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A B S T R A C T

Studies on the use of clay as a drug delivery vehicle have increased in recent years. Its applicability in the 
pharmaceutical field offers a low-cost solution to addressing drug side effects. Among the drugs that may benefit 
from a controlled release system is isoniazid (INH), a medication used in tuberculosis treatment. However, to 
enhance the clay-drug loading capacity and improve sustained drug release, the interaction between clay and 
drug must be thoroughly understood. This study used montmorillonite (Mtt) to develop Mtt-INH hybrids. 
Adsorption mechanisms were investigated under two pH conditions. At pH 7, where the drug is in its neutral 
state, two adsorption phases: the formation of a monolayer (20 mg/g) hybrid (a), followed by multilayer 
adsorption which can exceed 50 mg/g, hybrid (b) were achieved. At pH 2, where the drug protonates and carries 
a positive charge, the highest loading capacity of 100 mg/g, (hybrid (c) was achieved at the lowest drug con
centration. Different from previous studies, the INH release profile was influenced by the amount adsorbed and 
the clay-drug interactions. For the hybrids (a) and (c), which correspond to monolayer adsorption, the release 
profile in intestine pH conditions closely followed the Zero Order Model, (R2 > 0.93). These hybrids exhibited 
slower release rates than hybrid (b) consistent with their stronger clay-drug interactions observed during 
adsorption. In vitro cytocompatibility assays demonstrated that neither pristine clay nor hybrid (c) was cytotoxic 
to fibroblast cells, supporting the potential of Mtt-based systems for pharmaceutical applications. The results may 
guide future studies to optimize controlled drug release by considering the expected application and the in
teractions between the clay-drug system and the pH during the adsorption process.

1. Introduction

The use of clays in pharmaceutical and medical fields has been 
studied for decades [1]. Initially, clays were extensively utilized as tablet 
excipients and in creams and ointments [2]. During these applications, it 
was observed that the drug release profile varied depending on the type 
of clay used as an excipient. Notably, some medications exhibited 
extended or delayed release profiles, prompting further studies to un
derstand the potential interactions between clay and drug [2,3]. These 
interactions are influenced not only by the clay’s morphology, micro
structure, chemical composition, and surface charge, as well as the 
chemical structure and ionization state of the drug [4].

Among the various clays used in pharmaceutical applications, 

montmorillonite (Mtt) is one of the most common and widely utilized 
due to its swelling and sorption properties. Mtt consists of lamellas 
stacked and held together by van der waals forces with exchangeable 
cations neutralizing the negative surface charge resulted from isomor
phic substitutions in the crystal structure [5–7]. While numerous studies 
have investigated the use of Mtt in drug release systems, only a limited 
number have analyzed the adsorption and release mechanisms consid
ering the influence of the environmental pH during these processes. 
Drugs studied for these applications include antipsychotics [8], anti
cancer agents [9–12], antibiotics [10,13–15], anti-inflammatory drugs 
[16,17], anthelmintics [18], vitamins [19], anxiolytics [20], and treat
ments for glaucoma [21]. The major goal of developing 
controlled-release systems for these medications is to reduce side effects 
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and enhance the efficiency of drug treatment. As shown in previous 
studies, the pH of the environment plays a crucial role in drug adsorp
tion due to its impact on the drug pKa. Depending on its chemical 
structure, the drug’s charge can vary with pH, significantly altering its 
interaction with the clay surface.

Isoniazid (INH), a key drug used in all forms of tuberculosis treat
ment, has been the focus of increasing research on controlled-release 
systems in recent years. Prolonged use of INH is known to cause side 
effects, such as liver and kidney failure, highlighting the need for 
innovative delivery systems. In addition to polymeric systems [22–26], 
inorganic particles have attracted attention due to their low cost and 
stability. Examples include silica nanoparticles [27], palygorskite 
[28–30], halloysite [31,32], sepiolite [30], layered double hydroxides 
(LDH) [33,34], saponite [35], zeolites [36,37], hectorite [38], and 
montmorillonite (Mtt) [35,38–40]. These studies have explored various 
aspects of INH incorporation. Some focused on understanding the 
interaction between clay and INH [30,35], while others examined 
incorporation without analyzing the release profile [29,31,34,37,39,
40]. Only a few studies investigated INH incorporation concerning pH 
environment [27,28]. Souza et al. (2021) [36] reported the adsorption 
isotherm pH 3 for zeolites but did not compare it with other pH condi
tions. Such comparisons are crucial to understanding clay-drug in
teractions, as the pKa values of INH, (2.0, 3.6, and 10.8) influence its 
chemical structure and interaction with clay surface depending on the 
environment pH. Based on the drug’s pKa, we confirm that it remains 
neutral at pH 7 and becomes cationic at pH 3.6. However, at pH 2, 
protonation occurs at the hydrazine group and the pyridine ring, 
potentially enhancing interactions with the negatively charged surface. 
This can increase the adsorption capacity while giving a more sustained 
release by clays.

