
and that pantoprazole was transported via Fickian diffusion. The prepared samples
showed the capability of pantoprazole loading and, thus, its possibility to be used in
drug delivery systems.
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Introduction

Besides their therapeutic properties, most of the drugs have side effects. The extent
of a negative impact can vary from person to person [1-3]. For this reason, the
drug should be administered into the body in a controlled manner and in a precisely
determined amount, which can vary depending on the conditions (temperature, pH)
of the targeted area of the body [4]. In recent years, scientific studies on controlled
drug release have been trending towards developing more efficient and novel con-
trolled drug release systems [5, 6]. Various drug delivery-release techniques, such
as smart mucoadhesive buccal patches [7], NIR-light—controlled drug release using
polymeric hydrogels [8], adsorption of drug and coating process [9-11], pellet for-
mation [12], core—shell technique [13], microbead preparation [14], electrospun fib-
ers [15-18], 3D printing of medicines [19, 20] are widely studied. The latest genera-
tion of drug delivery systems includes nanorobots [21, 22], gene therapy [23, 24],
and long-term delivery systems (6—12 months) [25, 26].

Since drug delivery systems have to be biocompatible, biopolymers and other
natural substances such as clays are preferably used as drug carrier materials
[27, 28]. Properties of clays, such as high adsorption capacity, chemical inert-
ness, thixotropy, specific surface area, ion exchange capacity, less toxicity for
oral administration, high swelling, can help in enhancing the physicochemi-
cal and organoleptic characteristics of drugs and their delivery systems [29]. In
particular, the adsorption capacity of clays plays an important role in drug car-
rier systems [30]. To successfully incorporate layers of clay into biopolymers for
drug delivery systems, clay-polymer hybridization is usually done via one of four
methods: in situ synthesis, solution intercalation, in situ intercalative polymeri-
zation, and melt intercalation [31]. Such a system has been reported by Nizam
el-Din and Ibraheim, where they produced nanocomposite hydrogels by gamma-
radiation copolymerization of acrylic acid (AAc), by adding montmorillonite
(MMT) as a clay mineral and chitosan as a biopolymer. They showed that the
swelling of the sample increased by adding MMT into the hydrogel [28]. In addi-
tion, clays have a high-energy hydrophilic surface. For this reason, they cannot be
readily incorporated into a hydrophobic polymer matrix. To achieve compatibility
with polymers, hydrophilic clay should be made organophilic by ion-exchange
reactions using organic cations such as alkylammonium ions. As a result of the
ion-exchange reaction, the distance between the layers of the clay increases, and
the surface is modified to become polymer-compatible i.e. organophilic [32].

Various parameters influence the release of the drugs such as pH, their quan-
tity and temperature. Chitosan is a biodegradable, natural polymer, and is widely
used in many scientific studies in pharmaceutical and medical fields due to its
non-toxicity and biocompatibility [33]. Several studies within the literature report
the preparation of drug carriers by mixing polymers with various clays [28-30,
34-37]. It is known that clay addition delays the biodegradation (for a limited
period) of biopolymers prepared as drug carriers. Lin et al. synthesized and char-
acterized the chitosan/organoclay bionanocomposites by mixing chitosan in ace-
tic acid with montmorillonite [34].
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Chitosan and acrylic acid are preferred in controlled drug release systems as the
compatible polymers for various drugs. Wang et al. studied chitosan—poly(acrylic
acid) crosslinked hydrogels to control the amoxicillin and meloxicam drug release via
pH. They found that the rates of drug release from the loaded hydrogels increased with
an increase in pH [38]. They showed that Korsemeyer-Peppas and Weibull models fit-
ted drug release data, and the results indicated that the prepared materials provided an
ideal basis for controlled drug delivery and release systems. Furthermore, biodegrad-
able N-succinyl chitosan-g-poly (acrylic acid) hydrogels were prepared by Bashir et al.
and they used their prepared samples to carry theophylline in-vitro where the latter is
used for the treatment of asthma [39].

