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Libération Contrôlée de l’Isoniazide pour les Systèmes Hybrides 

Jessica DE CARVALHO ARJONA 

RÉSUMÉ 

Les argiles et les polysaccharides se démarquent comme des vecteurs prometteurs pour la 

libération contrôlée de médicaments, en raison de leur biocompatibilité, de leur polyvalence 

et de leur faible coût. Cette étude explore le potentiel des argiles smectites et des hydrogels 

de pullulane modifiée comme véhicules de libération de l’isoniazide (INH), un médicament 

de première ligne dans le traitement de la tuberculose. Sept argiles naturelles et synthétiques 

ont été caractérisées par FRX, DRX, FTIR, BET et TGA afin d’examiner la relation entre 

le volume des pores, la charge de surface et les mécanismes d’adsorption et de libération 

de l’INH. L’argile présentant un volume de pores optimal (~0,100 cm³/g) a montré une 

capacité supérieure de rétention et de libération prolongée en milieu neutre. L’adsorption 

maximale (~115 mg/g) a été observée avec la montmorillonite à pH 2, condition dans 

laquelle l’INH, chargée positivement, interagit plus fortement avec les surfaces argileuses 

chargées négativement. Des essais comparatifs avec la Laponite, une argile de type 

hectorite, ont démontré que la charge de surface et la structure poreuse influencent 

significativement l’efficacité d’incorporation et de libération, la montmorillonite libérant 

moins de 8 % de l’INH dans des conditions gastriques simulées. Les mécanismes 

d’adsorption ont varié selon le pH, passant d’une adsorption en monocouche à une 

adsorption en multicouches, ce qui a directement influencé la cinétique de libération. Les 

hybrides en monocouche ont suivi un profil de libération d’ordre zéro (R² > 0,93), assurant 

une libération régulière et contrôlée. Les tests de cytocompatibilité ont confirmé la 

tolérance cellulaire sécurité des systèmes à base d’argile. Parallèlement, la pullulane a été 

fonctionnalisée avec de l’anhydride méthacrylique, permettant une réticulation par UV et 

la formation d’hydrogels aux propriétés de gonflement modulables. Le degré de 

fonctionnalisation a été confirmé par H-NMR et FTIR, tandis que le degré de réticulation, 

évalué par rhéologie, a eu un impact direct sur la capacité de gonflement et les profils de 

libération de l’INH en conditions gastro-intestinales (pH 7.4). Les hydrogels de pullulane 

ont démontré des avantages en matière de procédés durables et un fort potentiel pour la 

libération prolongée de médicaments. Ces résultats apportent des contributions précieuses 

au développement de systèmes avancés de libération de médicaments sensibles au pH, 
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mettant en lumière le potentiel complémentaire des argiles naturelles et des biopolymères 

modifiés dans des applications biomédicales. 

Mots-clés : argiles, libération de médicaments, isoniazide, pullulane, hydrogels 

 



 

Controlled Release of Isoniazid by Hybrid Systems 

Jessica DE CARVALHO ARJONA 

ABSTRACT 

Clays and polysaccharides have emerged as promising platforms for drug delivery due to 

their biocompatibility, tunable properties, and cost-effectiveness. This study investigates 

the potential of smectite clays and modified pullulan hydrogels as drug carriers for isoniazid 

(INH), a first-line treatment for tuberculosis. Seven natural and synthetic clays were 

characterized by XRF, XRD, FTIR, BET, and TGA to explore the relationship between pore 

volume, surface charge, and INH adsorption/release. The clay exhibiting an ideal pore 

volume (~0.100 cm³/g) displayed superior retention and sustained release in neural 

environment. Optimal adsorption (~115 mg/g) was achieved with montmorillonite at pH 2, 

where INH is positively charged and interacts more strongly with negatively charged clay 

surfaces. Comparative tests with Laponite, a hectorite clay type, revealed that surface 

charge and pore structure significantly influence both incorporation and release efficiency, 

with montmorillonite releasing less than 8% INH under simulated gastric conditions. 

Adsorption mechanisms varied with pH, transitioning from monolayer to multilayer 

regimes, which in turn influenced the release kinetics. Monolayer-loaded hybrids followed 

a zero-order release profile (R² > 0.93), offering steady and controlled delivery. 

Cytocompatibility tests confirmed the safety of the clay-based systems. In parallel, pullulan 

was functionalized with methacrylic anhydride to enable UV cross-linking, forming 

hydrogels with tunable swelling properties. The degree of functionalization was confirmed 

by H-NMR and FTIR. Crosslinking degree, confirmed by rheology, directly impacted the 

hydrogel swelling capacity and INH release profiles under gastrointestinal conditions (pH 

7.4). The pullulan hydrogels demonstrated green-processing advantages and potential for 

sustained drug delivery. Together, these findings provide valuable insights into the design 

of advanced, pH-responsive drug delivery systems. By elucidating the interplay between 

material structure, drug state, and release behavior, this work supports the development of 

optimized carriers for tuberculosis therapy and highlights the complementary potential of 

natural clays and modified biopolymers in biomedical applications. 

Keywords: clays, drug delivery, isoniazid, pullulan, hydrogel 



 



 

 

Liberação Controlada de Isoniazida por Sistemas Híbridos 

Jessica DE CARVALHO ARJONA 

RESUMO 

As argilas e os polissacarídeos têm se destacado como veículos promissores para a 

liberação controlada de fármacos, devido à sua biocompatibilidade, versatilidade e baixo 

custo. Este estudo explora o potencial de argilas esmectitas e de hidrogéis de pullulan 

modificada como carreadores para a isoniazida (INH), medicamento de primeira linha no 

tratamento da tuberculose. Sete argilas naturais e sintéticas foram caracterizadas por FRX, 