In this study, we investigate the adsorption and release behavior of 
INH on Mtt, focusing on the impact of pH during adsorption (pH 2 and 7) 
and the resulting drug-clay interactions. Adsorption behavior was 
analyzed using Gile’s adsorption isotherm theory, which provides in
sights into the nature of adsorbate-absorbent interactions based on the 
shape of the adsorption curve [41,42]. To characterize the resulting 
hybrids, various techniques were employed, FTIR to identify chemical 
interaction between the drug and the clay, XRD to determine whether 
the drug was located on the clay surface or between lamellas, TGA to 
confirm the presence of INH post-adsorption, and DSC to evaluate the 
effect of Mtt on the thermal transformation of INH transformation. 
Additionally, an in vitro cell viability assay was conducted for both 
pristine Mtt and Mtt/INH hybrid as a preliminary test to assess the po
tential use of this clay for biomedical applications.

2. Materials and methods

2.1. Materials

Isoniazid, NaHPO4, NaCl, NaOH, and HCl 37 % solution were stan
dard reagents from Sigma Aldrich, all materials were used as received. A 
purified Brazilian Northeast smectite from Vitoria da Conquista, Bahia, 
Brazil, was used. The clay was stirred in water (15 % w/w) at 14,000 
rpm for 20 min to form an aqueous dispersion and left to rest. After 
resting, the dispersion was spread into three phases with different 
colors, which were carefully separated [38,43]. The first decanted 
phase, a green clay, denominated Mtt, was used in this work. Table 1
shows the chemical composition of Mtt, further details about mineral 
composition and porosity can be found in previous papers [38,43].

2.2. Methodology

2.2.1. Clay drug adsorption isotherms
The INH adsorption tests by clay were conducted using 0.1 g of clay 

into dialysis tubing cellulose membrane (14,000 Da) at pH 2 and 7. For 
each pH, 14 solutions were prepared with INH concentrations ranging 
from 68.5 to 5480.0 mg/L (0.5–40 mmol/L). Mtt was added to each 
solution at a concentration of 10 g/L followed by magnetic stirring for 3 
h [38]. The remaining INH in the solution was quantified using a 
Thermo Scientific Evolution 260 Bio UV–visible spectrophotometer 
(UV–vis) with distinct calibration curves prepared for each pH condi
tion. At the end of the experiment, a curve of qab (amount of INH that 
was adsorbed by clay, in mg/g) as a function of Ce (concentration in 
equilibrium after the adsorption in mg/L) was plotted and fitted to 
mathematical models to elucidate the adsorption mechanism. From the 
resulting adsorption curves, three Mtt-INH hybrids (a), (b), and (c) were 
selected for further experiments. Hybrids (a) and (b), prepared at pH 7, 
correspond to the monolayer and multi-layer adsorption, respectively. 
Hybrid (c), obtained at pH 2, represents monolayer adsorption.

2.2.2. Mtt and Mtt-INH hybrids’ characterization
Fourier transformation Infrared spectroscopy (FTIR) spectra were 

obtained using a PerkinElmer Spectrum Two FT-IR spectrometer in the 
wavenumber range of 4000 cm− 1 to 600 cm− 1 with 4 cm− 1 of resolution. 
FTIR is an important characterization technique, as band shifts indicate 
changes in the vibrational modes of certain bonds due to interactions 
between clay and INH. X-ray diffraction (XRD) patterns were recorded 
using a Malvern Panalytical Empyrean DY-2516 X-ray diffractometer 
equipped with kCuα radiation, scanning over a 2θ range of 3◦–30◦ at 1◦/ 
min. Thermal gravimetric analysis (TGA) was conducted using a Pyris 
Diamond TG/DTA PerkinElmer thermogravimetric analyzer. Mass loss 
was evaluated for pristine clay and its respective hybrids under an 
airflow of 100 mL/min, over a temperature range of 40–800 ◦C for clays 
and clay/INH hybrids, and 40–600 ◦C for pure INH, at a heating rate of 
10 ◦C/min. Differential scanning calorimetry (DSC) measurements were 
performed using a DSC 2500 TA Discovery Series under a nitrogen at
mosphere with a 50 mL/min gas flow. Samples were heated in hermetic 
aluminum pans from 40 ◦C to 230 ◦C at a heating rate of 10 ◦C/min.

2.2.3. Kinetic drug release test
The kinetic drug release test was conducted for hybrids Mtt-INH 

hybrids (a), (b), and (c) to investigate the influence of different incor
poration mechanisms: monolayer adsorption, multilayer incorporation, 
and monolayer adsorption at pH 2, respectively. The release simulated 
oral drug administration by immersing the hybrids in buffer solutions 
with pH 2, pH 6.8, and pH 7.4, corresponding to the stomach and first 
and second zones of the small intestine. The release was monitored over 
8 h (480 min); with samples collected every 30 min to measure the 
amount of INH released. All experiments were performed in triplicate to 
ensure reproducibility. The resulting release data were fitted to three 
release models: Zero order, Korsmeyer-Peppas, and Higuchi.

