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Abstract

In particular, using natural and large surface area natural
inorganic materials such as clay minerals as carrier systems or
adsorbents is important in terms of low cost. This study
investigated the utility of montmorillonite (Mt) clay in both its
raw form and when modified with hydroxypropyl
methylcellulose (HPMC) for the encapsulation and release of
temozolomide (TMZ) active ingredient. For this purpose, the raw
Mt clay was first purified using the sedimentation method. Then,
six different formulations were prepared using Mt, HPMC, and
TMZ in different composition ratios. The release of TMZ was
evaluated under simulated gastric fluid conditions at varying
time intervals. As a result of the release tests, it was determined
that the optimum formulation (F-6) showed the best controlled
release of TMZ from HPMC-modified Mt. The F-6 formulation
exhibited a rapid TMZ release of 50% in the first 45 min. In the
later period, it was determined that the diffusion occurred more
slowly for 360 min and reached approximately 90%. Korsmeyer-
Peppas and Hixson's kinetics clearly explained the TMZ release
of the generated formulations. Nonetheless, the presence of
regulated drug diffusion (Fickian mechanism) and ion exchange
mechanism is linked to n coefficient values in the Korsmeyer-
Peppas model being smaller than 0.5.
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Oz

Ozellikle kil mineralleri gibi dogal ve yiiksek yiizey alanli dogal
inorganik malzemelerin tasiyici sistem veya adsorban olarak
kullanilmasi dustik maliyet agisindan dnemlidir. Bu ¢alismada
montmorillonit (Mt) kilinin hem ham haliyle hem de
hidroksipropil metilseliiloz (HPMC) ile modifiye edildiginde
temozolomit (TMZ) etken maddesinin kapsillenmesi ve
salinmasi icin kullanilabilirligini arastirildi. Bu amagla, ham Mt kili
ilk once sedimantasyon (¢oktirme) yontemi kullanilarak
saflastirildi. Daha sonra, farkli bilesim oranlarinda Mt, HPMC ve
TMZ kullanilarak alti farkli formilasyon hazirlandi. TMZ'nin
salimi, farkli zaman araliklarinda simile edilmis mide sivisi
kosullari altinda degerlendirildi. Salim testleri sonucunda,
optimum formilasyonun (F-6) HPMC ile modifiye edilmis
Mt'den en iyi kontrolli TMZ salimi gosterdigi belirlendi. F-6
formiilasyonu ilk 45 dakikada %50'lik hizli bir TMZ salimi
sergiledi. Devam eden periyotta, TMZ saliminin 360 dakika
boyunca daha yavas gerceklestigi ve yaklasik %90'a kadar
ulastigi belirlendi. Korsmeyer-Peppas ve Hixson kinetigi, Gretilen
formilasyonlarin TMZ salimini agik bir sekilde agikladi. Bununla
birlikte, duzenlenmis ilag diftizyonunun (Fickian mekanizmasi)
ve iyon degisim mekanizmasinin varlig, Korsmeyer-Peppas
modelindeki n katsayisi degerlerinin 0,5'ten klgik olmasiyla
baglantilidir.

Anahtar Kelimeler: Montmorillonit; Bentonit; HPMC; llag Salimi;
Temozomolomit

1. Introduction

Montmorillonite (Mt) clay, an essential component of
bentonite rock, is an exceptionally versatile and
multifunctional clay mineral having a chemical formula of
(Na, Ca)o.33(Al, Mg)2Sis010(0OH)2*nH20 (Lagaly and Dekany
2013). This mineral boasts exceptional properties that
contribute to its broad applicability, such as high surface
area, remarkable adsorption capacity, biocompatibility,
high swelling capacity, and non-toxicity. Even in acidic
medias, it demonstrates remarkable thermal and
chemical stability (Ciftci 2022, Lee et al. 2005). Mt's

negatively charged surface attracts and binds positively

charged species, notably
2023).

