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HIGHLIGHTS

e Smectite surface charges are crucial for
isoniazid adsorption in acidic media,
particularly due to the drug’s
protonation.

e An acidic environment enhances the
montmorillonite adsorption capacity of
INH, increasing it from 12 mg/g to 115
mg/g.

e The acid form of isoniazid significantly
influences its adsorption by Cloisite and
Laponite.

e The release behavior of INH from the
clay varies depending on the pH of the
surrounding media.

e Cloisite demonstrated higher drug
incorporation and a more controlled
release rate compared to Laponite.
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ABSTRACT

Two different smectites, Cloisite (CL), a montmorillonite, and Laponite (LP), a synthetic hectorite-like clay, were
investigated for their efficiency in isoniazid (INH) adsorption and release mechanisms. Adsorption was con-
ducted at an acidic pH = 2 to leverage the protonation effect of INH. At acidic pH, the clays exhibited different
surface charges: —12 mV for CL and —2 mV for LP, indicating a stronger negative charge on CL. These changes
affected the INH incorporation and release, increasing the attachment on the clay surface. CL, the clay with the
lowest surface charge, manifested a higher incorporation of INH, 115 mg/g, and a more controlled release of INH
in the stomach environment (less than 8 %, against 25 % for LP). These values compared favorably with those
cited in the literature and demonstrated a potential for drug delivery. Although X-ray diffraction (XRD) did not
show an increase in the basal distance for either clay, Fourier-transform infrared spectroscopy (FTIR) and
thermogravimetry analysis (TGA) showed the interaction between clay and drug after the incorporation.
Compared to literature, the hybrids developed in this study exhibited higher drug loading and a more effective
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pH-responsive release, particularly at pH 2. This is especially important for oral drug delivery, where protecting
the drug in the stomach and enabling its release in the intestine can enhance bioavailability. These findings
underscore the potential of smectite clays as promising candidates for INH-controlled release and contribute to
identifying key-clay characteristics for effective oral drug delivery systems.

1. Introduction

Isoniazid (INH) is a drug used globally in tuberculosis treatment. It is
often administered alongside other medications, which can interact and
reduce bioavailability, necessitating high doses of up to 300 mg/day [1].
These high doses can lead to various side effects, decreasing patient
compliance, and increasing the proliferation of resistant bacteria. To
improve drug bioavailability, drug delivery (DD) systems are often
employed [2]. In this study, DD systems were considered as
modified-release systems typically used to achieve a gradual drug
release, thereby avoiding higher drug concentrations in the bloodstream
and potentially decreasing the treatment side effects.

In most cases, the drug is incorporated into a vehicle, which may also
protect it from environmental reactions. INH is an ideal candidate for
such systems because its chemical structure contains a pyridine ring and
a hydrazine group, both of which can influence its interaction with other
materials [3,4]. These groups can protonate in an acidic environment,
altering the drug state and how it interacts with the surroundings [5].
Various drug DD systems have been explored for INH, including poly-
meric particles [6-10], 3D printed polymeric pills [11], inorganic par-
ticles such as zeolites [5,12], silica particles [4], layered double
hydroxides (LDHs) [13], clays from different groups, such as paly-
gorskite [3,14,15], montmorillonite [16-19], halloysite [2,20], or a
combination of polymeric and inorganic particles [21-24].

Clay and other inorganic particles, like layered double hydroxides
(LDH) [25,26], are commonly used for drug delivery systems. Their
efficiency as DD systems is essentially related to their ability to incor-
porate spontaneously [12,14,17,20] and release drugs like INH, which
occurs through interactions between the clay surface and the drug [15,
16]. Recent studies also investigated the influence of clay surface
modification in mesoporous silicate to verify the influence of surface
polarity of acidic drug molecules, as INH, under acidic pH, which can
provide a useful perspective on surface-drug interactions [26]. Other
studies also employed computational modeling to examine drugs
intercalation and release mechanisms by LDHs [25] and zeolite [5],
offering valuable theoretical insights. While these studies differ in terms
of materials and approach, our work complements them by providing
empirical evidence based on smectite clays, which helps validate and
contextualize computational predictions and expands the understanding
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of pH-dependent release mechanisms using naturally occurring clay
minerals.

