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Highlights
e Thiabendazole intercalates in the interlamellar space of bentonite.
e The nature of the interlamellar cation influenced the adsorption capacity of
bentonite.
o Release tests showed that part of the drugs are still adsorbed on the bentonites.

e The solids have shown to be promising for pharmaceutical applications.

Abstract

Clay minerals are commonly used in pharmaceutical products as excipients and active
agents. New drug vehicles based on clay minerals have been developed. In this work,
sodium (BentNa), calcium (BentCa) and magnesium (BentMg) exchanged bentonites
were used for the sorption of thiabendazole (TBZ), and their potential use as controlled
release systems was evaluated. Pristine bentonite and exchanged bentonites were
characterized by X-ray diffraction, infrared spectroscopy, thermogravimetry and
transmission electron microscopy (TEM), and the influence of the different parameters
such as pH, contact time and initial concentration of the drug was investigated. The
maximum adsorption reached after 45 min period with 2000 mg L™ of thiabendazole to
BentNa and after 105 min with 1300 mg L™ to BentCa and BentMg, respectively. The
maximum adsorbed quantities of thiabendazole were 164.4; 152.3 and 133.3 mg g for
BentNa, BentCa and BentMg, respectively. The emission profiles obtained for the
bentonite/drug hybrids were similar when simulated body fluids were used and these

emission profiles were fitted according to the Korsmeyer-Peppas kinetic model.

Keywords: Clay minerals, Drug delivery system, thiabendazole, clay/drugs hybrids

The manuscript includes 4432 words, 6 figures and 2 tables



59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

1. Introduction

Clay minerals are an important class of natural materials which are used in
traditional medicine [1], their biological uses having been reported since antiquity. The
medicinal properties of clay minerals have long been recognized in indigenous cultures,
and their use in traditional medicine confined mainly to external applications for the
treatment of skin problems and gastrointestinal diseases [2].

The specific physical and chemical properties of clay minerals such as
adsorption, cation exchange capacity, swelling capacity, ability to form colloidal
solutions, optimum rheological behavior and dispersibility in water [3-6] as also their
low cost, abundance, biocompatibility versatility and effectiveness, have resulted, in
recent decades, in the introduction of these minerals, into various technological
processes [7-16] Clay minerals have therefore now been introduced as components in
various pharmacological formulations, in which they are used as excipients. In addition
to classic pharmaceutical uses, they can also be employed in the development of new
drug delivery systems (DDS) [17-19]

Although all pharmaceutical dosage forms can be considered to DDS (since
they use the administration of drugs intended to reach a site of action and maintain a
certain concentration over the entire period of treatment), the final therapeutic effect of
a pharmaceutical treatment will depend on several factors, which will involve the nature
of the drug as well as the form taken for its administration and dosage [2,18]. Thus, the
development of new technologies which aim to reduce the quantity of the administered
dose and decrease the levels of drug toxicity, has led to new controlled release systems
[20].

The formation of drug/clay mineral hybrids can influence the bioavailability of
the drug, the release rate, and the chemical stability of the systems [17]. For example,
stronger drug/bentonite interactions resulted in slower release and lower rates of drug
absorption and, in consequence, the reduction of the plasma concentration of the drug
[2,21]. These properties are not desirable for drugs such as antihistamines, which
require an immediate therapeutic concentration in the blood. Clay minerals are however
highly recommended as carriers for drugs that require slow and prolonged release, such
as antibiotics (amoxicillin, tetracycline, cephradine, metronidazole and gentamicin),
antihypertensive drugs (propranolol, nifedipine, amlodipine, etc.) and antipsychotics
(aripiprazole, buspirone) [22]. Thiabendazole (TBZ) is an anthelmintic and antifungal

drug used in the treatment of fungal and worm infections in animals and humans [23].
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Four different TBZ species can be generated by protonation—deprotonation reactions
depending on the pH of the solution [24].