2.2.4. Cytotoxicity in vitro assays
In vitro assays were conducted to evaluate the cytotoxicity of the Mtt 

and the hybrid Mtt/INH (c). Cytotoxicity was assessed against L929 
fibroblast cells using the indirect method, following the ISO-10993-2009 
protocol. Sample extracts were prepared in Dulbeccos’ Modified Eagle 
Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS). 
The samples were suspended in the culture medium at 0.2 g/mL con
centration as recommended in ISO-10993-2007 for irregular powder 

Table 1 
Chemical composition of Mtt.

Analyte SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI

Mass (%) 56.20 21.10 7.94 <0.10 3.60 0.21 <0.10 <0.10 0.75 <0.10 10.30
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shape materials. Cell culture medium without samples was maintained 
under identical conditions and served as the negative control. Cells from 
the L929 cell line were plated after 80 % confluence at the concentration 
of 0.25 × 104 cells/well in a 96-well cell plate with DMEM supple
mented with 10 % FBS (v/v) and with streptomycin (0.1 g/L) and 
ampicillin (0.025 g/L). The cells were incubated for 24 h, and the cell 
viability was assessed by the MTT method. After incubation, the medium 
was removed, and each well was carefully washed with phosphate buffer 
saline (pH 7). Following, 100 μL of aqueous solution of MTT (3-[4,5- 
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) at 0.5 mg/mL 
was added in each well. The cells were incubated for 3 h and the MTT 
solution was replaced by 100 μL of DMSO to solubilize the formazan 
crystals. After 30 min, the absorbance at 480 nm was measured in a plate 
reader (Biotek Synergy 2). Cell viability was calculated by considering 
the average absorbance in the wells where cells were incubated with the 
negative control of cytotoxicity as 100 % of viability according to the 
(Eq. (1)). The assay was performed in quintuplicate. 

cell viability (%)=
Absorbance at 480 nm samples

Average Absorbance 480 nm of negative control
x 100

(Eq. 1) 

The L929 fibroblast cells were selected for cytotoxicity evaluation due to 
their well-established use in biocompatibility testing, as recommended 
by international standards such as ISO 10993 (as used). Their rapid 
proliferation and consistent response allow for reproducible and 
comparative cytotoxicity assessments. Additionally, fibroblasts play a 
role in tissue remodeling and wound healing, which are relevant in the 
context of tuberculosis-related inflammation and fibrosis. Future studies 
will incorporate lung-relevant cell models to further evaluate the ma
terial’s effects in a more disease-specific context.

3. Results

3.1. Adsorption studies

Fig. 1 shows the adsorption curves of isoniazid by Mtt at pH 2 and 7. 
In the graph, the amount of INH adsorbed (mg/g) is plotted in function 
of the remaining INH concentration (mg/L) on the solution after the 
adsorption. The data indicate that the clay’s adsorption capacity in
creases as the pH decreases. At pH 7, the amount of drug adsorbed rises 
sharply until reaching approximately 20 mg/g, as marked at point (a) in 
Fig. 1, where the curve appears to plateau. This region corresponds to 

the monolayer adsorption capacity, a behavior also observed by Carazo 
et al. (2018) [40]. Beyond this point, the adsorption continues with the 
deposition of additional drug molecules, forming multilayers as indi
cated at point (b). At pH 2, the clay fully adsorbed INH at initial solution 
concentrations below 800 mg/L, in which the higher total adsorption 
was 80 mg/g. As the INH concentration increased, adsorption continued 
until a plateau reached around 100 mg/g as shown near point (c) in 
Fig. 1. The distinct shapes of the adsorption curves at pH 2 and 7 suggest 
that the adsorption mechanism differs between the two pH conditions 
[41,42].

The data presented in Fig. 1 were fitted to two mathematical models, 
Langmuir (Eq. (2)) and Freundlich (Eq. (3)), as described in Table 2. In 
these equations, Cs and Ce represent the amount of drug adsorbed (mg/ 
g) in the equilibrium drug concentration (mg/L) respectively; QM is the 
theoretical maximum clay adsorption capacity, while KL and KF are the 
Langmuir and Freundlich constants respectively. Table 2 also summa
rizes the parameters obtained from fitting the adsorption data at pH 2 
and 7. The data best fitted by the Freundlich model, with R2 values of 
0.956 and 0.987 for pH 2 and 7, respectively. This suggests that the drug 
occurred on a heterogeneous surface [44]. This can be attributed to 
various active sites on the clay structure, including hydroxyl groups at 
the edges and interlayer spaces, which facilitate non-uniform adsorp
tion. Conversely, at pH 2, the protonation of INH leads to a positively 
charged species, enhancing electrostatic attraction with the negatively 
charged clay surface, which likely dominates the adsorption mechanism. 
For the Langmuir model (Eq. (2)), the QM parameter reflects the clay’s 
maximum incorporation capacity. At pH 2, this value was determined to 
be 101.8 mg/g; at pH 7, it was slightly higher at 117.7 mg/g.