In this work, Cloisite (CL), a commercial natural clay [28], and
Laponite (LP), a synthetic clay [27], were used to study the influence of
their surface charge on INH incorporation. Their surface charge is
directly dependent on their chemical composition. They belong to the
phyllosilicate group, characterized by a t-layered structure (Fig. 1-a).
Their layers are formed following a TOT (Tetrahedral-Octahedral-Te-
trahedral) format: two tetrahedral sheets of silicon oxide are separated
by an octahedral metal oxide sheet. For hectorite-like clays (HCT), such
as LP, the metal is magnesium (Mg*z), the clay is called trioctahedral
and all octahedral spaces are occupied (Fig. 1-b,d,e). For montmoril-
lonite (MMT), such as Cloisite (CL), the metal is aluminum (Al+3), the
clay is called dioctahedral, and only two-thirds of the octahedral spaces
are occupied (Fig. 1-c,f,g). During clay formation, ions dissolved from
the original rocks may replace specific atoms in the clay minerals’
crystal structure through isomorphic substitution, leading a permanent
negative surface charge. [29,30]. These substitutions generate a surface
charge that must be neutralized by exchangeable cations situated be-
tween the layers. These cations can vary in type, depending on the
mineral availability in the previous rock during the crystallization pro-
cess. In the present work, sodium (Na™) is the primary cation used. In
addition to the negative surface charge inherent in clays, they contain
hydroxyl groups at the edge of their crystals, which influence their
behavior in acidic environments. In acidic conditions, H" ions can
replace the clay’s exchangeable cations, penetrate the crystal structure,
and react with the hydroxyl group, increasing the clay’s surface charge.
This surface charge change can positively impact the adsorption and the
desorption/release of certain drugs [4].

Due to their chemical structure, clays can interact with many drugs
through hydrogen bonding, van der Waals forces, and cation exchange
[27]. Furthermore, the environmental pH can affect the chemical
structures of both the clay and the drug, changing their interactions. In
the case of INH, its pH-dependent behavior could enhance the adsorp-
tion in acidic conditions due to the increase of acid-base interactions
between the silanols groups on the clay and the INH pyridine and hy-
drazide groups, which boosts the clay’s adsorption capacity [3,4].
Furthermore, clay/INH composite has the potential to be effective for
drug delivery, with the clay providing protection at pH 2 and ensuring
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Fig. 1. Smectite structures and the crystal difference between montmorillonite (MMT) and hectorite-type clay (HCT).
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effective release at pH levels higher than 6.8. The adsorption mechanism
and thermodynamics of neutral INH incorporation by montmorillonite
were described before [17]. However, few studies have reported a
controlled release of INH from this clay type. Most studies observed a
complete release within 10 min [2,5,13], additionally, the ones that
presented a pH-dependent release reported a release of a small amount
of the drug, around 4-11 mg/g [3,4].

In turn, the ability of clays to incorporate drugs can be evaluated by
measuring the adsorption efficiency of a solute onto a solid adsorbent,
which can be assessed using Giles’ methodology [5,14,17,20,31-33].
This method links the shape of the adsorption curves to the underlying
physical mechanism of adsorption. Since the interaction and orientation
of the solute on the adsorbent surface influence the shape of the
adsorption curves [34,35], it is possible to infer the conformation of
solute molecules within the adsorbent. Giles’ methodology provides
valuable information on the conformation of solute molecules in
adsorbents.

It is known that the pH affects the clay-INH incorporation. The main
objective of this study was to investigate how clays with similar struc-
tures, but different surface charges, interact with the drug. The
adsorption studies were conducted in two environmental pH levels (2
and 7). Gile’s methodology was used to analyze the clay/drug in-
teractions. The in vitro release test evaluated the hybrids’ behavior in the
oral release and two different pH levels, 2.0 and 7.4, for 5 h. To our
knowledge, the study of adsorption and release of isoniazid influenced
by pH has not been conducted using smectite group clays. The main
objective of this work was to investigate how differences in the chemical
composition of montmorillonite and hectorite clays can impact their
ability to incorporate and release INH. Smectite clays were selected due
to their natural abundance, low cost, biocompatibility, and established
use in pharmaceutical and cosmetic applications. Their high surface
area, swelling ability, and ease of modification make them promising
candidates for drug delivery systems, and this study aims to better un-
derstand the key properties that govern their performance. To further
elucidate the influence of pH on controlled release, the clays were
characterized in terms of their clay/INH interaction. Thermogravimetric
analysis (TGA) was used to verify the presence of INH after adsorption;
Fourier transformation Infrared spectroscopy (FTIR) was employed to
examine the interaction between the drug and the clay; and X-ray
diffraction (XRD) was utilized to determine whether the drug interca-
lated the clay lamellas.