In an aqueous environment, bentonite disperses to form a colloidal solution, when
coupled with polymerous materials. However, there isn’t enough research reported
within the literature in regard to their use in drug release systems.

Pantoprazole, selected as a model drug, is used as a proton pump inhibitor to reduce
gastric acidity in Gastro-oesophageal reflux disease and also heal gastric and duode-
nal ulcers. Controlled use of pantoprazole is very important due to side effects such as
headache, diarrhea, flatulence, and abdominal pain [40, 41].

The main aim of this work is to decrease the swelling ratio of poly(acrylic acid)/
chitosan/clay hydrogel by adding clay and prolonging the drug release time, sequen-
tially improving the drug efficacy by introducing clay. For this purpose, bentonite clay
was added to the poly(acrylic acid)/chitosan biopolymer. Drug loading and release of
the biomaterial were studied using a pantoprazole drug active agent. The pantoprazole
release kinetics was examined using various kinetic equations. The successful results
were obtained for the first-order and the Korsmeyer-Peppas kinetic models.

Materials and methods
Preparation and modification of the clay

Bentonite clay was obtained from Resadiye Province, Turkey. Cation exchange capac-
ity (CEC) is 75 meq/100 g. The chemical structure of bentonite is: 57.1% SiO,, 16.8%
Al,O4, 2.6% Na,0, 3.4% Ca0, and 3.8% Fe,0; and 15.2% loss on ignition (LOI) value,
with a trace amount of impurities [42]. Before being used, bentonite was washed with
distilled water to remove its impurities and water-soluble salts. Then, it was dried,
ground, and sieved through a 125 mesh sieve. The clay was modified before adding into
the prepared hydrogels, according to the literature [43, 44]. For this purpose, 0.5 g of
clay was continuously stirred in 100 ml of 2% nitric acid solution for 2 h. Afterward,
the clay was washed with water and centrifuged. Finally, the modified bentonite was
dried at 80 °C until constant weight.
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The preparation of drug carrier
The preparation of poly(acrylic acid)/chitosan (pAA-g-Chi)

0.5 g of chitosan (Aldrich) was dissolved in 30 ml of 1% acetic acid (Merck) solu-
tion in a two-necked flask. The dissolution process was also carried out in a water
bath at 65 °C. 0.335 g of potassium peroxydisulfate (KPS) (Sigma-Aldrich), as
the polymerization initiator, was added to the dissolved material to obtain a radi-
cal form. Then 3.35 g of acrylic acid (AA) was added with 1% N, N- methylene-
bis-Acrylamide solution (Sigma-Aldrich) by continuously stirring for 1 h. The
resulting solution was poured into a Teflon petri dish and dried in an oven at
50 °C until it reached a constant weight, and it is named as pAA-g-Chi. The dried
sample was kept in a desiccator until used.

The preparation of poly(acrylic acid)/chitosan/clay (pAA-g-Chi-clay)

The sample coded as pAA-g-Chi-clay was prepared by adding modified clay to
the mixture of pAA-g-Chi. For this purpose, 0.4 g of modified clay dispersed in
40 ml of distilled water was added to chitosan before mixing with acrylic acid
and N, N- Methylene-bis-Acrylamide solution. Then, the obtained solution was
poured into a Teflon petri dish, dried, and kept for the next usage.

The swelling behavior of pAA-g-Chi and pAA-g-Chi-clay samples was exam-
ined, and, the swelling ratio was calculated using the Eq. 1:

. Ws - Wd
Swelling(%) = ————= x 100 (D
Wy

Here W, is the weight of swollen sample at any time, and W, is the weight of
the dry composite.

Obtained samples were investigated for structural and morphological proper-
ties. For those purposes, Fourier-transform infrared spectroscope (FTIR) Thermo
Nicolete IS-10 and scanning electron microscope (SEM) ZEISS EVO LS10, were
used, respectively.