Previous studies have studied the adsorption of TBZ on Argentine clay,
[25,26]. It was observed that there was a drastic reduction in TBZ adsorption when the
pH was changed from 5 to 7, as a result of the presence of uncharged thiabendazole
species. Moreover, at a pH lower than 2, the ion exchange is the main mechanism of
adsorption. Aluminum pillared montmorillonite was also used as a TBZ adsorbent in an
aqueous medium [23,24].

The use of bentonite and thiabendazole for the development of controlled
release systems has also been reported; Yasser (2014) used Ca-Bentonite in controlled
release formulation of TBZ for reduced contaminations to soil water. Results showed
that TBZ was better adsorbed in clay at the value pH 3 and the release experiments
showed that liberation the TBZ that slower at pH 3 than at pH 5.5 or pH 9.

This present work focused on the study of the thiabendazole/bentonites system
for drug delivery, the aim being the investigation of the influence of the interlayer
cations of bentonite on the interaction with thiabendazole. The kinetics of in vitro
release of thiabendazole from hybrids in simulated gastric (SGF), body (SBF) and
intestinal (SIF) fluids were also determined.

2. Experimental

2.1 Material and chemicals

The bentonite sample was donated by the Bentonisa do Nordeste SA in Brazil

(Boa Vista, PB).. The sample presented a cationic exchange capacity (CEC) of 88 cmol

(+) Kg™ and the following chemical composition - SiO, (52.98%), Al,O3 (18.35 %),

Fe,03 (3.96%), MgO (2.47%), Na,O (2.56%), K,O (0.22%), with a loss ignition of
18.59%.

Thiabendazole (2-(thiazol-4-yl) benzimidazole, M = 201.3 gmol™, pKa 2.5,

4.7 and 12.0), was acquired from Sigma-Aldrich, (99% anaytical grade). Thiabendazole

is partially soluble in water (28 mg L™) and soluble in acid solutions at low

concentrations; [23, 25, 26], a solution of the drug was therefore prepared with 3000 mg

L drug solution in 0.01 mol L™ HCI. All the samples prepared were dried at 343 K for

48 h and then conducted for characterization.
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2.2 lon exchange

Raw bentonite (Bent) was purified to remove quartz by the centrifugation
decantation method. The sample was suspended in 1.0 mol L™ NaCl, CaCl,.2H,0 or
MgCl,.6H,0 solutions, and was mantained under orbital agitation at 300 K. The same
procedure was repeated twice to guarantee the process of ion exchange [3]. The

exchange samples were named BentNa, BentCa and BentMg.

2.3 Sorption of thiabendazole

We first monitored the influence of pH on the drug-bentonites interaction.
Samples of 200 mg of each exchange solid was suspended in 50.0 mL of 500 mg L™
drug solution, and the pH was adjusted to 1.4, 2.3 and 3.8, the values of which were
determined based on the pKa of thiabendazole. The suspension was stirred for a period
of 24 h. The final solids were centrifuged, and the thiabendazole in equilibrium solution
was quantified by UV-Vis molecular spectrometry in an UV-Vis spectrofotometer

Shimadzu model 2550, at 298 nm in the concentration range of 2—8 mg L™

The sorbed drug on solid (ge) was calculated by equation (1).

_ (Co—Ce)V

Qe == 1)

m

Where C, and C, are the drug concentration (mg L™) in solution before and after
sorption respectively, V (L) is the volume of the drug solution, and m (g) is the mass of
the bentonite.

To investigate the influence of time on adsorption, the same procedure was used,
and the time was varied between 0 and 120 min in the same conditions.

The effect of the initial concentration of the drug was monitored by using
thiabendazole at 30 and 3000 mg L™, which reacted with bentonites at optimum

conditions for both pH and time.
2.4. Synthesis of bentonite/drug hybrids

The synthesis of the hybrids was carried out basing oneself on the previous
conditions of pH, time and drug concentration, as determined in the adsorption tests.
Therefore, a 1.0 g sample of each bentonite category was suspended in 250 mL of 2000

mg L drug solution, and then reacted for a period of 45 min in the case of the sodium
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bentonite, and for the calcium and magnesium samples, 1.0 g of each solid was reacted
with the 1300 mgL™ drug solution for 105 min. The systems were maintained under
orbital agitation at 300 K. Finally, the drug concentration was determined as described

above.