3.2. FTIR

Fig. 2 presents the FTIR spectra of INH, Mtt, and the Mtt-INH hy
brids. For Mtt, typical montmorillonite bands were observed: the band at 
approximately 998 cm− 1 corresponds to the Si-O vibration [45], near 
910 cm− 1 is attributed to Al-Al-OH deformation. The broad bands 
around 3600 cm− 1 are associated with O-H vibration from water mol
ecules [43]. Characteristic INH bands were detected in all Mtt/INH 
hybrids. The intensity and number of INH bands in the spectra increased 
with the amount of INH incorporated, as seen in hybrids Mtt-INH (b) and 
(c). The hybrid with the lowest INH content, Mtt-INH (a) exhibited only 
an INH band around 1437 cm− 1. Additional INH bands were present in 
Mtt-INH (b) at 1668, 1539, 1502, 1428, and 841 cm− 1. For Mtt-INH (c), 
the hybrid with the highest adsorption, these bands were complemented 
by additional peaks at 1692 and 1248 cm− 1. A shift in the 1632 cm− 1 

band was observed across all hybrids moving to 1630, 1625, and 1622 
cm− 1, for Mtt/INH (a), (b), and (c), respectively. Additionally, the Si-O 
vibration band characteristic of Mtt shifted upwards, 998 cm− 1 to 1003 
cm− 1 in Mtt/INH (c).

3.3. XRD

Fig. 3 shows the XRD patterns of Mtt, its respective hybrids, and INH. 
The Mtt-INH hybrids did not present the peaks of INH, indicating that 

Fig. 1. Adsorption curves of INH by Mtt at pH 2 and pH 7.

Table 2 
Fit model parameters of INH adsorption by Mtt at pH 2 and pH 7.

Model Equation Eq. Parameters pH

2 7

Langmuir Cs =

QM • KL • Ce

1 + KL • Ce

(Eq. 
(2))

KL(L/mg) 0.1201 0.0004
QM (mg/g) 101.8349 117.7125
RL 0.0756 0.9536
R2 0.7442 0.9648

Freundlich Cs = KF • Cn
e (Eq. 

(3))
KF 50.4232 0.6115
NF 9.7450 1.7330
R2 0.9555 0.9873
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the drug was not crystalline on a clay surface, or that the molecules were 
organized in a particular way their peak intensities decreased. Orga
noclays, for instance, show an increase in d001 distance only for organic 
salts with more than 10 carbons on their chain, which could explain why 
these samples did not exhibit an increase in their interlayer distance 
[46]. The interlayer spacing did not increase after clay adsorption, 
instead, it appeared to decrease from 1.50 nm to 1.38 nm for the hybrids 
made at pH 7, and from 1.43 nm to 1.28 nm, for Mtt-INH (c). Similar 
results were observed for other drugs [10,11,17]. The intensification of 
peaks at of 20.0◦ and 26.5◦, along with the appearance of peaks around 
28.1◦, 28.7◦, and 29.0◦, also suggests the presence of INH in Mtt crystal 
[14] may suggest that part of the drug was crystalline on the clay 
surface.

3.4. TGA

Fig. 4 shows the TGA curves for INH, Mtt, and its hybrids. INH 
exhibited a one-step thermal degradation, starting at 126 ◦C and ending 

at around 350 ◦C with no residue. Clay and its hybrids displayed a three- 
stage degradation curve: evaporation of surface water, loss of internal 
water molecules, and dihydroxylation. Mtt at pH 2 presented a reduction 
in surface water compared to Mtt due to the incorporation of H+ on the 
clay surface in the acidic pH [47]. The amount of INH incorporated 
influenced the degradation process of hybrids. For all hybrids, the in
crease in the amount of INH absorbed resulted in a decrease in the 
surface water loss. The presence of INH in Mtt-INH hybrids also 
increased the third stage of the clay degradation suggesting that the drug 
degraded at a temperature above 300 ◦C.

Table 3 presents the temperature and weight loss percentages for Mtt 
and its hybrids. As seen, in the first stage of degradation, the tempera
ture range remained from 40 to around 150 ◦C for both clay and hybrids. 
However, the weight loss decreased from 10.3 % to 6.7 % (monolayer 
Mtt-INH) and 3.4 % (multilayer Mtt-INH). This indicates a reduction in 
surface water following INH incorporation. A similar trend was observed 
after INH incorporation at pH 2. The second stage of the thermal 
decomposition process was narrower for the hybrids compared to Mtt 
with a corresponding decrease in weight loss. The third stage of 
decomposition was the most affected by the INH incorporation. In 
contrast to the other stages, the weight loss increased in proportion to 
the amount of INH adsorbed, as indicated by the adsorption results.

Table 4 shows the DTG peaks of Mtt and its hybrids. Based on TGA 
curves, the hybrids exhibited more peaks than Mtt itself. The peaks 
around 300, 380, and 580 ◦C can be attributed to INH degradation, as 
INH degradation typically shows peaks around 287 and 332 ◦C. The shift 
to higher temperatures in the decomposition of INH may indicate drug 
intercalation.