For the swelling experiments, 0.10 g of samples were used. The samples were
kept in distilled water (pH=6.5), for a certain time. Then, they were removed
from the distilled water, the water excess was removed, and samples were
weighed. Fig. 1 shows the pAA-g-Chi-clay sample before (a) and after swelling
in distilled water after 30 min (b).

Drug loading and release studies

Drug loading and release studies of the active substance pantoprazole were con-
ducted on the prepared samples.
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Fig.1 The sample of
poly(acrylic acid)/chitosan/clay:
a dried sample and b swollen
sample in distilled water at

25 °C after 30 min

Standard curve of pantoprazole and loading process

Absorbance values of pantoprazole were measured with a UV-Vis Spectropho-
tometer (T80 + UV/VIS PG Instruments double beam), at wavelength of 289 nm.
For this purpose, a stock solution of 0.2 g/L of pantoprazole was prepared. Then,
five different dilute solutions were obtained from the stock, with decreasing con-
centrations of 50, 25, 12.5, 6.25 and 3.125 mg/L, and their absorbance values
were measured (Fig. 2). The standard curve equation for this graph was calcu-
lated to be y=28.236x—0.0072; with a high value of the coefficient of determi-
nation (R*>=0.998).

The linear relationship between the drug concentration and its absorbance
values was obtained by adding the trendline to the standard graph in Fig. 2.

Pantoprazole active drug loading and release studies were performed on
pAA-g-Chi-clay samples at two different temperatures. Pantoprazole was loaded
into the prepared pAA-g-Chi-clay sample in distilled water at 25 °C until the
constant weight.

The initial concentration of Pantoprazole solution was 0.085 g/L and the
loading time was almost 4 h. The loading process was physical adsorption. The
amount of pantoprazole loaded into the gel was determined from its decreasing
concentration in the solution.
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Fig.2 Standard (calibration) curve of the pantoprazole active substance at 25 °C (R*>=0.998)

Study of the prepared pAA-g-Chi-Clay in controlled drug release systems.

Release studies of drug-loaded samples were carried out in distilled water with
pH=6.5 and buffer solutions with pH=2.0 and pH=7.6. The release of the
drug in the buffer solution at pH=7.6 was found to be very low (35%) when
compared to the release in distilled water. The release of the drug in the buffer
solution at pH=2.0 was also carried out and it was observed that the percent-
age of the drug release in buffer solution at pH=2.0 was very close to the drug
release results in distilled water (100%). But, the release was very fast compared
with the release in distilled water. Therefore, drug release studies were contin-
ued in distilled water afterward. The cumulative drug release was determined
by using 0.085 g/L drug concentration as a reference for the release study. The
loading capacity of the drug in the hydrogel was calculated from the remaining
drug concentration in the solution.

Kinetic studies
The first-order kinetics model

As stated in Eq. 2, the first-order kinetic is expressed as an exponential function
depending on concentration and time.

[C] = [Clpe™ @)

Here C, is the initial drug concentration and C, is the concentration of the
drug at any time. Parameter k, is the first-order rate constant.
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Korsmeyer-Peppas kinetics model

Korsmeyer et al. (1983) described drug release from a polymeric system with a sim-
ple relationship [45]. The theories proposed by Korsmeyer—Peppas showed the ratio
between the drug released amount (M) to the medium at any time ¢ and the total
drug released amount (M) can be approximated by the exponential expression given
in Eq. 3.

F=—L=K," 3)

M/M . is a drug release ratio at time #; K, is kinetic constant and r is diffu-
sion coefficient which is dependent on the drug release mechanism. In film tab-
lets, n<0.5 corresponds to a Fickian diffusion mechanism. Whereas, a value of
0.5<n<1.0 indicates a non-Fickian diffusion and n=1 indicates a super-diffusion
[46, 47].

Results and discussion

The structural and morphological analyses of the prepared samples were performed
by FTIR and SEM methods, respectively. Fig. 3 shows the comparison of FTIR
spectra of pure chitosan and pAA-g-Chi sample, while the comparison of FTIR
spectra of pure clay and pAA-g-Chi-clay sample is given in Fig. 4.