DRX, FTIR, BET e TGA, com o objetivo de investigar a relação entre o volume de poros, 

a carga superficial e os mecanismos de adsorção e liberação da INH. A argila que 

apresentou volume de poros ideal (~0,100 cm³/g) revelou maior capacidade de retenção e 

liberação sustentada em meio neutro. A adsorção máxima (~115 mg/g) foi observada para 

a montmorilonita em pH 2, condição em que a INH, carregada positivamente, interage de 

forma mais intensa com superfícies argilosas negativamente carregadas. Ensaios 

comparativos com Laponita, uma argila do tipo hectorita, demonstraram que tanto a carga 

superficial quanto a estrutura porosa influenciam significativamente a eficiência de 

incorporação e liberação, sendo que as montmorilonitas liberaram menos de 8% de INH 

em condições gástricas simuladas. Os mecanismos de adsorção variaram conforme o pH, 

passando de monocamada para multicamadas, o que afetou diretamente a cinética de 

liberação. Híbridos com adsorção em monocamada seguiram um perfil de liberação de 

ordem zero (R² > 0,93), promovendo liberação constante e controlada. Ensaios de cito 

compatibilidade confirmaram a segurança dos sistemas à base de argila. Em paralelo, a 

pullulan foi funcionalizada com anidrido metacrílico, permitindo sua reticulação por UV e 

originando hidrogéis com capacidade de inchamento ajustável. A funcionalização foi 

confirmada por H-NMR e FTIR, e o grau de reticulação, avaliado por reologia, influenciou 

diretamente a capacidade de intumescimento e os perfis de liberação da INH em condições 

gastrointestinais (pH 7.4). Os hidrogéis de pullulan apresentaram vantagens sustentáveis de 

processamento e elevado potencial para liberação prolongada de fármacos. Esses resultados 

oferecem contribuições relevantes para o desenvolvimento de sistemas avançados de 
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liberação de fármacos responsivos ao pH, destacando o potencial complementar entre 

argilas naturais e biopolímeros modificados em aplicações biomédicas. 

Palavras-chave: argilas, liberação de fármacos, isoniazida, pullulana, hidrogéis 
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INTRODUCTION 

This chapter provides a foundational overview of tuberculosis and isoniazid, establishing 

the relevance and significance of the research topic. It then outlines the specific objectives 

of the study and concludes with a description of the structure and organization of the thesis. 

0.1 Context 

Tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis, remains one of 

the leading causes of death from a single infectious agent, with an estimated 10.6 million 

people developing the disease in 2022 and 1.3 million deaths among HIV-negative 

individuals (WHO, 2024, 2020). These figures fall short of the WHO’s target to eliminate 

TB as a global health threat by 2030. In Canada, TB incidence is rising, with approximately 

75% of Canadian-born cases occurring among Inuit and First Nations populations 

(PUBLIC HEALTH AGENCY OF CANADA, 2025). In Brazil, TB is often considered a 

social disease, disproportionately affecting low-income regions with limited access to 

healthcare MINISTÉRIO DA SAÚDE (2025). 

Given the global burden and the challenges posed by poor treatment adherence and drug 

resistance, effective pharmacological strategies are essential. Isoniazid (INH), a first-line 

antitubercular agent, remains a cornerstone in standard regimens. INH is a crystalline, 

water-soluble compound with a molar mass of 137 g/mol and the molecular formula 

C₆H₇N₃O (Damasceno Junior et al., 2019). Due to its high minimum inhibitory 

concentration (MIC) and rapid systemic clearance, it is typically administered in high daily 

doses of up to 300 mg (Bhandari, 2012; James C. Johnston & Menzies, 2022). Co-

administration with other drugs, such as rifampin or pyrazinamide, can further reduce its 

bioavailability due to pharmacokinetic interactions (Esperanza Carazo et al., 2019). 

Extended high-dose INH therapy is associated with severe hepatotoxicity, neurotoxicity, 

and nephrotoxicity (Damasceno Junior et al., 2019; C. Li et al., 2022) negatively affecting 

patient's quality of life and treatment adherence (C. Li et al., 2022). Moreover, suboptimal 

adherence contributes significantly to the emergence of drug-resistant TB strains, posing a 

major threat to public health systems worldwide. 
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Pharmacokinetic studies show that INH undergoes protonation in the acidic gastric 

environment, impairing absorption and reducing therapeutic efficacy (Damasceno Junior et 

al., 2019). To increase its efficiency, studies in the area are pointing out that one of the best 

solutions is the controlled release of this drug, enhancing drug stability, bioavailability, and 

patient compliance. Several inorganic materials have been explored as carriers, including 

montmorillonite (Mtt) (Esperanza Carazo et al., 2018), halloysite (E. Carazo et al., 2017), 

palygorskite (E. Carazo et al., 2018), zeolite (Souza et al., 2021), and layered double 

hydroxides (LDHs) (Muráth et al., 2023; Zauška et al., 2022). These carriers offer tunable 

interlayer spaces and good biocompatibility, enabling the intercalation of drugs and 

sustained release. Montmorillonite is especially attractive for oral DD applications, as it is 

low-cost, non-toxic, and stable under gastrointestinal conditions (Almeida et al., 2019; 

Tören & Mazari, 2024). Nevertheless, the use of Mtt for INH delivery has been 

insufficiently explored, particularly regarding the influence of clay composition, structure, 

and processing conditions on adsorption and release performance. 

Polymeric matrices, such as microparticles (Angadi et al., 2010; Anisimova et al., 2000) 

and hydrogels (Adoungotchodo et al., 2021; Badr et al., 2023; Caliceti et al., 2001; Jiang 

et al., 2009), have also gained traction as drug delivery platforms due to their controlled 

swelling behavior and biodegradability (Jiang et al., 2009; Sosnik & Seremeta, 2015). 

Among them, hydrogels are particularly promising for oral delivery due to their ability to 

retain large amounts of water and mimic the properties of biological tissues. 

Pullulan-based hydrogels represent a promising platform for isoniazid delivery due to 

pullulan’s biodegradability, biocompatibility, and origin from renewable biomass (Pires et 

al., 2024; Singh et al., 2021). Its natural water solubility eliminates the need for organic 

solvents, making it suitable for environmentally friendly processing and safer biomedical 

applications. Moreover, pullulan hydrogels can be engineered for both oral and topical drug 

delivery routes. Although relatively few studies have investigated their use for anti-

tuberculosis therapies, preliminary results have demonstrated their potential as effective 

carriers in biomedical contexts (Bae et al., 2011; Tören & Mazari, 2024).  

This thesis aims to develop and evaluate drug delivery systems for the controlled release of 

INH. Seven different clay samples were investigated for their adsorption capacity and 

release kinetics under various pH and drug concentration conditions. In addition, pullulan, 
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a water-soluble, biodegradable polysaccharide, was explored as a hydrogel-forming matrix 

due to its environmentally friendly processing and biocompatibility. However, because of 

its high-water solubility, pullulan was chemically modified with methacrylic anhydride and 

crosslinked to reduce solubility and achieve sustained release. 