3.5. DSC

Fig. 5 shows the DSC curves of INH, Mtt, and their hybrids. The INH 
curve presents an endothermic peak around 175 ◦C, corresponding to 
the drug’s melting point [40]. The influence of pH on clay is also evident 
from the difference between the curves at pH 7 (Mtt) and pH 2 (Mtt pH 
2). The endothermic peaks in both curves are attributed to surface water 
loss. These peaks had a reduction after INH incorporation, due to the 
decrease in surface water, as observed in the TGA results. None of the 
hybrid curves exhibited the INH melting point peak, a finding also re
ported in other studies [40].

3.6. Release test

The release test mimicked the physiological pH conditions without 
enzymes to simulate the oral drug administration. In the first 2 h, the 
drug was exposed to pH 2, simulating the stomach environment; after, 
the pH was increased to 6.8 simulating the small intestine’s first zone for 
2 h, followed by 4 h at pH 7.4, simulating the small intestine. Fig. 6
shows the release profile of INH from its hybrids. As shown, the hybrid 
with drug concentration in monolayer adsorption (Mtt-INH (a)) did not 
release INH in the first 2 h of the experiment, at pH 2. The other hybrids 
with higher amounts of drug released it, especially the hybrid with INH 
deposited in multilayer on clay surface (Mtt-INH (b)). After the first 2 h, 
when the pH increased to 6.8, the release rate increased for all hybrids.

Table 5 presents the amount of INH released by the hybrids. The 
curves are shown in Fig. 6 indicate that, in percentage, the hybrids 
released nearly the same amount of INH after the 8 h of experiment. 
Since they incorporated different amounts of INH, as shown in Fig. 1, the 
hybrid Mtt-INH (c) presented the highest INH amount released at the 
end of the test, while the hybrid Mtt-INH (a) released the lowest amount. 
The hybrid Mtt-INH (b) released the highest amount of INH at pH 2, 
accounting for approximately 40 % of all INH released by this hybrid, 
compared to 0 % for hybrid Mtt-INH (a) and 16 % for hybrid Mtt-INH 
(c). Although hybrid Mtt-INH (a) released INH exclusively at pH 6.8 
and above, the hybrid Mtt-INH (c) presented the highest release intes
tinal pH.

Fig. 2. FTIR spectra of Mtt, Mtt/INH hybrids, and INH.

Fig. 3. XRD patterns of Mtt and its hybrids.
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Table 6 presents the release fitting parameters for Mtt-INH hybrids 
using three mathematical models: zero-order, Higuchi, and Korsmeyer- 
Peppas. Higuchi’s model provided the best fit for almost all the hybrids 
and their respective release media indicating that diffusion was the 
driving force of INH desorption from the clay [28]. Mtt-INH (b) and (c), 
at pH 7.4 and 2, respectively, Korsmeyer Peppas best fitted the release 
data. Their n parameters, which indicate the release mechanism, were 
0.380 and 0.310, respectively, suggesting that the release was driven by 
Fickian diffusion [48]. Therefore, diffusion can be considered the 
driving force for INH release. The release of INH by Mtt/INH (c) closely 
followed the Zero-order model at pH 6.8 and 7.4 with R2 higher than 
0.936. This indicates that the drug release rate was independent of time 

and initial drug concentration.
Mtt-INH (c) and Mtt-INH (a) presented adsorption based on mono

layer capacity, meaning the drug molecules were directly attached to the 
clay surface. In contrast, in Mtt-INH (b), most drug molecules were 

Fig. 4. TGA curves of Mtt and its hybrids.

Table 3 
TGA weight loss description for Mtt and its hybrids separated by their stage of thermal degradation.

Stage 1st stage 2nd stage 3rd stage

Mtt Temperature range (◦C) 40–149 149–439 439–494 494–675 – – –
Weight loss (%) 10.3 3.3 1.7 3.1 – – –

Mtt-INH (a) Temperature range (◦C) 40–144 144–349 349–433 433–497 497–668 – –
Weight loss (%) 6.7 2.6 1.9 2.2 3.8 – –

Mtt-INH (b) Temperature range (◦C) 40–133 133–336 336–400 400–444 444–489 489–667 –
Weight loss (%) 3.4 2.3 3.1 1.5 2.3 5.8 –

Mtt pH 2 Temperature range (◦C) 40–132 132–415 415–502 502–643 – – –
Weight loss (%) 4.7 2.6 2.5 2.6 – – –

Mtt-INH (c) Temperature range (◦C) 40–146 146–266 266–338 338–434 434–495 495–557 557–680
Weight loss (%) 2.8 0.8 1.4 2.9 1.7 2.8 4.3

Table 4 
Temperature and weight loss for INH, Mtt, and its hybrids.

DTG Peak 1 2 3 4 5

Mtt Temperature (◦C) 105 477 – – –
Weight loss (%) 5.8 14.7 – – –

Mtt-INH (a) Temperature (◦C) 93 386 477 583 –
Weight loss (%) 6.4 10.1 12.6 15.6 –

Mtt-INH (b) Temperature (◦C) 87 381 473 597 –
Weight loss (%) 1.9 7.7 11.6 16.1 –

Mtt pH 2 Temperature (◦C) 85 476 – – –
Weight loss (%) 2.4 9.0 – – –

Mtt-INH (c) Temperature (◦C) 95 295 367 473 580
Weight loss (%) 1.6 4.2 6.1 9.5 13.4

Fig. 5. DSC curves of INH, Mtt, and Mtt/INH hybrids.
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surrounded by other molecules. The stronger interaction between the 
clay and the drug in hybrids (a) and (c) likely contributes to a more 
controlled release profile, as these interactions help regulate the drug 
desorption over time. This behavior was reflected in their results fitting 
the zero-order release model, particularly for Mtt-INH (c), where the 
strong interaction between clay and drug was shown by the adsorption 
studies.