In Fig. 3, the overall shape of the two spectra appears to be similar. The charac-
teristic peaks of chitosan are located at 3418 cm™! belonging to hydroxyl group, and
the absorption bands at 1644, 1531, 1383, 1090 cm~! are assigned to C=0 of amide
I, N—H, amide III, C; OH, of Chi, respectively. The absorption bands of pAA are
detected at around 3432 cm~'and 1452 cm™!. The peak at 3432 cm™! appears as

Transmittance (%)

T T T
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Fig.3 FTIR spectra of pure chitosan and poly(acrylic acid)/chitosan sample
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Fig.4 FTIR spectra of clay and poly(acrylic acid)/chitosan/clay sample

a broad peak in the pAA-g-Chi compound and overlapps with the hydroxyl group
of chitosan peak at 3418 cm™' in the pAA-g-Chi sample. Also, due to the effect of
graft polymerization with acrylic acid, the peak at 1575 cm™!, corresponding to the
—NH, groups within chitosan, is shifted to 1531 cm™' whereas, the one detected at
1378 cm™!, corresponding to the —OH groups, has completely disappeared. In the
spectrum of Chi, however, the absorption bands at 1575 and 1090 cm™' disappeared
after the reaction with AA, as shown in spectra of pAA-g-Chi (Fig. 3) and pAA-
g-Chi-Bentonite (Fig. 4), which reveals that both—NH, and —OH groups of Chi
took part in g-polymerization with AA. Fig. 4 shows FTIR spectra of clay-loaded
pAA-g-Chi samples against pure clay. It can be seen that the peak corresponding to
the H-O—H bending vibrations in the pure clay observed at 1633 cm™' in the FTIR
spectrum overlaps with the -NH peak at 1644 cm™' and —COOH stretching vibra-
tion peak at 1712 cm™! of non-clay-loaded pAA-g-Chi sample in Fig. 3. The peaks
between 1000 and 792 cm™' wavenumbers correspond to the —OH bending vibra-
tions and Si—O vibrations found within the tetrahedral and octahedral structure of
the clay. Si-OH vibration peak at around 1000 cm™!, belonging to clay, is slightly
shifted to the lower wavenumber value.

The new absorption band at 1405 cm' (symmetric—COO~ stretching) indi-
cates the existence of pAA chains. As can be seen from the spectrum of pAA-g-
Chi, the absorption band at 1644 cm™' (C=0 of amide I) was overlapped by C=0
of — COOH and asymmetric — COO™ stretching. Mahdavinia et al. reported a similar
result in the chi-g-p(AA-co-acrylamide) system [48].

Morphologic analysis of pAA-g-Chi and pAA-g-Chi-clay samples was assesed
by SEM (Figs. 5 and 6), respectively. Fig. 5 shows the porous structure of the pre-
pared pAA-g-Chi sample at two different magnifications (1000x and 5000x%, respec-
tively), while a smoother and more homogeneous structure of the clay-loaded sam-
ple is detected in Fig. 6.

The swelling behavior of the pAA-g-Chi samples, before and after bentonite
addition, was examined at 25 °C, and the obtained results are presented in Fig. 7
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Fig.5 SEM micrograph of the prepared poly(acrylic acid)/chitosan sample, at two different magnifica-
tions: a 1000 and b 5000x

Fig.6 SEM micrograph of the prepared poly(acrylic acid)/chitosan/clay sample at two different magnifi-
cations: a 1000 x and b 5000x

It can be seen that bentonite addition slightly decreased the sample swelling.
For both samples, the maximum swelling was achieved at around 30 min, where
the sample of pAA-g-Chi-clay has reached equilibrium after 60 min. The sam-
ple containing clay showed a more stable structure. After reaching the maximum
value, the dispersion was observed in the clay-free sample, while the pAA-g-Chi-
clay sample was found to be more stable.
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Fig. 7 Swelling behavior of the poly(acrylic acid)/chitosan samples, before and after the clay addition, in
distilled water at 25 °C