2. Materials and methods
2.1. Materials

Isoniazid, NaHPO4, NaCl, NaOH, and 37 % HCI solution were
analytical-grade reagents purchased from Sigma-Aldrich. The clays used
in this study, Laponite (LP) and Cloisite Na™ (CL), were kindly provided
by BYK Additives and Instruments (Germany). All materials were used
without further purification. The chemical composition and loss on
ignition (LOI) of the clays are presented in Table 1. These values were
determined by X-ray fluorescence (XRF) using a Zetium Malvern Pan-
alytical instrument; additional characterization details are available in
Ref. [18]. Due to the low atomic number of lithium, its concentration
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and 3326 ppm in LP, consistent with expectations.

The clays’ cation exchange capacity (CEC) was determined using
representative samples previously dried in an air oven at 105 °C for 24 h.
The effective CEC was measured using the ammonium acetate method,
followed by analysis via inductively coupled plasma optical emission
spectrometry (ICP-OES). The resulting CEC values and the concentra-
tions of exchanged cations are summarized in Table 2.

2.2. Methods

2.2.1. Zeta potential

Zeta potential measurements were made using a Malvern Zetasizer
Nano. Before measurements, 0.1 % (w/v) aqueous dispersions were
prepared at pH 2 and 7 and sonicated for 10 min. For each clay, the
surface charge was measured in three different aliquots, with each
aliquot tested three times.

2.2.2. Adsorption isotherms

Adsorption isotherms were performed using both clays at pH 2 and
pH 7. A dry weight of 0.1 g of each clay was placed inside a dialysis
tubing cellulose membrane, which retains molecules with molecular
weight up to 14,000 Da, and immersed in 10 mL of INH solution, varying
the concentration from 68.5 to 3082.5 mg/L (0.5-22.5 mmol/L). The
system was stirred magnetically for 3 h [18], after which, the remaining
concentration of INH in the solution was determined by a Thermo Sci-
entific Evolution 260 Bio UV-visible spectrophotometer (UV-vis), with
different calibration curves for each pH studied.

The amount INH incorporated per gram of clay (n,p) was calculated
as the difference between the initial quantity of INH (Q;) and the
remaining quantity (Q,) in the supernatant after each time interval (Eq.
(1)). Here n,p, represents the quantity of isoniazid adsorbed per gram of
clay; Qj is the initial amount of INH in the solution at the start of the
experiment (also measured by UV-vis), Qe is the amount of INH
remaining in the supernatant at the end of the experiment, measured by
UV-vis using the calibration curve, and m is the mass of the clay.

Qier

m

Mgy = Eq. 1

At the end of the experiment, a curve of q,p (the amount in moles of
INH adsorbed) as a function of Ce (the concentration at equilibrium after
adsorption) was plotted and the data fitted to two different mathemat-
ical models: Langmuir (Eq. (2)) and Freundlich (Eq. (3)) using a
nonlinear regression methodology, minimizing the sum of squared re-
siduals (SSR) for each model. SSR is defined as the sum of the squared
differences between the experimental adsorption data and the model-
calculated adsorption as shown in Eq. (4). For the Langmuir model,
the RL factor (Eq. (5)) was also calculated to verify the adsorption

Table 2
Cation Exchange Capacity and the percentage of ions released in CEC base
saturation for CL and LP.

CL LP

CEC (mEq/100 g) 113.21 87.18
Percentage of Ions Released in CEC Base Saturation

. . i Na® (% 75.20 90.20

could not be determined by XRF and was instead quantified by strong M2;2+( (Zz)) 277 477

mineral acid block digestion followed by inductively coupled plasma K+ (%) 1.04 0.27

triple quadrupole mass spectrometry (ICP-QQQ), following a modified Ca*" (%) 21.00 4.76

EPA 200.8 method. The lithium content was found to be 71.1 ppm in CL

Table 1

Chemical composition of Cloisite and Laponite.
Analyte SiO, Al,03 Fe,03 MnO MgO CaO Na,O K0 TiOy P,05 LOI
CL (%) 59.50 21.30 4.24 <0.10 2.37 0.47 3.84 <0.10 0.12 <0.10 7.03
LP (%) 58.30 0.11 <0.10 <0.10 27.20 0.14 2.93 <0.10 <0.10 <0.10 11.00
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strength at the two pH levels.
KLQmCe

= Eq. 2
" =11 KC, 4
1

Ngp :KFC:;F Eq. 3
m 2

SSR = Z <qi,exp - qi,model) Eq 4
i=1

R, zé Eq. 5

1+ QnK;

where ng, is the amount of drug adsorbed, K, is the Langmuir constant,
Qn is the theoretical amount of drug adsorbed at equilibrium, C, is the
equilibrium concentration, Kg is the Freundlich constant, and ng is the
Freundlich constant.