2.5. Release test

For the release test, simulated gastric (SGF, HCI aqueous solution, pH 1.2), body
(SBF, pH 7.4) and intestinal (SIF, phosphate buffer solution, pH 7.4) fluids were
prepared. The SBF was prepared by dissolving the following chemical reagents in 1.0 L
distilled water: NaCl (7.996 g), NaHCO3; (0.350 g), KCI (0.224 g), K;HPO4.3H,0
(0.228 g), MgCl,.6H,0 (0.305 g), CaCl, (0.278 g), Na,SO, (0.071 g), NH,C(CH,OH)3
(6.057 g) [27].

The release test followed standard procedure where 0.1 g of each solid
BentNaTBZ, BentCaTBZ and BentMgTBZ was suspended as a disk in 400 cm® of each
fluid. The system was mantained at 335 K for 72 h, and at each time interval, aliquots of
5.0 mL of the solution were removed, and the same volume of drug solution then added

to the suspension [28].

The drug concentration was quantified as described above. The cumulative
drug concentration was calculated (C.) as determined in Equation (2), where C¢ (mg L)
is the final drug concentration in solution, Vs and V, (L) are the volumes of fluid and
aliquota, respectively.

(VaxCy)
Ce=Cr + fo ()

3. Results and discussion

3.1 Characterization of exchanged bentonites
For raw bentonite, the XRD patterns of the samples (SM1) exhibited the
principal montmorillonite reflection at 20 7.24° (dgos = 1.22 nm) [30]. Other reflections

were observed at 20 19.8°; 28.5°; 34.9° and 61.8° and were indexed to montmorillonite

phase in agreement with ICDD file 00-060-0318. The additional peaks at 20 11.7° and
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26.5° were associated to muscovite and quartz phases, respectivelly. After removal of
the quartz, the XRD patterns maintained the reflections of montmorillonite, and the

quartz peaks were not observed.

After ion exchange, the samples displayed reflections at 7.55°, 6.19° and 6.17°
associated to the (001) plan with basal spacings of 1.17, 1.43 and 1.43 nm for BentNa,
BentMg and BentCa respectively. These values are in agreement with those observed
for natural sodium [30], calcium [31] and magnesium montmorillonites [32]. In the Bent
and BentNa samples, an additional peak at 28.4° is attributed to the presence of residual
NaCl in according ICDD file 01-083-1728. The higher values of the basal spacings were
those obtained for samples with higher hydration cation volume, 156.7 and 176.9 cm®

mol™ for Ca?* and Mg**, and 109.0 cm® mol™ for Na*.

FTIR spectra (Figure 1ii) for all samples displayed bands at 3634 cm™, assigned
to structural OH stretching (M-OH, M = AI**, Mg*, Fe*"), and at 3400 cm™ resulting
from OH stretching of interlayer water and silanol (Si-OH); the OH stretching of water,
however, showed a small variation which can be related to the interlayer cation. The
band associated to the bending of water was observed at 1642 cm™ [33, 34]. Other bands
were detected at 1121 and 1040 cm™ and assigned to Si-O assymetric and symmetric
stretchings, respectively. Si-O-Al and Si-O-Si bending vibrations, were detected at 523
and 461 cm™ respectively. Isomorphic substitution of AI** for Mg®* and Fe?*in the
octahedral sheet provokes changes in the OH deformation bands at 918 cm™(Al-Al-
OH), 876 cm™(Al-Fe-OH) and 830 cm™ (Al-Mg-OH), and these were dependent on the
nature of the cation present [35,36].
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207  Figure 1 i) XRD patterns and ii) FTIR spectra for (a) Bent, (b) BentNa, (c) BentCa and
208 (d) BentMg.