In this context, two distinct platforms were selected for the controlled release of isoniazid: 

clays and pullulan-based hydrogels. Clays are low-cost, abundant, and biocompatible 

materials that offer a practical and scalable solution for improving TB treatment, especially 

in low-income regions where the disease burden is highest (Almeida et al., 2019; Esperanza 

Carazo et al., 2018; Tören & Mazari, 2024). Their integration into drug delivery systems 

could reduce costs for public health systems while enhancing therapeutic outcomes. In 

parallel, pullulan hydrogels can offer a biocompatible and adaptable matrix for both oral 

and topical administration (G. Chen et al., 2018; Sosnik & Seremeta, 2015), which is 

particularly promising for cases such as cutaneous TB, where local delivery can reduce 

systemic side effects and improve treatment efficacy (G. Chen et al., 2018). Importantly, 

the systems developed in this study are not limited to TB treatment; the insights gained may 

extend to other therapeutic agents and infectious diseases, underscoring the broader 

significance and potential global impact of this work. 

0.2 Objectives 

The main objective of this work is to develop controlled drug delivery (DD) systems for 

tuberculosis treatment by investigating two distinct platforms for the release of isoniazid 

(INH): clay-based carriers and pullulan-based hydrogels. The specific objectives are: 

1. To develop a clay-based drug delivery system. 

2. To develop a pullulan-based hydrogel system. 

0.3 Thesis Outline 

Following this introduction, Chapter 1 presents a literature review covering the 

fundamental concepts of drug delivery systems, the use of clays as drug carriers, the role 
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of polymers in the controlled release of isoniazid (INH), and the structure, applications, and 

chemical modification of pullulan. Chapter 2 outlines the general and specific objectives 

of the study. Chapter 3 describes the materials and methodologies employed to address each 

objective. 

Chapters 4 to 7 present the experimental results and are organized around the manuscripts 

produced during this research. Three articles have been published, and they are presented 

in chapters 4 to 6. These chapters primarily address the first objective of this thesis, which 

is clay-based drug delivery systems, focusing on the influence of clay properties, drug 

concentration, and pH on INH adsorption and release. Although the second objective, 

centered on pullulan hydrogels, was not the focus of the submitted manuscripts, the results 

obtained were promising. The data are currently being organized for a future manuscript 

and are discussed in the corresponding chapter.  

Finally, the conclusion section highlights the significance of the findings and outlines 

potential directions for future research in the development of advanced drug delivery 

systems. 

 



 

CHAPTER 1  
 

LITERATURE REVIEW 

This chapter is organized into two main sections: General Background and State of the Art. 

The first section provides a concise overview of the key concepts relevant to this research, 

including drug delivery systems, the structural properties of clays, pullulan as a biopolymer, 

and the pharmaceutical compound isoniazid. The second section presents a critical review 

of recent literature focused on the use of clays as drug delivery vehicles, the application of 

pullulan in drug delivery, and the release behavior of isoniazid in various delivery systems. 

1.1 General Background 

1.1.1 Drug Delivery Systems 

Drug delivery systems (DDS) are engineered to optimize the therapeutic performance of 

active pharmaceutical ingredients (APIs) by controlling the rate, time, and place of drug 

release within the body. These systems aim to maximize efficacy while minimizing side 

effects and degradation prior to reaching the target site. DDS can generally be classified 

into two broad categories: immediate release (IR) and modified release (MR) formulations 

(Hillery & Brayden, 2017). 

Immediate release systems are designed for rapid disintegration and absorption, allowing 

the drug to enter systemic circulation almost immediately after administration. In contrast, 

modified release systems regulate the release profile to improve pharmacokinetics and 

patient compliance. A key subclass of MR is sustained release (SR), which enables 

prolonged therapeutic action by gradually releasing the drug over an extended period. This 

approach helps avoid the initial burst release, a sudden, high-concentration exposure that 

may cause toxicity or diminished therapeutic effectiveness (Hillery & Brayden, 2017). 

Various strategies are employed to achieve sustained release, including encapsulation 

within polymeric matrices, adsorption onto porous carriers, and chemical modification of 

the drug or carrier. These methods not only prolong release but can also protect the drug 

from harsh physiological environments, such as acidic gastric conditions or enzymatic 

degradation in the gastrointestinal tract (Chavda & Patel, 2010). 



6 

 

Recent advances in DDS have focused on stimuli-responsive systems, where release is 

triggered by external or internal stimuli such as pH, temperature, or enzymatic activity. 

These systems offer site-specific and on-demand drug release, which is particularly 

advantageous for conditions requiring localized or time-sensitive delivery. Materials such 

as biopolymers and inorganic clays are increasingly being explored for such applications 

due to their tunable properties, biocompatibility, and ability to interact with drugs through 

various mechanisms, including adsorption, intercalation, and encapsulation. 

To better understand the mechanisms governing drug release from delivery systems, 

mathematical models are commonly applied to experimental data. These models help 

describe the release profile and infer the dominant physical processes, such as diffusion, 

erosion, or polymer relaxation, involved in drug transport. Among the most widely used 

models are the zero-order, Higuchi, and Korsmeyer–Peppas models (Ahmed et al., 2019). 

The zero-order model assumes a constant drug release rate, independent of concentration, 

which is ideal for achieving prolonged therapeutic levels. This model is most applicable to 

systems where the drug is uniformly distributed and the release is governed by a constant 

driving force. It is typically represented by equation (1.1), where Mt is the amount of drug 

released at time (t), M∞ is the initial amount of drug, and k0 is the zero-order model constant.  ܯ௧ܯஶ = ଴ܭ ∙  (1.1) ݐ

The Higuchi model is based on Fickian diffusion and is suitable for matrix-based systems, 

particularly when drug release is controlled by diffusion through a porous matrix. It is 

described by the equation (1.2), where Mt is the amount of drug released at time (t), M∞ is 

the initial amount of drug, and kH is the Higuchi model constant. This model assumes that 

the initial drug concentration is much higher than the drug solubility, and that the diffusion 

path length increases over time as the drug is released. ܯ௧ܯஶ = ௛ܭ ∙  ଴.ହ (1.2)ݐ

The Korsmeyer–Peppas model is a semi-empirical equation used to analyze release data 

when the mechanism is not well understood or involves more than one type of release 



7 

 

 

 

behavior. It is expressed as shown in equation (1.3). Where Mt is the amount of drug 

released at time (t), M∞ is the initial amount of drug, and Kkp is the model release constant, 

and n release exponent in the Korsmeyer–Peppas model. ܯ௧ܯஶ = ௞௣ܭ ∙  ௡ (1.3)ݐ

The release exponent in the Korsmeyer-Peppas model indicates the release rate mechanism. 