2.2.3. Kinetic drug release

The kinetic drug release test was performed for CL/INH and LP/INH
hybrids prepared at pH 2, as they exhibited higher adsorption capacities
than the ones prepared at pH 7. The release test simulated oral drug
administration, where 100 mg of the clay/INH hybrid was inserted in-
side a dialysis tubing cellulose membrane with a molecular weight cutoff
of 14,000 Da. The membrane bag was immersed in a pH 2 buffer solution
for 2 h to simulate the stomach environment. It was then transferred to a
pH 6.8 buffer solution for another 2 h, simulating the environment of the
first zone of the intestine, and finally kept in a pH 7.4 buffer solution for
an additional 4 h, simulating the second zone of the intestine. The buffer
solutions were made according to a previous study [4]: i. pH 2: 1 g of
NaCl and 0.5 mL of HCI in 1000 mL of water; ii. pH 6.8: 0.4 g of NaOH,
2.0 g of NaH2P0O4-H»0, and 3.1 g of NaCl dissolved in 1000 mL; iii. pH
7.4: 2.5 mol/L NaOH was used to adjust the pH 6.8 solution. The release
was monitored for 8 h (480 min). Samples were withdrawn and analyzed
after the initial 10 min, and then every 30 min. After each sample was
collected, the total volume of the solution was kept constant by adding
the appropriate amount of buffer solution.

Since the pH affects the absorbance and wavelength of INH, three
separate calibration curves were generated for 265 nm (pH 2) and 261
nm (pH 6.8 and 7.4) wavelengths. All the experiments were conducted
in triplicate. The release data obtained were fitted to three different
release models: Zero order (Eq. (6)), Korsmeyer-Peppas (Eq. (7)), and
Higuchi (Eq. (8)).

M,
M, _ Eq.
M., Kot q. 6
M,

=K Eq. 7
M. s

2 gt Eq. 8
M, 4

Where M, is the amount of INH released after each interval (t), M, is the
amount of INH at the beginning of the experiment, K and n are
Korsmeyer-Peppas constants, and Ky, is the Higuchi constant.

2.2.4. Characterization

The same hybrids used for the release test were characterized using
the following techniques: TGA, FTIR, and XRD. For TGA, a Pyris Dia-
mond TG/DTA by Perkin Elmer was used to assess the mass loss of the
pristine clay and its corresponding hybrid. The experiments were con-
ducted under an airflow of 100 mL/min, a temperature range of
40-800 °C for clays and clay/INH hybrids, and 40-600 °C for pure INH.
The temperature was increased at a rate of 10 °C/min. FTIR spectra were
obtained using a PerkinElmer Spectrum Two FT-IR spectrometer, with
analyses performed in the wavenumber range of 4000 cm™! to 600
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em ™! at a resolution of 4 cm™!. To conduct the FTIR test, a certain
amount of each sample was deposited on the a priori cleaned crystal. A
pressure of 70 Gauge was applied to it to minimize the signal noise. XRD
spectra were recorded using a Malvern Panalytical Empyrean DY-2516
X-ray diffractometer system equipped with kCu, radiation. Scans were
conducted in the range of 20 = 3°-30° at a scanning rate of 0.013°/min.

3. Results and discussion

Table 3 summarizes the zeta potential measurements for CL and LP at
pH 2 and 7. As expected, both clays exhibited negative zeta potential in
acidic and neutral environments [36]. At pH 2, the zeta potential
increased significantly, from —37.3 to —12.6 mV for CL and from —25.5
to —2.5 mV for LP. This behavior aligns with earlier studies [36,37]. The
variation in zeta potential between CL and LP can be attributed to their
mineralogical differences: CL is a montmorillonite-type clay, while LP is
hectorite-type. These structural differences influence their chemical
composition and the nature of isomorphic substitutions. In acidic pH,
the increase in the surface charge can be explained by the replacement of
Na™ ions, which are naturally present in the clay’s interlayer space, with
H* ions. Due to their smaller ionic radius, H' ions can be more densely
packed within the interlayer region and adsorbed more effectively onto
negatively charged sites. This ion exchange leads to a more efficient
neutralization of surface charges and a consequent reduction in the
overall negative zeta potential [38].

Fig. 2 presents the INH adsorption isotherms of CL and LP at pH 2 and
7, measured at room temperature. The adsorbed INH per gram of clay
(nap, mg/g) is plotted against the equilibrium concentration (Ce, mg/L).
Error bars under +4 % indicate minimal variance. Adsorption capacity
for both clays increased under acidic conditions, consistent with
enhanced acid-base interactions [3-5,39]. CL adsorption rose from 15 to
115 mg/g, and LP, from 25 to 50 mg/g.