209 In the DTG curves for BentNa, BentCa and BentMg (Figure SM2), two mass
210 losses were observed: at 298-660 K and at 660-1200 K for BentNa.. The first is related
211 tothe loss of physically adsorbed water and interlayer water, and the second is the result
212  of the dehydroxilation and loss of the coordination water. In the instance of the
213  magnesium and calcium bentonites, three mass losses were observed, at 298-573,573-
214 754 K and 754-1200 K for BentCa, and at 298-483 K, 483-748 K and 748-1200 K for
215 BentMg. As above, the first loss is related to the loss of adsorbed and interlayer waters,
216 and the second and third ones can be assigned to the dehydroxilation and loss of

217  coordination water, respectively. [30,37]

218 3.2 Sorption of thiabendazole

219 The effect of pH on thiabendazole sorption onto BentNa, BentCa and BentMg
220  (Figure 2), showed a maximum sorption of 114 mg g™ for all pH values. Therefore, the
221  value of 1.4 was used in all experiments. The thiabendazole molecules are present at 92
222 % for TBZ"" species (pKa = 2.5) and 99.9 % for TBZ" (pKa = 4.7). The sorption of
223 thiabendazole is usually pH-dependent [26]. For protonated TBZ (TBZ"), the sorption
224  onto bentonite occured by ion exchange between the inorganic cation in the interlayer
225  space and the organic one, TBZ" [38].
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Figure 2. The effect of pH on thiabendazole adsorption onto (a) BentNa, (b) BentCa and
(c) BentMg at 300 K. Inserted figure is that of the TBZ structure.

The influence of contact-time on sorption of thiabendazole onto bentonites
(Figure 3i), displayed equilibrium at 30, 90 and 75 min where the maximum sorption
capacities were 115.5; 111.5 and 111.6 mg g™ for BentNa, BentCa and BentMg
respectively. The data were fitted to second order kinetics (Figure SM3 and Table 1).

The equilibrium isotherms (Figure 3ii) show that the maximum adorbed
quantities are observed at a 2000 mg L™ for Na-Bent with185 mgg™ of Thiabendazole,
while for CaBent and Mg-Bent 163 mg g™ were adsorbed from a starting concentration
of 1300 mg L™. The experimental data were better fitting to the Langmuir than the
Freundlich model (Figures SM4.1 and SM4.2), and the resulting parameters are

presented in Table 1.
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Figure 3. i) Effect of time and ii) initial drug concentration on thiabendazole adsorption
on (a) BentNa (b) BentCa and (c) BentMg at 300 K and pH 1.4.

3.3 Caracterization of thiabendazole/bentonite hybrids

CHN elemental analysis gave the following results: 164.4; 152.3 and 133.3 mg
g’ of the drug on BentNaTBZ, BentCaTBZ and BentMgTBZ, respectively. XRD
patterns (Figure SM5) showed basal spacings altered from 1.17 nm to 1.42 nm in
BentNaTBZ, 1.52 nm to 1.41 nm in BentCaTBZ, and 1.43 nm to 1.39 nm in
BentMgTBZ. In other words, while for the sodium sample the basal spacing had a
higher value, the values decreased for the other two samples, suggesting some loss of

water in the intercalation of the organic molecule.

TEM micrographs (Figure 4, Figure SM6) suggested the typical layered
arrangement of pristine bentonites with interlayer spacings of 1.15-1.23 nm for BentNa;
1.44-1.56 nm for BentCa and 1.41-1.49 for BentMg. The solids saturated with the drug
presented a similar morphology [31,39] and the interplanar spacings were 1.31-1.47 nm
for BentNaTBZ, BentCaTBZ and BentMgTBZ, this data in agreeement with the XRD
patterns (Figure 4).
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Figure 4. TEM micrographs of (a) BentNa and (b) BentNaTBZ

Taking into consideration the size of thiabendazole (1.15 nm x 0.72 nm x 0.34
nm) [25], the thickness of the montmorillonite (1.35 nm) [30] the XRD patterns and
TEM images, the interaction of thiabendazole and bentonite can be seen to be in
preponderance through an ion exchange mechanism, involving also the intercalation of

the protonated drug in the inter-layer spacing of montmorillonite [26,27].