significantly enhances drug entrapment and sustained

including drug molecules
(Hassen et al. Its high adsorption capacity
drug release in numerous formulations. Moreover, it
accelerates the dissolution and enhances the
bioavailability of hydrophobic drugs (Park et al. 2016). Mt
acts as an efficient encapsulation agent, shielding drugs
from degradation and providing control over their release
rates. Given these exceptional attributes, Mt emerges as
an ideal candidate for advanced drug delivery systems in
the pharmaceutical industry (Park et al. 2016, Tekin et al.
2019; Ciftci et al. 2020a). Prior studies have focused on Mt
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clay as a drug carrier, highlighting its biocompatibility,
biodegradability, and non-toxicity (Ciftci et al. 2020b,
Viseras et al. 2010, Yang et al. 2016, Salcedo et al. 2012,
Kevadiya et al. 2012, Wang et al. 2016). However, Mt clay
must be subjected to surface modification with polymers
such as chitosan or hydroxypropyl methylcellulose
(HPMC) to improve the drug release characteristics.
HPMC, a non-toxic, biocompatible, and water-soluble
polymer, is a hydrophilic cellulose derivative widely
utilized in the pharmaceutical sector for the formulation
of controlled-release drugs by creating a gel layer on the
surface of matrix systems (Arpa et al. 2023a, Arpa et al.
2023b, Friuli et al. 2022, Novak et al. 2012). Its non-ionic
nature minimizes the likelihood of drug interactions,
maintaining consistent drug release profiles regardless of

the pH of gastrointestinal fluids (Joshi 2021).

Temozolomide (TMZ) is an effective active ingredient in

treating various cancers, especially glioblastoma.
However, the efficiency of TMZ faces several limitations.
The brief half-life results in swift excretion from the body,
impeding its capacity to target and eradicate cancer cells
(Waghule et al. 2023). Additionally, poor solubility poses
challenges in dissolving TMZ in water, affecting its
effectiveness. Another critical consideration is the drug's
side effects, which encompass nausea, vomiting, fatigue,
and reduced blood cell counts (Jatyan et al. 2023).
Researchers persistently explore methods to enhance the
drug's efficacy while mitigating its side effects (Rodrigez
et al. 2023, Stupp et al. 2009). For this purpose, studies
are being conducted on various inorganic or organic nano-

or micro-sized carrier systems (lrani et al. 2017).

This study capitalizes on Mt's exceptional attributes to
address the critical need for TMZ release in cancer
treatments. According to the literature review, no study
has been conducted to examine the release
characteristics of TMZ by Mt clay. Thus, investigating an
industrial raw material such as Mt, which is cheap and has
good properties for drug delivery systems, as a carrier
material for the drug TMZ used in cancer treatments, will
contribute to the scientific literature. In pharmaceutical
applications employing Mt clay minerals, the initial stage
involves removing gangue minerals (quartz, calcite, opal,
feldspar, etc.) from the raw clay rock using various
mineral beneficiation methods, such as sedimentation,
centrifugation, hydrocyclone separation, and chemical
separation (Ciftci 2021, Joshi et al. 2009, Carretero et al.
2009). The primary objective of this study was to develop
formulations by integrating TMZ with pure Mt and HPMC-
modified Mt. To achieve this objective, Mt clay ore
(bentonite) underwent an initial purification process

using sedimentation as a mineral beneficiation technique.

After the formulations, varying Mt-to-HPMC ratios were
prepared, and TMZ was loaded into these formulations.
The final step involved assessing the release profiles of
TMZ in the simulated gastric medium.