At pH 2, CL exhibited an H2-type curve and LP an L2-type curve, per
Giles classification [34,35]. L2 curves signify reduced adsorption with
increasing surface saturation, while H2 curves reflect strong
adsorbate-adsorbent interactions, as observed for CL at C. < 685 mg/L.
Once monolayer capacity was reached, adsorption ceased due to elec-
trostatic repulsion from the protonated INH layer [34,35]. The higher
adsorption capacity of CL (115 mg/g) compared to LP (50 mg/g) cor-
relates with zeta potential results, where more negative surface charges
reduced electrostatic repulsion [39].

At pH 7, CL exhibited an L3-type isotherm, while LP showed an S3-
type curve. L3 isotherms are associated with stable adsorption of indi-
vidual molecules or small clusters, whereas S3 isotherms indicate a
predominance of cluster adsorption [35]. This could explain LP’s higher
adsorption at pH 7. Initially, the drug fills a monolayer on the clay
surface until saturation is achieved. Further addition of the drug forms
additional multilayers, consistent with the findings of other works [17,
19]. The shape of the adsorption curves varied depending on both the
clay type and the pH of the environment (Fig. 2). Indeed, pH influences
the protonation state of the drug and the surface charge of the clay,
thereby affecting their interaction. INH protonation appears to enhance
drug—clay affinity, as reflected in the increased adsorption capacity
observed at pH 2 and 7.

The adsorption results were analyzed by fitting them into two
different models: the Langmuir and the Freundlich models. The fitted
parameters for these models are presented in Table 4. The experimental

Table 3
Zeta potential of CL and LP at pH 2 and pH 7.
Sample pH7 pH 2
Average (mV) Dev. Average (mV) Dev.
CL -37.3 1.8 -12.6 0.1
LP —25.5 4.1 -2.5 0.7
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Fig. 2. INH adsorption isotherms for CL and LP at pH 2 and pH 7. The
adsorption data of LP and CL were discriminated by the colors blue and red,
respectively, while square and circle represent the hybrids made at pH 7 and 2,
respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

data fitted better into the Freundlich model, indicating that adsorption
occurred on a heterogeneous surface, consistent with the clay’s
structure.

To simulate oral drug release, the INH in vitro release profile from CL
and LP was evaluated in three media with varying pH: gastric buffer (pH
2) and intestinal buffers (pH 6.8 and 7.4), as shown in Fig. 3 (a). Only
samples prepared at pH 2 were used due to their higher adsorption ca-
pacity compared to those prepared at pH 7. The cumulative release
profiles are expressed as percentages. Consistently small error bars for
all samples indicate high precision and reliability. CL/INH exhibited
steadily lower cumulative release than LP-INH for all investigated pH
levels, particularly at pH 2, where CL showed greater INH affinity.
Similar results were observed by other researchers, using montmoril-
lonite as a carrier for INH and other drugs [19,40,41]. The cumulative
release of INH increased with pH, reflecting weaker clay-drug in-
teractions. CL released 40 % of INH adsorbed, while LP released 55 %,
with neither hybrid achieving full release; the percentages refer to the
values of INH adsorbed. The stronger adsorption of INH when using CL
likely explains its lower release compared to LP.

To eliminate carryover effects between pH conditions, the release
test was performed by exposing the samples separately to pH 2.0 and pH
7.4 for 5 h each. Fig. 3 (b) and (c) show, respectively, the release of INH
by LP/INH and CL/INH during 5 h at pH 2 and 7.4. In this study, we
managed to remove the influence caused by the previous environment
on the release. As can be seen, for both clays, the release at pH 2 fol-
lowed the tendency observed in the oral release curve, Fig. 3 (a). At the
beginning of the release, the INH reached a plateau, and no further
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release was observed. This result corroborates the adsorption at pH 2.
Drug protonation influenced the interaction between the cationic drug
and the clay’s negative surface charge. As was observed, the lower the
clay surface charge, as in CL, the lower the drug release in acidic pH.
Indeed, for CL which presented a surface charge of —12.6 mV the release
was less than 10 % while for Laponite, which presented a surface charge
of —2.5 mV, the release was 25 %. At pH 7.4, for both clays, as expected,
the release of the drug increased due to the neutralization of isoniazid
and reduced electrostatic interactions. Although few studies have re-
ported on pH-responsive release for comparable systems, the available
data suggest our formulation exhibits improved release behavior. For
example, Murath et al. (2023) [25] reported pH-dependent release of
valsartan and atorvastatin from LDH, with limited release at acidic pH
and a slight increase after 5-6 min. Zauska et al. (2022) [26] observed
that the acidic form of naproxen had strong interactions with negatively
charged surfaces, limiting its release across pH levels. In the case of
isoniazid, zeolites released the drug entirely within 10 min with no
further increase [5]. In contrast, the clay-based systems investigated
here demonstrated a more sustained and controlled release profile,
suggesting potential for enhanced therapeutic performance.