The FTIR spectra of the hybrids presents typical bands of the free drug (Figure
SM7). However, the bands assigned to C-N and N-H have shifted from 1306 to 1313
cm™ possibily as a result of the protonation of the nitrogen of the benzimidazole group,
and from 1574 to 1603 cm™, suggesting the presence of the TBZ* and TBZ** forms on
the bentonite [27, 40].

UV-VIS spectra for the exchanged samples BentNa, BentCa and BentMg
(Figura SM8) displayed a broadadsorption at 250-300 nm, assigned to O—Si and
O—Al charge transfer bands [41]. After drug loading, a band centred at 298 nm was
detected and this was the same as that observed for the free drug, which is associated to

the n-m and =n-7* molecular orbitals of the TBZ.

3.4 Release test

The release of thiabendazole from hybrids at the solid/liquid interface involved a
number of processes which promote the transport of the drug from the solid to the liquid
phase. Specifically, for clay minerals, diffusion is relevant and includes drug desorption
from the external surface, and the loss of the intercalated molecules from the interlayer
region [18].

11
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The release curves for thiabendazole from the three samples over a period of 72

h in the simulated fluids (Figure 5), indicate a similar behavior with a release of 20, 27
and 17 % in the first 9 h for BentNaTBZ; 14, 21 and 27 % for BentCaTBZ and 18, 34
and 32 % for BentMgTBZ SGF, SIF and SBF fluids, respectively. The slow and
controlled release is associated to cationic exchange between the intercalated charged
drug and the alkaline cations from the simulated fluids [42]
70 70
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Figure 5. Cumulative release profiles of (a) BentNaTBZ, (b) BentCaTBZ and (c)
BentMgTBZ

The quantity of released TBZ species was 100% lower, probably as a result of an
equilibrium process in the ion exchange which is a complete reaction [42]. Futhermore,
electrostatic interaction between the cations and the anionic charge of the

montmorillonite results in incomplete release [43].

The release data were ajusted to Korsmeyer-Peppas model (Equation 3),
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Where M/M,, is the fractional release of the drug at time t, and k and n kinetic
constants. The n value is used to characterize the principal mechanism of drug release;
where release is Fickian diffusion when n < 0.45, if 0.45 < n < 0.89, it indicates
anomalous (non-Fickian) transport, if n= 0.89 the release follows case Il and n > 0.89

super case Il transport [44]

The obtained kinetic parameters (Figure SM9) for the system under investigation
are presented in Table 2.

The values of R? indicate a good adjustment of the data for BentMgTBZ and
BentCaTBZ in the three simulated fluids. The n values were in the range of 0.45 < n <
0.89 for the release in SGF in all systems, indicating that diffusion and erosion were the
main mechanisms at play in the kinetic process of release. It is important to note that
this model was proposed for polymers, and therefore the erosion cannot be considered

reasonable for a clay mineral matrix [46]

For the TBZ release SIF and SBF, the values of n were 0.89 suggesting that the
kinetics of the reaction are based on a super case Il transport mechanism, where the
diffusion rate of the solvent is higher than the relaxation rate, and the drug release

mechanism occurs as a result of swelling and stresses [47].

The XRD patterns of the solids after the release test (Figure SM10) showed that
the basal spacings were lower than the initial values observed for the loaded samples: ie.
1.42 nm for Bent Na, 1.41 nm for BentCa, and 1.39 nm for BentMg, suggesting the

presence of the unreleased drug in the final solids.

4. Conclusion

Thiabendazole was loaded onto three exchanged bentonites at different
conditions of equilibrium for 45 min and at an initial drug concentration of 2000 mgL™
for BentNa, and for 105 min at an initial drug concentration of 1300 mgL™ for BentCa
and BentMg.

The loaded solids behaved as good drug in vitro release systems in simulated
fluids, with SBF having the highest release of the three samples. The BentMgTBZ

13
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system exhibited the highest cumulative release compared with the other samples. The
thiabendazole release kinetics of the drug/bentonite hybrids were similar, and adjusted
to the Korsmeyer-Peppas model.

The different tests demonstrated that the nature of the interlayer cation in
bentonite influenced the thiabendazole loading and release quantities, and that it is a key
parameter that should be considered in the application of bentonites as vehicles for

drugs.
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