2. Materials and Methods
2.1 Materials

This study provided commercial bentonite ore primarily
comprised of Mt by Samas Industrial Minerals Co., located
in the Resadiye-Tokat region of Tirkiye. This company
occupies a significant market position, and its bentonite
has been thoroughly examined by numerous researchers,
particularly regarding the development of clay-polymer
nanocomposites (Hojiyev et al. 2017), characterization of
organo-bentonites (Yesilyurt et al. 2014, Hojiyev et al.
2016), purification of bentonites (Yesilyurt et al. 2014,
Boylu et al. 2012), and adsorption studies (Orucoglu and
2015). (Nacl),
hydrochloric acid hydroxypropyl

Sodium  chloride
(HCD, and

methylcellulose (HPMC) were purchased from Sigma

Haciyakupoglu

Aldrich, US. Temozolomide (TMZ), which was used as an
active ingredient (drug), was purchased from TLC,
Canada.

2.2 Montmorillonite Purification

The sedimentation method was employed to obtain
purified Mt. This method, which is one of the mineral
beneficiation techniques, is based on the separation of
dispersed particles in a liquid medium according to their
density and particle size. This study focused on separating
clay particles below 2 um, forming a colloidal system,
from larger non-clay minerals (gangue) that settle to the
bottom. Maintaining an optimal solid ratio of around 1%
in the pulp is crucial to yield optimal results and minimize
particle interactions. Initially, raw Mt ore was reduced in
size to particles under 5 mm using a jaw crusher followed
by a roller mill. Following, 10 g of the crushed sample was
placed into a beaker containing 1 L of distilled water. The
prepared clay water mixture was left to stand for 24 hours
and then stirred using a magnetic stirrer for 60 minutes to
ensure thorough dispersion. Then, the mixture was left to
stand for 8 hours. Thus, larger non-clay minerals were
allowed to settle to the bottom. Finally, the clay particles
suspended in water above the sediment were removed by
siphoning, separated from the water by centrifugation,
and left to dry at 45°C for 24 hours.

2.3 Characterization Studies

The raw and purified clay samples underwent air-drying
to evaluate their mineral composition. X-ray diffraction
(XRD) patterns were obtained utilizing an XRD-6000
(Shimadzu Co., instrument

instrument Japon). The

1165



Development and Characterization of TMZ Loaded HPMC-Montmorillonite Composites, CIFTCI and PANAHIANLARKEY.

operated at 40 kV with Cu-Ka radiation (A: 1.54184 A).
Scans were conducted within an angular range of 2-70°
with a step speed of 0.02°. To determine the elemental
composition of Mt, the samples underwent a drying
process at 105°C for 24 hours, followed by a 2-minute
milling procedure using a ring mill. Subsequently, the

Table 1. Formulations prepared for TMZ release.

chemical composition of Mt samples was assessed using
a ZSX Primus Il model X-ray fluorescence (XRF) device
(Rigaku Co., Japan). A Mastersizer 2000 instrument
(Malvern Co., UK) was employed to determine particle
size distributions using dispersions obtained before and
after sedimentation experiments.

Formulation . HPMC ratio (%) (based on total 200 mg/L TMZ solution
(Mt+HPMC+TMZ) TMZ/Formulation carrier amount) (mL)

F-1 1/10 0

F-2 1/10 10

5 :

F-5 1/5 10

F-6 1/5 25

Zeta potential (7) is a quantifiable measure of the electric
charge on solid particles suspended in a liquid medium. It
plays a crucial role in defining electrostatic repulsion
forces among particles, thereby influencing the overall
stability of a colloidal system (Ciftgi et al. 2020a, Sondi et
al. 1997). A Nano-Z model zeta-meter device (Malvern
Co., UK) was employed to analyze the samples' zeta
potential (Z). For this, approximately 0.01 g of the dried
and ground samples were introduced into a solution
comprising 100 mL of 10-3 M NaCl. This mixture was
dispersed using a magnetic stirrer for 30 minutes. After
the stirring, a 5-minute settling interval allowed coarser
particles to settle. A 2 mL sample was then added to the
measuring cell. The {values were calculated automatically
through the classical Smoluchowski formula, utilizing the
measured electrophoretic mobility of the particles. The
procedure was repeated thrice, recording outcomes with
a 3-5% standard deviation. To see the { change depending
on the medium's pH value, the prepared dispersions' pH
values were adjusted using diluted HCI and NaOH
solutions, and measurements were taken.