Table 1.1 lists the possible n values and their meaning regarding the drug release 

mechanism. As can be seen, for n ≤ 0.5, the drug release is mainly driven by Fickian 

diffusion of the drug to the environment (Vueba et al., 2013). Values of n from 0.5 to 1.0 

indicate the non-Fickian diffusion release, and the release mechanism is a combination of 

diffusion, polymer relaxation, and/or matrix erosion. While n ≈ 1, called super case II 

transport, is given when the release is mostly guided by polymer relaxation or swelling 

(Chavda & Patel, 2010) . 

Table 1.1 Correlation between the Korsmeyer-Peppas exponent (n) and the drug release 
mechanism.  

Adapted from Ahmed et al., (2019, p. 55) 
 

Exponent (n) Drug Release Mechanism 
n ≤ 0.5 Fickian diffusion (Case I diffusional) 

0.5 < n < 1.0 Anomalous (non-Fickian) diffusion 
n ≈ 1.0 Super case II transport 

 

1.1.2 Drug Adsorption by Inorganic Particles 

In order to be used as drug release systems, some vehicles, as inorganic particles, first 

adsorb the drug molecules to further release them. To better understand the mechanism of 

drug adsorption onto clays or other inorganic particles, two main types of adsorption 

experiments are typically performed: adsorption kinetics and adsorption isotherms. These 

experiments help elucidate how the drug interacts with the clay over time and about its 

initial concentration in solution. 
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Adsorption kinetics evaluate the influence of contact time between the clay (adsorbent) and 

the drug (adsorbate). This analysis is essential for determining the rate-limiting steps of the 

adsorption process, whether they are governed by surface interactions, pore diffusion, or a 

combination of both. The most commonly applied models are: the pseudo-first order (PFO), 

pseudo-second order (PSO), and the intraparticle diffusion model. 

The Pseudo-First-Order (PFO) model, which assumes that the rate of occupancy of 

adsorption sites is proportional to the number of unoccupied sites. It is typically expressed 

as shown in equation (1.4). 

௧ݍ1 = ൬݇ଵݍ௘൰ ൬1ݐ൰ +  ௘ (1.4)ݍ1

 

The Pseudo-Second-Order (PSO) model assumes that adsorption follows a second-order 

mechanism, often associated with chemisorption, involving valence forces or electron 

exchange. Its linear form is in equation (1.5). 

௧ݍݐ = 1݇ଶݍ௘ଶ + ௘ݍ1  (1.5) ݐ

 

The Intraparticle Diffusion (Weber–Morris or ADS) model helps determine whether 

diffusion within the clay pores contributes significantly to the adsorption process. It is 

expressed as shown in equation (1.6). 

௧ݍ = ݇ௗ√(1.6) ݐ 
 

Where qt is the quantity of INH adsorbed during the time interval t, qe is the quantity of 

INH adsorbed when equilibrium is reached, k1 is the pseudo-first-order constant, k2 is the 

pseudo-second-order constant, and kd is the adsorption-diffusion constant.  

In parallel, adsorption isotherms provide insight into the capacity and surface 

characteristics of the adsorbent as a function of the initial drug concentration at equilibrium. 

The two most widely used isotherm models are the Langmuir and the Freundlich isotherms. 

The Langmuir model, shown in equation (1.7), assumes monolayer adsorption on a 

homogeneous surface with finite, identical sites and no interaction between adsorbed 
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molecules, where nab is the amount of drug adsorbed, KL is the Langmuir constant, Qm is 

the theoretical amount of drug adsorbed at equilibrium, and Ce is the equilibrium 

concentration. While the Freundlich isotherm, equation (1.8), describes heterogeneous 

surface adsorption with varying affinities, is useful for non-ideal systems, where nab is the 

amount of drug incorporated by clay, Ce is the equilibrium concentration, KF and nF are the 

Freundlich constants. 

݊௔௕ = ௄ಽொ೘஼೐ଵା௄ಽ஼೐   (1.7) 

݊௔௕ =   ௘భ೙ಷܥிܭ
 (1.8) 

 

Additionally, Giles isotherm classification offers a qualitative method to categorize the 

isotherm shapes, which can provide useful insights into the adsorbate–adsorbent interaction 

mechanisms. For example, L-type curves suggest high affinity and monolayer formation, 

while S-type curves may indicate cooperative adsorption or structural rearrangements 

during adsorption (C. H. Giles et al., 1960; Charles H. Giles & Smith, 1974). 

Together, these models offer a comprehensive understanding of the adsorption behavior of 

isoniazid onto clay minerals and can support hypotheses about the mechanisms involved, 

such as electrostatic interactions, hydrogen bonding, or pore filling. 

1.1.3 Clays and Clay Minerals 

The clays investigated in this study belong to the smectite group, which is extensively 

utilized in pharmaceutical and environmental applications due to their notable swelling 

capacity and high sorption potential. Figure 1.1a illustrates the general structure of these 

minerals. Specifically, two smectite-type clays were examined: montmorillonite and 

hectorite. Both are members of the phyllosilicate family and exhibit a characteristic 2:1 

layered structure, also known as a TOT structure, consisting of one octahedral sheet 

sandwiched between two tetrahedral silica sheets. In montmorillonite, the octahedral layer 
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is primarily composed of aluminum (Al³⁺), while in hectorite, it is predominantly 

magnesium (Mg²⁺) (Bergaya et al., 2005; G Lagaly, 2006; G Lagaly et al., 1976). 

 

Figure 1.1 Schematic representation of smectite clay structures: (a) general phyllosilicate 
framework; (b, d, e) trioctahedral structure of hectorite-like clay; (c, f, g) dioctahedral 

structure of montmorillonite 
Taken from de Carvalho Arjona et al. (2025, p. 2) 

 

The crystal chemistry distinguishes the two smectite types. Hectorite-like clays are 

trioctahedral, meaning all octahedral sites are occupied by divalent cations (typically Mg²⁺) 

(Figure 1.1b,d,e). Montmorillonite, by contrast, is dioctahedral, with only two-thirds of the 

octahedral positions occupied, usually by Al³⁺ (Figure 1.1c,f,g). 