3.7. Cell viability

Fig. 7 shows the cell viability after 24 h of cell contact with the Mtt 
and Mtt-INH (c) extract. As shown, the pristine clay increased the cell 
viability of fibroblasts L929, while the Mtt-INH (c) presented a decrease 
of only 20 %, likely due to the presence of INH. Either clay or hybrid was 
not considered cytotoxic, as the average cell viability was above 80 %.

4. Discussion

The adsorption of INH by Mtt was studied by varying two parame
ters: the environment pH (2 and 7) and the initial drug concentration 
(Fig. 1). The pH of the environment influenced the shape of the 
adsorption curve, indicating that the interaction between Mtt and INH 
changed with pH [41,42].

At pH 7, the adsorption curve exhibited the L3 shape from the Giles 
system of isotherm classification. This type of curve suggests that the 
molecules were adsorbed flat on the clay surface [42]. The drug incor
poration rate was higher at lower INH concentrations, as seen in the 
slope of the curve. When the adsorption curve at pH 7 reached point (a) 
(Fig. 8), the incorporation of INH reached a short plateau. This sug
gested that the solute molecules were not well oriented on the clay 
surface and had higher attraction for more solute molecules [42], 
probably by hydrogen bond interactions. These results were also 
observed by Carazo et al. (2018) and Souza et al. (2021) [36,40], indi
cating the achievement of a monolayer capacity. After reaching this 
point, the drug was deposited onto the drug molecules indicating a 
formation of multilayer drug deposition (point b).

At pH 2, the adsorption curve exhibited the shape H2, according to 
the classification by Giles et al. (1960) [42] For this kind of curve, the 

Fig. 6. Release profile of INH by Mtt/INH hybrids.

Table 5 
Release the INH amount by time for the three hybrids Mtt/INH.

pH Time 
(min)

Mtt-INH (a) Mtt-INH (b) Mtt-INH (c)

Release 
(mg/g)

Dev. Release 
(mg/g)

Dev. Release 
(mg/g)

Dev.

2 10 0.0 0.0 4.7 0.1 2.2 0.3
30 0.0 0.0 9.0 0.1 4.6 0.3
60 0.0 0.0 10.8 0.2 6.8 0.5
90 0.0 0.0 11.4 0.3 7.7 0.4

120 0.0 0.0 11.4 0.3 8.2 0.4
6.8 150 0.4 0.0 13.6 0.4 10.1 0.6

180 0.9 0.0 15.4 0.4 13.1 1.0
210 2.6 0.0 17.0 0.3 16.0 1.7
240 3.7 0.1 18.1 0.4 18.8 2.3

7.4 270 5.1 0.2 21.0 0.2 25.6 3.1
300 6.6 0.2 23.4 0.2 32.4 3.1
330 8.0 0.1 24.6 0.2 37.8 2.9
360 8.6 0.4 24.6 0.2 42.6 2.5
390 9.3 0.4 25.8 0.3 45.5 2.5
420 9.9 0.5 25.8 0.3 47.8 2.6
450 10.4 0.7 25.2 0.5 50.0 2.8
480 11.0 0.8 28.2 0.3 51.1 2.7

Table 6 
Release fitting parameters of Mtt hybrids made at pH 2 and pH 7 in three different models: Zero-order, Higuchi, and Korsmeyer-Peppas.

Hybrid pH Zero order Higuchi Korsmeyer-Peppas

ko R2 Kh R2 Ko n R2

Mtt-INH (a) 2 – – – – – – –
6.8 0.052 0.891 0.708 0.960 3.629 0.188 0.954
7.4 0.115 0.951 2.259 0.966 1.897 0.530 0.965

Mtt-INH (b) 2 0.207 0.716 2.047 0.844 1.895 0.520 0.839
6.8 0.135 0.700 1.923 0.994 1.056 0.613 0.993
7.4 0.108 0.813 2.141 0.824 4.370 0.380 0.826

Mtt-INH (c) 2 0.084 0.893 0.814 0.969 1.860 0.310 0.986
6.8 0.077 0.996 1.076 1.000 2.778 0.321 0.999
7.4 0.113 0.936 2.219 0.954 1.894 0.527 0.953