Loading of the pantoprazole active substance

Fig. 8 shows the change in concentration of the pantoprazole that is being loaded
on the prepared samples pAA-g-Chi and pAA-g-Chi-clay versus time. As seen
from Fig. 8, the equilibrium reach of the drug loading process took almost
180 min for both samples (pAA-g-Chi and pAA-g-Chi-clay).
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Fig.8 Drug loading on the poly(acrylic acid)/chitosan/clay, at 25 °C
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Fig. 10 Drug release in distilled water at 37 °C
Release studies of the drug active agent

To compare the dependence of drug release performance on time, the release of the
pantoprazole was also investigated at two different temperatures, at 25 °C and 37 °C,
and obtained results are displayed in Figs. 9 and 10, respectively.

It was observed that the drug release profiles of pAA-g-Chi-clay were more
adequate for the slow release of active substance than the samples without clay.
The observed release profiles indicate that the prepared pAA-g-Chi-clay produces

@ Springer



1434 Reaction Kinetics, Mechanisms and Catalysis (2022) 135:1423-1437

Table 1 Results of the kinetic

. Distilled water  First-order kinetic Korsmeyer-Peppas
constants and the linear L
. > R model kinetic model
regression values (R”), at 25 °C
R? K (™) Error R? K n
pH=6.5 0.9698 0.1839 4.6% 0.8091 1.7418 0.2925
Table2 Results Of the kinetic Distilled water  First-order kinetic Korsmeyer-Peppas
constants and the linear ..
. > o model kinetic model
regression values (R”), at 37 °C
R? K (™) Error R? K n
pH=6.5 0.9442 0.1567 3.8% 09112 1.3753 0.2363

controlled and long-term drug release. In addition, the ability to provide long-term
drug release gives an advantage for the absorption of the drug from the intestinal
system.

From Fig. 9 it can be seen that the release of the pantoprazole from the pAA-g-
Chi-clay sample in distilled water at 25 °C reached equilibrium in 210 min whereas
the pAA-g-Chi sample reached in 90 min. The comparison of these release profiles
at different temperatures (Figs. 9 and 10) shows a lower release at 37 °C, indicat-
ing that temperature affects the release of pantoprazole. Also, at 37 °C, the release
of Pantoprazole reaches equilibrium in 180 min, which is faster than the release at
25 °C, with the latter taking (around 210 min). The first-order kinetic model and the
Korsmeyer-Peppas model were used to analyze the desorption profiles of pantopra-
zole from the drug loaded sample pAA-g-Chi-Clay, at two different temperatures.

Tables 1 and 2 represent the kinetic values and the linear regression values (R?)
obtained from kinetic equations at 25 °C and 37 °C, respectively. The error function
comparisons were used to determine the best fitting kinetic model [49, 50]. The per-
centage error values are also shown in the tables.

Comparing the linear regression values (R*) of the kinetic equations, it can be
seen that the release kinetics at both temperatures primarily fit the first-order kinetic
model. The obtained n values at both temperatures are below 0.5, which corresponds
to a Fickian diffusion mechanism. Peppas et al. have indicated that the morphology
of the structure of release has a notable impact on the desorption process [43].

Conclusion

Poly(acrylic acid)-chitosan-based drug carrier with bentonite was successfully
prepared and used for the pantoprazole loading and release process. The swelling
properties of the prepared samples, with and without clay, were investigated. It was
observed that the sample without clay has higher swelling capacity compared to
one modified with clay. However, the sample containing clay showed a more sta-
ble structure. The release properties of the pantoprazole from pAA-g-Chi-clay were
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analyzed using different kinetic models and the first-order model and Korsmeyer-
Peppas model showed the best fit for investigated system. Experimental data on the
release properties of the drug, at 25 °C and 37 °C, showed better fitting with the
first-order kinetic model. The pantoprazole drug release profile also followed the
Fickian diffusion mechanism (obtained » values are lower than 0.5). It has been also
shown that the prepared sample is effective for loading and carrying pantoprazole,
and that can be potentially used in drug delivery systems.
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