2.4 Preparation of Drug Formulations

Initially, HPMC and TMZ solutions were prepared. For this,
a magnetic stirrer dissolved 200 mg of TMZ powder in
1000 mL of distilled water. This solution was then stored
at 4°C. Regarding HPMC working solutions, 100 mL of
distilled water was heated to 40°C on a magnetic stirrer.
Then, 150 mg HPMC powder was added to the water and
slowly stirred until completely dissolved. It is very
important to avoid boiling the solution. The process of
loading TMZ onto purified Mt followed the outlined steps
in Table 1. In brief, a certain amount of purified Mt was
added to 150 mL of TMZ solution. The prepared mixture
was then subjected to stirring at 37°C using a magnetic
stirrer. The stirring process was continued until the liquid

HPMC-free
formulations (F-1 and F-4) were prepared in this way. For

medium  was evaporated entirely.
the other formulation, a certain amount of Mt was added
to 150 mL of TMZ solution, and the prepared mixture was
stirred for 24 hours at 25°C using a magnetic stirrer. Then,
a certain amount of the previously prepared HPMC
solutions was added to the mixture, and the stirring
process was continued at 37°C. At this stage, stirring was
until  the

completely. Afterward, the solid products were finely

continued liguid medium evaporated
ground using an agate mortar. The resulting powders

were then encapsulated into gelatin capsules.
2.5 In Vitro Release Studies of TMZ

Spectrum scans of previously prepared TMZ solutions at
concentrations between 1 and 50 mg/L were performed
to determine the TMZ concentration in the solutions.
Scans were performed in the 200-400 nm wavelength
UV-vis Mini 1240
spectrophotometer. According to the results obtained, it

range using a Shimadzu
was determined that the TMZ active component gave the
highest absorbance at 289 nm wavelength at every
concentration. Then, the calibration curve was created by
reusing solutions at 1-50 mg/L concentrations and taking

absorbance readings at 289 nm.

The in vitro release profiles of TMZ from the formulations
were evaluated in simulated gastric fluid (comprising 80
mL 1.0 N HCI, 2.0 g NaCl, 3.2 g pepsin, and distilled water
until the total volume is 1000 mL; pH: 1.2). Each capsule
which contains 50 mg formulation was placed inside a
dialysis membrane, containing 5 mL of simulated gastric
fluid. The membranes were submerged in beakers
containing 250 mL of simulated gastric fluid and
maintained on a magnetic stirrer at 37°C. Then, stirring
was performed at 100 rpm throughout the release period.
Taking 2 mL samples from the system at predetermined
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times (0.5, 1, 2, 3,4, 5, 6,8, 12, and 24 hours) determined
TMZ concentration using the UV-vis spectrophotometer
at 289 nm wavelength. Drug release kinetics were used to
evaluate the release profiles of the formulations (Ciftci et
al. 2020b, Ozkan et al. 2023).

3. Results and Discussions
3.1 Characterization Studies

XRF analysis data presented in Table 2 revealed that the
samples mainly comprised silicon oxide and aluminum
oxide, collectively accounting for more than 81% of the
composition. This composition is a strong indication of the
presence of clay minerals. The (Na20+K.0)/(CaO+MgO)
ratio was also determined to be 0.67. Ratios exceeding
0.33 indicate that Mt samples belong to the intermediate
category, classified as sodium montmorillonite clay. The
significant decrease in calcium content in the purified
sample proved the effective removal of calcite minerals
from raw Mt ore. The decrease in Na2O content after
beneficiation can be attributed to removing sodium-rich
feldspar minerals.

Table 2. XRF analysis of raw and purified Mt.