Fig. 7. Cell viability and standard deviation of cells incubated with the extracts 
of Mtt and Mtt-INH (c), with the negative and the positive control.
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interaction between clay and the ionic drug is considered strong, with 
complete drug incorporation for concentrations lower than 800 mg/L. 
This occurs because, at pH 2, INH undergoes protonation at both 
endocyclic and exocyclic nitrogen sites. Since the Mtt surface charge is 
negative, the interaction between adsorbate and adsorbent is enhanced 
due to the stronger attachment to the negatively charged surface. 
Similar results were observed in other studies [27,28,36]. After reaching 
the monolayer adsorption capacity at point (c) in Fig. 8, the drug 
incorporation remained nearly constant at 100 mg/g. At this point, the 
drug molecules were immediately attached to the clay surface. The 
positive interaction from the drug layers repelled other positive mole
cules regardless of the drug concentration in the solution, which hin
dered further drug incorporation, resulting in a long plateau [41,42]. 
Furthermore, the curves obtained at both pHs best fitted the Freundlich 
model suggesting that heterogeneous adsorption occurred with INH 
interacting with the negatively charged faces of the lamella and varying 
interactions between the drug and clay edges [44].

All FTIR spectra of the Mtt-INH hybrid were similar to pristine Mtt 
(Fig. 2). This similarity occurred because the amount of clay was higher 
than the drug amount in the hybrid, as observed in previous studies 
[27–31,35,40]. The hybrid with a small amount of INH, Mtt-INH (a) 
exhibited only one band from INH, around 1437 cm− 1. This band is 
attributed to the INH ring stretching vibration [35,40]. For the hybrids 
(b) and (c), the appearance of bands from 1600 to 1400 cm− 1 is related 
to INH ring vibration modes. The increase of the 754 cm− 1 band in the 
hybrids was due to the presence of C-H bonds in the INH ring [35]. For 
the hybrid Mtt-INH (c), in addition to the bands seen in Mtt-INH (b), the 
appearance of bands at 1692 and 1248 cm− 1 was observed. The band 
around 1692 cm− 1 was a shift of the 1668 cm− 1 band of the INH 
carbonyl group (C=O). Previous studies have shown that this shift is 
caused by the change in oxygen vibration of the carbonyl group vibra
tion due to hydrogen bond interaction [30]. The band around 1632 
cm− 1 in the clay spectrum is attributed to the OH stretching vibration of 
the water molecules adsorbed on the clay surface [31,45,49]. Its 
downward in the hybrid spectrum can be related to the hydrogen bonds 
with INH. This result was also observed in the hybrid obtained by Carazo 
et al. (2018) [40]. For MTT-INH (c), the upward shift of the Si-O 

stretching band from 998 to 1003 cm− 1 is associated with the Si-O 
stretching mode of aluminosilicates, which was affected by the orien
tation of the clay platelets [35] after the positively charged drug 
incorporation. As proposed in previous studies, the FTIR results suggest 
an interaction between the clay and the INH carboxyl, hydrazine, and 
pyridine groups [35,40].

XRD curves, Fig. 3, showed a decrease in the interlayer spacing, 
which was also observed in other studies [44,50]. This decrease is 
attributed to the reduction of interlayer water molecules in the clay due 
to drug incorporation [17,18,44]. These findings align with the results 
obtained from TGA analysis. In all adsorption systems, there is a 
competition between the solute (INH) and the solvent (water) for 
adsorption [41]. The reduction of water molecules within the clay 
structure can be explained by the greater affinity of INH for the clay 
surface than water molecules. Previous studies have suggested that the 
interaction between the drug and clay may occur at various sites within 
the clay not limited to the interlayer space. These interactions include 
the binding of the positively charged drug to the negatively charged 
surfaces of the clay lamellae [11,15,18].

Fig. 4 presents the TGA curves for INH, Mtt, and their hybrids. 
Generally, the TGA curves of clays and their hybrids can be divided into 
three stages. The first stage, characterized by an abrupt weight loss, 
corresponds to the loss of surface water, which decreases as the amount 
of INH incorporated into the clay increases. The second stage involves a 
slower weight loss rate due to the loss of inner water molecules. The 
third stage is associated with the dihydroxylation process and the 
degradation of INH. All three decomposition stages of Mtt were affected 
by the presence of the drug. The reduction of surface water following 
INH incorporation in clays supports the results of the adsorption test, 
confirming that the drug-clay interaction is stronger than the water-clay 
interaction. For the hybrid with the highest INH content, Mtt-INH (c), 
the second degradation stage occurred over the shortest temperature 
range (from 146 to 266 ◦C). This suggests that the presence of INH re
places the inner water molecules typically attached to clay structure 
pore structures, corroborating the XRD results. The emergence of new 
peaks in DTG analysis confirmed INH degradation of INH during the 
third stage of decomposition. The degradation temperature of INH 

Fig. 8. Scheme of drug adsorption of INH by clay particle showing the morphology of clay-drug hybrids morphology and adsorption isotherm graph.
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increased after clay incorporation, indicating that the drug was well- 
bound to and protected by clay. These results align with the DSC anal
ysis, where the melting peak of INH was absent in all hybrids studied. 
This confirms the formation of a high-affinity hybrid rather than a 
simple physical mixture of clay and drug as suggested by the work of 
Carazo et al. (2018) [40].