During clay mineral formation, isomorphic substitution occurs when cations in the original 

rock are replaced by others of lower valence (e.g., Si⁴⁺ by Al³⁺, or Al³⁺ by Mg²⁺), resulting 

in a permanent negative structural charge (Gerhard Lagaly & Beneke, 1976; Nomicisio et 

al., 2023). This charge is compensated by exchangeable cations, such as Na⁺, Ca²⁺, and 

others, located in the interlayer regions. Each smectite layer is approximately 1 nm thick 

and may extend up to two microns laterally. These layers are stacked and held together by 

van der Waals interactions, and the spacing between them, known as the interlamellar 

distance, is filled with these exchangeable cations (Brigatti et al., 2006). The type and 

concentration of these cations directly influence the clay’s cation exchange capacity (CEC), 

a critical parameter for adsorption processes (de Paiva et al., 2008). 
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Additionally, hydroxyl groups located on the edges of clay lamellae contribute to the 

surface reactivity, especially under acidic conditions. In such environments, H⁺ ions can 

displace the interlayer cations and interact with the hydroxyl groups, thereby modifying the 

surface charge. This pH-dependent behavior may significantly affect the adsorption and 

desorption of specific drug molecules, such as isoniazid (Almeida et al., 2019). 

Structurally, smectite layers aggregate into tactoids, which further assemble into larger 

aggregates with variable stacking orientations. This hierarchical architecture results in a 

complex porous network, enabling smectites to act as porous materials. These materials 

display micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm). Micropores 

are mainly associated with interlayer spaces within tactoids, whereas meso- and 

macropores arise from voids between tactoid aggregates (Shah et al., 2018). 

The chemical composition, porosity, and CEC play a crucial role in determining the clay’s 

swelling behavior and molecular permeability. The CEC, in particular, reflects the clay’s 

capacity to exchange interlayer cations with those present in the surrounding media (X. 

Wang et al., 2020). Although atomistic-level simulations have been employed to understand 

the adsorption and desorption of drugs in clays, experimental results remain inconsistent 

due to the diversity in clay types and testing conditions (Borrego-Sánchez & Sainz-Díaz, 

2021; E. Carazo et al., 2018; Esperanza Carazo et al., 2018, 2019; Damasceno Junior et al., 

2019). Based on the findings of this work, the pore volume emerges as a promising 

parameter influencing drug adsorption and release behavior in smectite clays. 

1.1.4 Pullulan 

Pullulan (Pul) is a biopolymer derived from microbial fermentation of starch-based biomass 

and has been widely investigated as a versatile biomaterial over the past few decades. Its 

chemical structure can be observed in Figure 1.2. As a polysaccharide composed primarily 

of maltotriose units, pullulan is highly water-soluble, a property that has attracted interest 

in various pharmaceutical and biomedical applications. It has been employed as a stabilizer 

for nanoemulsions (Ferreira et al., 2015), in the formulation of fast-dissolving films 
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(Murata et al., 2010), for taste masking in oral drug delivery (Krieser et al., 2020), and in 

the production of capsules (Garbacz et al., 2014), among others. 

 

Figure 1.2 Pullulan chemical structure 

 

In the present thesis, the focus is on the use of pullulan as a drug delivery matrix. Although 

its hydrophilicity is advantageous for some pharmaceutical applications, in the context of 

controlled drug release, such high solubility may lead to an undesired burst release effect. 

Therefore, chemical or physical modifications, such as crosslinking or blending with other 

materials, are often necessary to slow down the dissolution rate, enhance the stability of the 

matrix, and achieve a more sustained and predictable drug release profile. More details are 

shown in section 1.2.4. 

1.1.5 Isoniazid 

Isoniazid (INH) is a first-line antitubercular drug and a cornerstone of standard treatment 

regimens for tuberculosis. Its chemical structure (Figure 1.3a) comprises a pyridine ring 

and a hydrazide group, both of which play key roles in its interactions with carrier materials 

(Almeida et al., 2019; Damasceno Junior et al., 2019) . INH is a crystalline, water-soluble 

compound with a molar mass of 137 g/mol and molecular formula C₆H₇N₃O. Despite its 

effectiveness, the drug's high minimum inhibitory concentration (MIC) and rapid systemic 

clearance necessitate high daily doses: often up to 300 mg (Bhandari, 2012; James C. 

Johnston & Menzies, 2022). When co-administered with other antitubercular agents, such 

as rifampin or pyrazinamide, its bioavailability may decrease due to pharmacokinetic 

interactions (Esperanza Carazo et al., 2019). 
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Figure 1.3 The four possible forms of INH (in red, protonated N): a) neutral, b) 
protonation on N of the hydrazide group, c) protonation on N of the pyridine ring, and d) 

protonation on N of the hydrazide group and pyridine ring 
 
 

However, extended high-dose therapy has been associated with significant side effects, 

including hepatotoxicity, neurotoxicity, and nephrotoxicity (C. Li et al., 2022), which can 

negatively impact patient adherence and quality of life. Poor adherence not only reduces 

therapeutic efficacy but also contributes to the emergence of drug-resistant tuberculosis 

strains, posing a major global public health threat. 

INH’s pKa values (2.0, 3.6, and 10.8) significantly influence its chemical structure and 

protonation behavior, which in turn affect its adsorption and release from drug delivery 

systems. Under acidic conditions, protonation can occur on the hydrazide group (Figure 

1.3b) and/or the pyridine nitrogen (Figure 1.3-c-d), altering the drug’s interaction with 

negatively charged surfaces such as those of clay minerals (Souza et al., 2021). This 

protonation enhances electrostatic interactions, potentially enabling cation exchange and 

hydrogen bonding with the carrier material (Bhat et al., 2020; Kiaee et al., 2022; Zhu et al., 

2016). 
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Various drug delivery systems have been explored to optimize INH delivery and minimize 

burst release. These include polymeric carriers (Angadi et al., 2010; Devi & Maji, 2010; 

Gajendiran et al., 2019; Lucinda-Silva & Evangelista, 2003; Oliveira et al., 2017), 3D-

printed pills (Genina et al., 2017), inorganic materials such as zeolites (Souza et al., 2020, 

2021), silica nanoparticles (Almeida et al., 2019), and layered double hydroxides (LDHs) 

(Saifullah et al., 2016). Inorganic clays, such as palygorskite (Akyuz et al., 2010; E. Carazo 

et al., 2018; Damasceno Junior et al., 2019), montmorillonite (Mtt) (Akyuz & Akyuz, 2008; 

Esperanza Carazo et al., 2018), hectorite, and halloysite (E. Carazo et al., 2017; Esperanza 

Carazo et al., 2019), have also been employed, either alone or in combination with polymers 

(Banik et al., 2012, 2014; G. Chen et al., 2018; Saikia et al., 2015). 

1.2 State of the Art 

1.2.1 Clays as Drug Delivery Vehicles 

The medicinal use of clays dates back to prehistoric times, when they were applied to treat 

wounds, skin irritations, and gastrointestinal ailments (Carretero, 2002; Gomes & Silva, 

2007). Over the years, clays have found extensive use in pharmaceutical formulations, both 

as active ingredients and as excipients in tablets, creams, and ointments (Aguzzi et al., 

2007). Montmorillonite (Mtt), for example, is commonly employed to facilitate pill 

disintegration through swelling, to act as a lubricating agent during manufacturing, and to 

serve as an inert base in cosmetics and emulsions (Carretero, 2002; Choy et al., 2007). 