Table 5 summarizes the cumulative amount of INH released per gram
of clay over time for both hybrids studied in the present work. At the end
of the release test, CL released approximately 43 mg/g, while LP
released 31 mg/g. Within the first 120 min, at pH 2, LP released
approximately 15 mg/g of INH, accounting for nearly 50 % of the total
drug release. In contrast, during the same period, the release of CL-INH
was less than 20 % of the total amount released, demonstrating a more
prolonged release profile. While other carriers such as nanoparticles of
silica [4] and palygorskite [3], have shown controlled release behavior,
they achieved lower cumulative amount of drug compared to our sys-
tem. Zeolite carriers exhibited pH- responsive behavior; however, the
drug was almost completely released within 10 min, with no further
increase observed thereafter [5]. For LDHs, only minimal pH-dependent
differences were reported, likely due to testing at pH 4.8, where the
protonation effect is less pronounced [13]. Collectively, these compar-
isons underscore the relevance of our findings: the clay-based systems
studied here combine sustained release with higher cumulative drug
delivery, offering a potentially more effective platform for oral drug
administration.

The release data were fitted to 3 models: zero-order, Korsmeyer-
Peppas, and Higuchi. The fitted parameters are provided in Table 6. For
CL/INH, at pH 2, none of these models fit the data adequately (R? <
0.670). For LP/INH, the Higuchi model provided the best fit (R2 =
0.984). The release for CL/INH at pH 6.8 was best described by the zero-
order model (R2 =0.999). At pH 7.4, the release data for both hybrids fit
the Higuchi model best, indicating that the driving force for release was
diffusion, R2 > 0.990. Release behavior was pH-dependent for both
clays, though CL was more sensitive to pH changes. At pH 2, CL released
only 8 % of INH within the first 2 h, compared to 25 % for LP. This
suggests that CL offers enhanced protection for INH in acidic environ-
ments, releasing more in response to pH changes. At pH 2, the release
profile of CL-INH plateaued within 30 min, with no model providing a
strong fit. At pH 6.8, CL-INH followed a Zero-order model, indicating a

Table 4
Both models fitted the adsorption parameters of INH by CL and LP at pH 2 and pH 7.
Clay CL LP
pH 2 7 2 7
Model Langmuir K;, (L/mg) 0.2561 4.0107° 0.0036 0.0001
Qm (mg/g) 111.7226 133.9961 64.0037 136.8915
Ry, 0.0338 0.9945 0.8147 0.9877
R? 0.7420 0.9138 0.9674 0.9375
Freundlich Kg 70.4641 0.0070 6.1457 0.0186
Ng 14.8634 1.0500 3.4473 1.0822
R? 0.9747 0.9192 0.9807 0.9312
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Fig. 3. INH release profiles from CL-INH (red) and LP-INH (blue) hybrids. (a) The release test simulated the oral gastrointestinal pathway: the medium was set to pH
2.0 for 0-120 min, pH 6.8 for 120-240 min, and pH 7.4 for 240-480 min. (b) and (c) show the release profiles at a single pH medium for 300 min, using LP and CL,
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reader is referred to the Web version of this article.)

Table 5

The release of INH in mg/g for the two hybrids studied in oral drug release
media: <120 min, pH 2, simulating stomach environment; 120 min < t < 240
min, at pH 6.8, simulating first part of small intestine; t > 240 min, at pH 7.4,
simulating the second part of small intestine.

constant release rate independent of drug concentration. In contrast, LP-
INH release was diffusion-driven, fitting the Higuchi model. These
findings highlight the significant role of clay-drug interactions and
release conditions in controlling INH release, with CL providing greater
stability in acidic environments compared to LP.