The pH-dependence interaction between clay and INH also influ
enced the release profile. Mimicking the release of oral administration, 
drug release was reduced at acidic pH levels, as shown in Fig. 6. At pH 2, 
the release for hybrids Mtt-INH (b) and (c) quickly reached a plateau 
within the first 60 min, whereas no detectable amount of INH was 
released from hybrid Mtt-INH (a). Hybrid Mtt-INH (a), prepared with 
INH at its monolayer capacity at pH 7, exhibited no release pH 2 because 
the protonated INH molecules were more strongly bound to the nega
tively charged Mtt surface. For Mtt-INH (b), part of the INH molecules 
was not in contact with the Mtt surface, as some drug molecules were 
deposited on top of existing INH layers. In this case, the protonated INH 
could not fully interact with the Mtt surface leading to partial release. 
For Mtt-INH (c) additional phenomena were observed. Adsorption at pH 
2 occurred under equilibrium conditions, where part of the drug was 
adsorbed onto the clay surface while the remainder remained in the 
surrounding medium. When the hybrid was subsequently exposed to the 
same pH, a portion of the drug was released to restore the equilibrium. 
At pH 6.8 and 7.4, the hybrids exhibited an increased drug release rate. 
Although the percentage of drug released was similar across all hybrids, 
Mtt-INH (c) released a larger absolute amount of INH. Furthermore, Mtt- 
INH (c) was the only hybrid to fit in the Zero-order release model. This 
finding is significant is important as it suggests that the drug can be 
released at a constant rate throughout the release process [28]. All hy
brids presented an incomplete release profile, similar results were 
observed in other studies [28,33,36,44].

The hybrid Mtt-INH (c) exhibited the highest level of INH incorpo
ration, approximately 100 mg/g, and the highest amount of drug 
released. Notably, one of the most common dosages of INH pills is 100 
mg, with a maximum of 300 mg, suggesting that this hybrid could be 
suitable for such application. Also, regarding the clay intaking, these 
results align with previous studies reporting a 1.5 g/daily Mtt dose in 
children [51], and a safe 40 mg/kg/daily dose of Mtt in adult rats [52]. 
Furthermore, cytotoxic tests demonstrated that neither pristine clay nor 
clay-INH were cytotoxic to fibroblasts L929 cells. These findings indi
cate that this hybrid has potential as a controlled release system for INH.

5. Conclusions

Our study provided novel insights into the role of electrostatic in
teractions in drug-clay systems, supported by structural, morphological, 
and thermodynamic characterizations. Previous studies have high
lighted the significance of pore volume in neutral drug adsorption. 
However, our study demonstrates, for the first time, that drug incor
poration mechanisms at pH 2 and pH 7 differ fundamentally, directly 
influencing the drug release profile.

As was shown in other studies, at pH 7, where INH remains in its 
neutral state, drug adsorption occurs in two distinct phases: monolayer 
adsorption (INH directly binds to the clay surface, reaching monolayer 
saturation of 20 mg/g) and multilayer deposition (beyond the mono
layer, additional drug molecules stack onto each other, incorporating up 
to 110 mg/g). While multilayer adsorption increases drug loading, it 
results in weaker drug-clay interactions, leading to burst release, with 
~20 % of the drug released in acidic conditions. In contrast, monolayer 
adsorption, characterized by stronger surface interactions, prevents 
premature release in the gastric environment, a crucial factor for oral 
drug formulations.

At pH 2, where INH is in its protonated state, adsorption is primarily 
driven by electrostatic attraction between the positively charged drug 
and negatively charged clay. However, strong electrostatic repulsion 
between protonated drug molecules limits adsorption to monolayer 

capacity of 100 mg/g, preventing multilayer incorporation. As a result, 
drug release at acidic pH is significantly lower (~8 %), and in higher pH 
environments (6.8 and 7.4), it presented zero-order release profile, 
which is often desirable for sustained drug delivery applications.

FTIR analysis revealed that INH chemical groups play a key role in 
the adsorption, by interacting with clay functional groups such as Si-O 
and O-H. TGA and DSC results indicated that clay particles provide 
thermal protection to the drug, preventing its transformation and 
decomposition.

These findings elucidate the fundamental relationship between drug 
incorporation mechanisms and release behavior, providing a reference 
background for future studies on neutral and cationic drug adsorption in 
clay-based systems. The results here can guide the design of optimized 
clay-based carriers for controlled drug release, particularly for oral 
administration, where preventing premature drug release in the stom
ach may be critical. Besides that, the findings of this study suggest that 
Brazilian natural clay, which exhibited no cytotoxicity, could serve as a 
cost-effective alternative for tuberculosis treatment.

Likewise, the adsorption process, which occurs in water by dispersing 
montmorillonite (Mtt) into an INH solution under stirring at room tem
perature, is highly scalable. This method aligns well with conventional 
reactor designs commonly used in pharmaceutical manufacturing. 
However, scaling up may introduce challenges related to heat transfer 
and material flow differences compared to the laboratory scale. These 
factors could influence adsorption efficiency and yield, but process 
optimization, such as adjusting mixing conditions and residence time, can 
mitigate these effects and ensure reproducibility at an industrial scale.
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