The role of clays in modifying drug release and improving stability became evident in the 

mid-20th century, when researchers observed that clay–drug interactions could alter release 

kinetics, often slowing drug dissolution and thereby minimizing systemic side effects 

(Aguzzi et al., 2007; Hulbert et al., 1972). The effectiveness of a clay as a drug carrier 

depends on multiple factors, including its morphology, microstructure, chemical 

composition, and surface charge, as well as the physicochemical properties and ionization 

state of the drug (Hoyo, 2007). 

Drug adsorption onto clay typically involves multiple steps: diffusion across the particle 

surface, migration into internal pores, and interaction with functional sites.  Figure 1.4 

shows a scheme of how the adsorption in clay samples may occur: via cation exchange in 

interlamellar regions (Figure 1.4b), often increasing the basal spacing, or through hydrogen 
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bonding and van der Waals forces in inter-tactoid voids (Figure 1.4c). While these 

mechanisms have been well documented (Reinholdt et al., 2013; Tan & Hameed, 2017; 

Zhu et al., 2016), the specific influence of pore volume on drug release, particularly in 

pharmaceutical contexts, remains underexplored. Most related studies have instead focused 

on gas sorption in shale-like materials (Feng et al., 2018; X. Wang et al., 2020). 

 

Figure 1.4 Schematic representation of (a) clay layered structure; (b) clay/INH interaction 
via cation exchange; and (c) clay/INH interaction via hydrogen bonding or van der Waals 

forces 
Taken from de Carvalho Arjona et al. (2024, p. 2) 

 

In recent years, clays have been investigated as nanocarriers for a wide range of therapeutic 

agents, including anticancer (L. Zheng et al., 2019) and antibiotics (Peng et al., 2018; S. 

Wang et al., 2012). Their appeal lies in their low toxicity, chemical stability, and cost-

effectiveness (E. Carazo et al., 2017, 2018; Esperanza Carazo et al., 2018; Damasceno 

Junior et al., 2019). Drug-clay hybrids are typically synthesized in aqueous media, where 

variables such as pH (Damasceno Junior et al., 2019) and temperature (Esperanza Carazo 

et al., 2018) play key roles. Cationic drugs are particularly well-suited for clay interaction 

due to the negatively charged surfaces of most clay minerals (Kiaee et al., 2022). 
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1.2.2 Clays and Other Inorganic Particles as Drug Vehicle for Isoniazid 

Akyuz & Akyuz (2008) was one of the first studies that demonstrated the potential of 

natural clays to adsorb INH, although details such as adsorption efficiency and drug-to-clay 

ratios were often not reported. After years, multiple types of clay minerals have been tested 

for INH loading (Almeida et al., 2019; E. Carazo et al., 2017, 2018; Esperanza Carazo et 

al., 2018; Damasceno Junior et al., 2019; Souza et al., 2021). The overview of research 

papers that used clays as a vehicle for controlled release of INH is shown in Table 1.2.  

Table 1.2 Overview of research articles employing clays for the controlled delivery of 
INH. 

 
Aim of the Study Vehicle Key Findings / Contributions 

Evaluate the use of 
organobentonite in the 
removal of INH from 

water waste 

Bentonite 

Modification of bentonite with glycine enhanced 
INH adsorption capacity by approximately 60%. 

Adsorption was strongly pH-dependent, with 
capacity increasing over 1000% at pH 2 

compared to pH 8 (Çalışkan Salihi et al., 2019). 
 

Thermodynamic study 
of INH adsorption Halloysite (nanotubes) 

Adsorption was found to be spontaneous and 
endothermic. Contact time had minimal effect on 
capacity, which increased with rising temperature 

and initial INH concentration (Carazo et al., 
2017). 

 

Study the 
biocompatibility and 

drug stability 
Halloysite (nanotubes) 

While halloysite did not support controlled 
release, it effectively protected INH from 
degradation and showed no cytotoxicity 

(Esperanza Carazo et al., 2019). 
 

Synthesis of layered 
double hydroxide 
(LDH) for INH 

controlled release 

LDH 

LDH nanoparticles enhanced INH 
biocompatibility, with more sustained release 
observed at pH 7.4 due to the basic nature of 

LDH (Saifullah et al., 2016). 
 

Investigate the 
interactions between 

INH and 
montmorillonite through 

FTIR spectra 
 

Montmorillonite 

The interaction between INH and 
montmorillonite is primarily basic, driven by 

hydrogen bonding between the clay surface and 
INH’s nitrogen and oxygen atoms. Pyridine and 

hydrazide groups play a key role in this 
interaction (Akyuz & Akyuz, 2008). 

 

Thermodynamic study 
of INH adsorption Montmorillonite 

Adsorption was spontaneous and exothermic, 
with capacity increasing alongside temperature 

and initial INH concentration (Esperanza Carazo 
et al., 2018). 
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Aim of the Study Vehicle Key Findings / Contributions 

Thermodynamic study 
of INH adsorption Palygorskite 

Adsorption is spontaneous and exothermic. 
Higher temperatures improved INH retention. 
Equilibrium was reached after 48 hours, with 

capacity increasing at higher initial INH 
concentrations (E. Carazo et al., 2018). 

Develop a pH-
responsive adsorption 

system 
Palygorskite 

Optimized conditions revealed that lower pH 
enhances INH incorporation, reduced clay mass 
increases adsorption capacity (mg/g), and higher 

initial drug concentration improves loading 
(Damasceno Junior et al., 2019). 

 

Process optimization for 
INH adsorption Silica nanoparticles 

Adsorption increased with higher INH 
concentration, greater silica mass, and lower pH. 
Equilibrium was achieved within a short contact 

time (Almeida et al., 2019). 
 

Study INH adsorption 
and release optimization Zeolite 

Equilibrium was reached within 4 hours, with 
maximum INH incorporation at pH 3. Lower 
drug concentrations led to higher adsorption 

efficiency. A burst release governed by Fickian 
diffusion was observed, followed by limited 

desorption due to strong drug–clay interactions 
(Souza et al., 2021). 