Fig. 4 displays the TGA curves for the pristine clays and their

Time — pH CL/INH LP/INH respective hybrids. The weight loss of the clays occurred in three major
INH released (mg/g) ~ S.D.  INHreleased (mg/g)  S.D. steps: first, due to the loss of surface water molecules; second, from the
10 2 2.0 0.0 3.5 0.0 loss of hydration water, and finally, due to dehydroxylation [17]. The
30 7.7 0.3 7.9 0.1 TGA curves for CL/INH and LP/INH exhibited additional degradation
60 6.8 0.0 11.2 0.1 steps due to the incorporation of INH.
90 7.9 0.1 13.5 0.1 - . . s
120 85 o1 147 0.2 The mass loss of pristine clays and their respective hybrids is sum-
150 6.8 10.2 0.1 17.5 0.3 marized in Table 7. The weight loss during the first stage of clay
180 13.5 0.1 19.9 0.2 degradation was similar for each clay and their corresponding hybrid.
210 16.3 0.1 22.1 0.3 Most differences emerged in the second stage: CL lost 3.1 % of its mass,
;;g a ;zi 8(1) 22‘3’ 33 and CL/INH lost 7.1 %. Similarly, LP lost 6.2 %, while LP/INH lost 10.4
300 275 0.2 26.4 0.4 %. This increase in weight loss can be attributed to the degradation of
330 31.0 0.3 27.5 0.5 INH by around 220 °C [18].
360 33.6 0.3 28.4 0.6 Fig. 5 shows the DTG curves for INH, pristine clays, and their
390 36.7 0.6 28.8 04 respective hybrids. The degradation of INH occurred with two peaks at
420 40.8 0.3 29.7 0.7 . .
450 427 0.6 30.3 0.7 approximately 237 °C and 305 °C. The curves for the pristine clays
480 43.3 0.4 30.6 0.8 exhibited only two peaks, corresponding to the mass loss of surface
water, around 100 °C, and dehydroxylation, around 636 °C and 730 °C,
for CL and LP, respectively. For CL/INH, the emergence of a peak around
356 °C and the downward shift of dehydroxylation from 639 to 600 °C
are likely attributable to the overlapping of the decomposition of INH
Table 6
Release fitting of CL/INH and LP/INH hybrids made at pH 2 and 7.
Release pH Hybrid Zero Order Korsmeyer-Peppas Higuchi
Ko R? k n R? Ko R?
pH 2 CL/INH 0.080 0.557 1.516 0.349 0.706 0.788 0.670
LP/INH 0.268 0.922 1.884 0.570 0.978 2.567 0.984
pH 6.8 CL/INH 0.079 0.999 0.032 1.195 0.995 1.324 0.990
LP/INH 0.141 0.964 0.450 0.744 0.979 0.905 0.996
pH 7.4 CL/INH 0.102 0.978 0.290 0.799 0.987 1.324 0.990
LP/INH 0.069 0.976 1.877 0.356 0.994 0.905 0.996
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Fig. 4. TGA of pristine clays and their respective hybrids made at pH 2.

and the dehydroxylation process. In the case of LP/INH, two peaks
appeared around 346 and 505 °C for the same reason [42]. This phe-
nomenon, the increase of INH degradation, may have occurred due to
the thermal protection provided by LP and CL, which enhanced the
degradation of INH. Similar results were observed in other studies as
well [5]. According to these studies, the peak around 350 °C corresponds
to the degradation of weakly adsorbed INH, while the degradation
observed at higher temperatures indicates that a portion of INH is
strongly bound to the clay particles.

The FTIR spectra of INH, pristine clays, and their respective hybrids
are shown in Fig. 6. The CL/INH spectra exhibited more prominent INH
bands than the LP/INH spectrum, which can be attributed to the higher
amount of INH incorporated by the former. The bands 751, 851, 1324,
and 1681 cm™! were common to both hybrids, while CL/INH also pre-
sented the bands around 1545, 1496, and 891 cm™ .. Additionally, the
Si-OH peaks for both clays shifted after INH incorporation: from 995 to
1013 cm ! for LP, and from 999 to 1004 cm ™! for CL. Furthermore, the
peak at 1681 cm™! that appeared in both hybrid spectra corresponds to a
band shift of 1663 cm™! of INH indicating the interaction between the
clay and INH [16,17]. The INH bands in both clay/INH spectra indicated
an interaction between the drug and the clays. The band around 1663
em™}, attributed to amide carbonyl vibrations of INH, shifted to 1683
cm ! for both hybrids. This positive shift suggests the formation of
H-bonds between the drug and clay. The band shifted around 1000 cm ™
in both clays to 1004 for CL and 1013 cm ™" for LP, further indicating an
interaction between drug and siloxane clay groups (Si-O-Si) [4]. The
bands around 1545 and 1496 cm ™! can be assigned to the ring stretching
vibration while the bands around 851 and 751 cm™! may be assigned to
the out-of-plane deformation modes of the aromatic ring [5]. Previous

Materials Chemistry and Physics 344 (2025) 131097

studies have reported similar findings, indicating that exo and
endo-cyclic nitrogen atoms were involved in the interaction between
clay and INH [16,17]. More INH bands appeared in the CL/INH spec-
trum than in the LP/INH spectrum due to the higher amount of INH
incorporated in the CL hybrid.