Content (%, wt)

Component

Raw Mt Purified Mt
Si0; 62.23 62.19
Al;03 19.06 20.2
Fe,03 3.63 3.99
MgO 2.7 2.93
Na,O 2.61 2.02
Cao 2.05 0.74
K20 0.65 0.44
LOI 6.30 7.0

LOI: Loss on ignition

The XRD patterns, illustrated in Figure 1, revealed the
composition of the initial clay sample, primarily
composed of Mt minerals alongside traces of non-clay
minerals like clinoptilolite (zeolite), feldspar, opal (C-T),
calcite, quartz, and mica. The majority of gangue minerals
in the raw Mt ore were effectively removed through the
The Mt

sample showed characteristic reflections at 26: 7.07°

sedimentation-based beneficiation process.

(basal space doo1: 12.4 A), showing the presence of Mt
minerals rich in Na* cation (Whittig 1965). It is tough to
separate non-clay minerals with particle sizes smaller
than 2 um from Mt minerals by sedimentation method.
Other methods, such as chemical dissolution, must be
used for this.

Particle size distribution curves (Figure 2) revealed that
the raw Mt sample contained particles larger than 10 um,
probably originating from gangue minerals, accounting
for approximately 20-25% of the volume.

As expected, the purified Mt sample exhibited narrower
size distributions ranging from 0.3 to 8 um. The results
reported in the literature for purified Mt greatly agree
with these results (Shah et al. 2013, Chakraborty et al.
2013). These data highlighted how the sedimentation
method separates particles based on particle size
differences. Nevertheless, these characteristics indicated
that eliminating particles smaller than 10 um presents
considerable difficulties via sedimentation methods.

Montmorillonite : Mt

Purified montmorillonite

Raw montmorillonite Feldspar F
Clinoptilolite ' C
Opal (C-T) 0
Calcite -Ca
i Quartz :Q
Mica M

2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40
26 (%)

Figure 1. XRD patterns of the raw and purified montmorillonite.
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Figure 2. Particle size distributions of raw and purified Mt.

Figure 3 displays the purified Mt clay's zeta potential ({)
profiles. These measurements reiterated the negatively
charged surface of Mt clay. It is important to note that Mt
clay showcased a negative surface charge even under
highly acidic conditions. This occurrence can be attributed
to the adsorption of hydronium ions (Hz0*) onto the Mt.

Additionally, H3O* ions were also adsorbed between the
clay layers, owing to the high cation exchange capacity of
Mt. While the maximum T value was measured around -
42 mV at pH 12, the minimum value was determined to
be around -29 mV at pH 2. These results showed that the
adsorption capacity of Mt clay was relatively high at basic
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media due to the electrostatic attraction forces against
cationic species.

Zeta Potential (mV)

100
90
80
70
60
50
40
30

20

Cumulative drug (TMZ) release (%)

—e—F-0

10 +

0 ...:...:...i...:...:...

0 60 120 180 240 300 360
Time (min)
Figure 4. TMZ releases profiles of the formulations.

3.2 In Vitro Release Profiles of TMZ and Release Kinetics

The release of TMZ active ingredient from the prepared
formulation is shown in Figure 4. The release profiles
showed that a rapid TMZ release occurred in all
formulations in the first 15 min, varying between 25% and
45%.
approximately 60 min in all formulations except F-6, and

Subsequently, rapid release continued for

cumulative release between 65% and 75% was achieved.

The F-1 formulation's rapid release lasted 90 minutes, and
cumulative TMZ release reached approximately 92%. The
high rate of release in a short time in the F-1 formulation
is because the carrier system was not modified with
HPMLC. This result proved that coating the carrier system
with HPMC allows delayed release (Pani and Nath 2014,
Zhou et al. 2014). Evidence of this was also seen in the F-
6 formulation. Namely, it was determined that the release
rate slowed down after the 45" min in the F-6 formulation

and continued for 360 min. Again, the HPMC-free F-4
formulation also exhibited a rapid TMZ release. All these
data concluded that the increase in the HPMC ratio in the
formulation slowed down the TMZ release.