 

In all those studies, the adsorption process typically involves dispersing clays in aqueous 

INH solutions, where parameters such as stirring, pH (Almeida et al., 2019; Damasceno 

Junior et al., 2019; Souza et al., 2021), and temperature influence drug uptake (E. Carazo 

et al., 2017, 2018; Esperanza Carazo et al., 2018). To evaluate the adsorption behavior and 

capacity of clays, thermodynamic adsorption studies are commonly performed (E. Carazo 

et al., 2017, 2018; Esperanza Carazo et al., 2018). In this method, a fixed amount of clay is 

added to INH solutions of varying concentrations. For each concentration, the system is 

allowed to reach equilibrium under controlled conditions. Afterward, the amount of INH 

adsorbed onto the clay and the amount remaining in solution are quantified. This procedure 

is repeated with fresh clay samples and progressively higher INH concentrations.  

The resulting thermodynamic adsorption test data are used to construct adsorption 

isotherms, which plot the amount of drug adsorbed per gram of clay against the equilibrium 

concentration of INH in the solution. These isotherms help to understand the adsorption 

mechanism and evaluate the maximum adsorption capacity of the material. For example, 
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papers using halloysite, palygorskite, and montmorillonite have provided insights into 

enthalpy, entropy, and activation energy changes during INH adsorption (E. Carazo et al., 

2017, 2018; Esperanza Carazo et al., 2018). Adsorption isotherms for Mtt, for example, 

follow a Giles L3 profile (Çalışkan Salihi et al., 2019; Esperanza Carazo et al., 2018; C. H. 

Giles et al., 1960; Charles H. Giles & Smith, 1974), indicating monolayer formation 

followed by surface precipitation. Temperature was shown to affect adsorption efficiency, 

with higher temperatures increasing INH uptake, likely due to enhanced molecular mobility 

and interaction potential. 

As discussed in 1.1.5 Section, the results reported in the literature and in Table 1.2 reported 

that the adsorption is highly dependent on the pH level (Almeida et al., 2019; Damasceno 

Junior et al., 2019; Souza et al., 2021). Indeed, INH exhibits a pH-dependent protonation 

state, which, together with the clay negative surface charge, can modify its interaction with 

this particle. Acidic environments favor protonation and enhance electrostatic interactions 

with negatively charged clay surfaces, increasing adsorption (Almeida et al., 2019; 

Damasceno Junior et al., 2019; Kiaee et al., 2022). 

The results of the literature show that, similar to adsorption, INH release from clays and 

other inorganic carriers also depends on environmental pH. Materials with negatively 

charged surfaces, such as zeolites (Souza et al., 2021), palygorskite (Damasceno Junior et 

al., 2019), and silica nanoparticles (Almeida et al., 2019), tend to exhibit lower release rates 

and reduced cumulative INH release at acidic pH, especially around pH 2, compared to 

neutral or basic environments. This is likely due to enhanced electrostatic interactions 

between the protonated INH and the negatively charged surfaces, which hinder drug 

detachment. In contrast, layered double hydroxides (LDHs), which possess a positive 

surface charge, show higher release rates under acidic conditions (Saifullah et al., 2016). 

However, from all the studies, while adsorption efficiency and pH responsiveness have 

been demonstrated in several studies (Almeida et al., 2019; Çalışkan Salihi et al., 2019; 

Damasceno Junior et al., 2019; Souza et al., 2021), most clay and other inorganic particle 

systems failed to prolong INH release, with complete drug release typically occurring in 

under 15 minutes (Esperanza Carazo et al., 2019; Damasceno Junior et al., 2019; Souza et 

al., 2021). However, these systems have shown potential to protect INH in acidic 
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environments, such as the stomach, and to prevent drug degradation in multi-drug 

formulations (Esperanza Carazo et al., 2019). 

1.2.3 Polymeric Systems for Isoniazid Controlled Release 

Approximately 75% of sustained-release oral drug delivery systems are based on 

hydrophilic polymers configured as matrix tablets. In these systems, the drug is dispersed 

within the polymer matrix, where water molecules infiltrate the polymer network upon 

ingestion. As hydration occurs, the polymer chains relax and swell, enabling gradual drug 

diffusion through the matrix and providing a more controlled release compared to 

conventional dosage forms (Perrie et al., 2019). Table 1.3 listed some of the recent studies 

focused on polymer-based drug delivery systems for INH. 

Table 1.3 Summary of Recent Studies on INH Controlled-Release Systems Using 
Polymeric Matrices 

 
 

Aim of the 
Study Matrix Method of 

Preparation 
Kind of 
release Release behavior 

Investigate 
the influence 
of cellulose 

whiskers 
(CW) in 
gelatin 

nanoparticles 
for the release 

of INH. 

Gelatin and 
cellulose 
whiskers 

Desolvation 
method 

followed by 
crosslinking 

Oral release 

At higher pH, gelatin 
relaxation increases, 

enhancing INH cumulative 
release. The addition of 

CW hinders gelatin 
swelling, reducing release 

at both acidic and basic 
pH, and contributing to 

more controlled delivery 
(Sarmah et al., 2016). 

  

Obtaining an 
inhale system 
for controlled 

release of 
INH using 

lipid-polymer 
nanoparticles 

(LPNs). 

PLGA 
(poly(lactide-
co-glycolide)) 

Double 
emulsification 

method: 
water/oil 

Oral release 

At neutral pH, both PLA 
and INH exhibit higher 
solubility, resulting in 

faster drug release 
compared to acidic pH. A 
burst release was observed 

due to the drug being 
surface-bound rather than 

encapsulated, and the 
hydrophilic nature of the 

polymer matrix (Bhardwaj 
et al., 2016a). 
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Aim of the 
Study Matrix Method of 

Preparation 
Kind of 
release Release behavior 

Study the 
release of 

INH and RIF 
(rifampicin) 
blended with 

PEO 
(polyethylene

oxide) 
filaments 

recovered by 
PLA 

(polylactic 
acid) shell 

and sealed on 
top by PVA 
(polyvinyl 
alcohol). 

PVA, PLA, 
and PEO 3D printing Oral release 

At pH 1.2, only the system 
with a sealed cap 

prevented INH release 
during the first 2 hours. 

Once the PVA cap 
dissolved, release 

accelerated rapidly, 
reaching completion 

within 5 hours (Genina et 
al., 2017). 