Fig. 7 displays the XRD patterns for INH, pristine clays, and their
respective hybrids. None of the diffractograms for the clay-drug hybrids
show the initial peaks of INH, as was observed in other studies [17],
which may suggest that the drug did not crystallize on the clay surface.
The basal peak of CL shifted from 1.18 nm to 1.28 nm, while the basal
peak of LP did not exhibit a change. Similar results were found in other
studies [40]. When comparing pristine clays and their hybrids, the 001
reflection (20 = 7°) appears more defined after INH incorporation. The
narrowing of this peak suggests enhanced structural organization,
possibly due to physicochemical interactions between the clay and the
drug. This interaction may promote partial rearrangement of the clay
platelets, even in the absence of a significant increase in interlayer
spacing, indicating that a portion of the drug might be intercalated be-
tween the layers. Additionally, the 001 peak of LP is broader than that of
CL, which is consistent with its smaller platelet size and reduced
preferred orientation along the z-axis.

XRD showed that the interaction with the drug can increase clay
crystallization (Fig. 7), TGA indicated that both clays protected the drug
from thermal degradation (Figs. 4 and 5), and FTIR demonstrated the
interaction between clay and drug (Fig. 6). TGA confirmed INH
adsorption by clays, and DTG curves showed that INH degradation
occurred at higher temperatures, after adsorption of the INH by the
clays, indicating protection provided by the clay’s particles. Addition-
ally, for LP, the peak degradation temperatures of the drug on the DTG
shifted from 287 °C to 332-346 °C and 505 °C, respectively. For CL/INH,
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—
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Fig. 5. DTG of LP, LP/INH, CL, and CL/INH prepared at pH 2, and DTG of INH
after being treated at pH 2.

Table 7
Weight loss of CL, LP, and their hybrids.
Stage CL CL/INH LP LP/INH
Temperature range Weight loss Temperature range Weight loss Temperature range Weight loss Temperature range Weight loss
(o] (%) (9] (%) (9] (%) (9] (%)
1st 40-110 1.5 40-146 2.3 40-133 4.5 40-121 3.8
stage
2nd 120-579 3.1 146-237 0.5 133-705 6.2 121-309 2.2
stage 237-340 2.0 309-356 1.3
340-554 5.1 356-548 4.8
548-706 2.1
3rd 579-684 3.0 554-657 5.2 705-756 1.9 706-751 1.6

stage
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the INH degradation occurred at 356 °C and 605 °C. It was also noted
that the dehydroxylation peak of LP around 737 °C remained unchanged
after INH incorporation, while the CL peak decreased by 30 °C. This

occurred because of the overlapping of drug degradation and clay
dehydroxylation. The fact that CL increased the degradation tempera-
ture more than LP further supports the adsorption and release results
indicating that CL had stronger interactions with INH than LP.

4. Conclusion

Two types of clays, cloisite (CL) and laponite (LP), were investigated
for isoniazid (INH) adsorption and release efficiency, with CL being
found to be superior to LP. INH adsorption by CL at pH 2 resulted in a
significant adsorption ratio of mg/g compared to pH 7 due to an acid-
base attraction. Minimal release by this clay was observed at a pH of
2, corresponding to the stomach conditions (around 8 % of the drug
incorporated, 9 mg/g), and this was prolonged for up to 5 h. In the case
of LP, around 25 % of the drug was released at the same pH. This shows
that the pH had a higher effect in CL, probably due to its lower surface
charge, increasing the interaction with INH. For the same reason, the
CL/INH hybrid showed an excellent adsorption ratio of 115 mg/g, and
superior release at pH 6.8 and 7.4, corresponding to the conditions of the
small intestine following the zero-order model. The importance of the
interaction between the carrier and the drug was demonstrated by
comparing clays with the same physical structure (pillared lamellas),
but different chemical compositions. The protonation effect was utilized
to maximize the drug intake into CL and LP at a pH equal to 2 while
minimizing drug release in the stomach at the same pH.

Despite the promising results presented here, several limitations
should be acknowledged. For instance, the potential for clay aggregation
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under physiological conditions — and its effect on drug release and
bioavailability - remains to be investigated. Additionally, although the in
vitro release studies are encouraging, further biological validation is
required, including cytotoxicity assays, biocompatibility assessments,
and in vivo evaluations to confirm the safety and efficacy of these sys-
tems. Future studies could also incorporate computational modeling to
gain deeper insight into the interaction mechanisms between INH and
clay surfaces at the molecular level. Such understanding would support
the rational design and optimization of next-generation clay-based drug
delivery platforms.
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