TMZ loading ratio changed the release kinetics. A slower
TMZ release was observed in formulations with high TMZ
loading (1/5; TMZ/carrier system). The reason for this
situation can be shown as the high driving force of the
high TMZ concentration in the dispersion during the drug
(TMZ2)
concentration increased, the mass transfer between the

loading stage. Namely, as the adsorbate
clay layers became more intense and vigorous. Therefore,
when the TMZ concentration in the medium is much
lower than the cation exchange capacity (CEC) of the clay,
adsorption occurs mainly on clay surfaces. However, as
the concentration increases, rapid adsorption occurs on
the outer surfaces, and at the same time, slower

adsorption begins to occur between the clay layers.

Another result observed from the release profiles of the
formulations was that the increase in the HPMC additive
ratio decreased the cumulative TMZ release from the Mt
for all formulations. This can be explained by the fact that
some TMZ molecules in the depths of the clay layers do
not have enough energy to overcome the HPMC cover
layer. In this case, it can be said that HPMC molecules
establish strong physical bonds with the surfaces

between the Mt layers.

As a general result of the obtained TMZ release profiles,
the F-6 formulation was selected as the most suitable
formulation for treating various cancers by exhibiting the
slowest release (360 min, 90% cumulative release).

Drug release kinetics are calculated to examine how
quickly and by what mechanisms a drug is released from
a carrier system (tablet, capsule, nanoparticle, implant,
etc.). is critical

This analysis in determining the

therapeutic efficacy, safety, and quality of the
pharmaceutical formulation. Release data were applied
to different kinetic models to determine the release
kinetics of TMZ-loaded formulations. The measured
correlation coefficients (r?) and “n” values of the kinetic

models are given in Table 3.

As seen in Table 3, TMZ release of all formulations was
explained by Korsmeyer-Peppas and Hixson kinetic
models. In the Korsmeyer-Peppas (K—-P) model, a "n"
coefficient value ranging from 0.43 to 0.85 indicates a
non-Fickian release mechanism that is time-dependent
(Fickian) (Chakraborty et al. 2013, Ciftci et al. 2020; Arpa

et al. 2024).
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Table 3. In vitro, drug release parameters obtained using different kinetic models.

Formulation Zero-order First order Higuchi Hixson-Crowell Korsmeyer-Peppas
(r?) (r?) (r’) (r?) n (r?)
F-1 0.8072 0.7534 0.9138 0.7729 0.3437 0.9992
F-2 0.7433 0.6198 0.8636 0.6616 0.7762 0.9681
F-3 0.7564 0.6264 0.8807 0.6714 0.6213 0.9642
F-4 0.8162 0.7088 0.9229 0.7470 0.6237 0.9921
F-5 0.8193 0.7372 0.9197 0.7662 0.4314 0.9642
F-6 0.7409 0.6187 0.8628 0.6506 0.4692 0.9229

4. Conclusions

The commercial bentonite ore was effectively purified
through sedimentation, capitalizing on the particle size
difference between montmorillonite clay (Mt) and non-
clay minerals. The applied method obtained pure Mt clay
with a purity level of at least 90% and a recovery rate of
67.5%.

As a result of in vitro drug release tests, it was determined
that HPMC-containing Mt formulations had revealed a
more delayed release of TMZ. Thus, it was decided that
the F-6 product, with a 25% HPMC additive and
TMZ/carrier material ratio kept constant at 1/5, was the
most suitable formulation. The F-6 formulation achieved
a delayed release of 90%, lasting 6 hours. The Korsmeyer-
Peppas and Hixson kinetic models elucidated the release
of all formulations by TMZ.

This study presented a novel approach for regulated drug
release, utilizing the unique properties of Mt clay and
HPMC. It presented potential solutions to the issues
provided by TMZ and unveiled interesting pathways for
cancer treatment. The study constitutes a preliminary
step for further investigation and enhancement of
treatment techniques for GBM (glioblastoma multiforme)
patients.
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