Study the 
influence of 
the different 
ratios of the 

copolymer in 
the 

incorporation 
and release of 

INH 

Citrate-PEG 
(Polyethylene 

glycol)-
PLGA 

copolymer 

Double 
emulsification 

method: 
water/oil/water 

Oral release 

INH release plateaued 
after 10 hours for all 

copolymer compositions. 
Higher citrate-PEG content 
led to greater cumulative 

release over time, 
attributed to the 

hydrophobic nature of 
PLGA (Gajendiran et al., 

2019).  
A study by 
atomistic 
molecular 
dynamics 

simulation of 
the 

interaction 
among 

nanoparticles 
of two 

different 
polymers and 

INH 

PLA and 
PLGA 

Computer 
simulation Oral release 

Rapid INH release 
occurred due to diffusion 

from the nanoparticle core, 
facilitated by weak drug–

polymer interactions (Stipa 
et al., 2021). 

Obtaining 
tablets for the 

release of 
INH and RIF 
in different 
pH to avoid 

drug 
interactions 

Hydroxyprop
yl cellulose 
(HPC) to 

cover INH 
and 

hydroxypropy
l 

methylcellulo
se (HMP) to 
cover RIF 

3D printing Oral release 

INH showed rapid release 
at low pH, while RIF 

exhibited slower release at 
neutral pH (Ghanizadeh 

Tabriz et al., 2021). 
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Aim of the 
Study Matrix Method of 

Preparation 
Kind of 
release Release behavior 

Encapsulate 
and release 
INH in a 

biopolymer 
matrix by a 
microfluid 
platform 

Egg white 
and 

carrageenan 

Droplet-based 
microfluidics 

bed followed by 
microwave 

irradiation for 
crosslinking. 

Oral release 

Higher irradiation power 
reduced INH release due to 

more effective 
crosslinking. Release was 
more controlled at neutral 

pH compared to acidic 
conditions (Marengo et al., 

2021). 
Development 

of 
microcapsules 
for the release 

of INH, 
verifying the 
influence of 

chitosan 
molecular 

weight. 
 

Chitosan Spray dryer Pulmonary 
release 

Non-crosslinked 
microcapsules showed 
burst release, whereas 

crosslinked ones sustained 
INH release over time 
(Oliveira et al., 2017). 

Obtaining 
INH 

incorporated 
in 

microcapsules 
for inhalable 
antitubercular 

therapy. 

Locust bean 
gum 

(polysacchari
de) 

Spray dryer Pulmonary 
release 

A burst release was 
observed, with 

approximately 90% of 
INH released within the 

first 30 minutes (Alves et 
al., 2016). 

 

Obtaining a 
system to 

release INH 
by 

transdermal 
delivery 

Elastic 
liposomes 

and gel 

Dispersion of 
INH, 

surfactants, gel, 
and crosslinked 

agent. 

Transdermal 
release 

The glass transition 
temperature (Tg) of 

surfactants influenced gel 
release behavior. 

Surfactants with Tg below 
body temperature enabled 
faster INH release due to 

increased molecular 
flexibility (Altamimi et al., 

2020). 
  

Obtaining a 
membrane of 

core-shell 
PLLA 

microfibers 
for sustained 

release of RIF 
and INH 

PLLA (poly-
L-lactic acid) Electrospinning Transdermal 

release 

At pH 7, a burst release 
was observed for both INH 

(core) and RIF (shell) in 
the nanofibers. INH 

release was lower due to 
core localization, reaching 

equilibrium within one 
hour with no further 

increase thereafter (C. Li 
et al., 2022) 
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One of the earliest reports on controlled-release systems for INH dates back to 1992. Ishino 

et al. (1992) developed a pulsatile-release system comprising a core tablet containing INH 

and a disintegrant, coated with a poorly water-permeable shell. The outer layer delayed the 

onset of drug release until the core swelled sufficiently to rupture the shell. This approach 

did not ensure controlled diffusion but allowed for delayed release by modulating the lag 

before drug liberation. 

Several technologies have been developed for the non-conventional release of INH, 

including 3D printing (Genina et al., 2017; Ghanizadeh Tabriz et al., 2021), spray drying 

(Alves et al., 2016; Oliveira et al., 2017), emulsion techniques (Bhardwaj et al., 2016b; 

Gajendiran et al., 2019), electrospinning (C. Li et al., 2022), dispersion methods (Altamimi 

et al., 2020), desolvation (Sarmah et al., 2016), and microfluidics (Marengo et al., 2021). 

These studies reflect three primary administration routes for INH delivery systems: oral 

(Bhardwaj et al., 2016b; Gajendiran et al., 2019; Genina et al., 2017; Marengo et al., 2021; 

Sarmah et al., 2016; Stipa et al., 2021), pulmonary (inhalable) (Alves et al., 2016; Oliveira 

et al., 2017), and transdermal (Altamimi et al., 2020; C. Li et al., 2022). Oral systems are 

typically evaluated at acidic and neutral pH, around 1.2 and 7.4 pH levels, respectively, 

simulating different regions of the gastrointestinal tract. Transdermal and inhaling systems 

are commonly tested at pH 7.4, either using a buffer solution or membrane-separated 

setups. 

In recent years, the most common polymeric matrices studied for INH controlled release 

include PLA (polylactic acid) (Gajendiran et al., 2019; Genina et al., 2017; Stipa et al., 

2021), chitosan (Oliveira et al., 2017), gelatin (Sarmah et al., 2016), and other biopolymers 

(Altamimi et al., 2020; Alves et al., 2016; Ghanizadeh Tabriz et al., 2021; Marengo et al., 

2021). However, from the studies reported in the literature, not all biopolymers can be 

considered for this kind of application, since several parameters affect the efficiency of 

drug release. Two factors must be taken into consideration: the interaction between the 

polymer and INH, and the mobility of the polymer chains.  

The interaction strength between isoniazid (INH) and the polymer matrix plays a key role 

in achieving sustained drug release. Stipa et al. (2021) using atomistic molecular dynamics 

simulations, found that polymers like PLA and PLGA (poly(lactide-co-glycolide)) exhibit 

weak interactions with INH, resulting in rapid diffusion from the nanoparticle core. Due to 
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INH's high affinity for water and ions through ion–dipole interactions, carriers with greater 

hydrophobicity or larger structures may be necessary to improve drug retention and reduce 

release rates. 

The mobility of polymer chains also significantly influences drug diffusion. Polymers with 

reduced mobility, either because of a higher glass transition temperature (Tg) or 

crosslinking, tend to slow down the release of INH. Studies by Altamimi et al. (2020) and 

Marengo et al. (2021) showed that surfactants or crosslinkers with high Tg values 

effectively decrease the drug release rate. Likewise, Sarmah et al. (2016) demonstrated that 

cellulose whiskers hinder gelatin swelling, thereby modulating the drug release behavior. 

Crosslinking is frequently used to mitigate burst release in hydrophilic polymer matrices 

and can be introduced chemically or via irradiation. The extent and effectiveness of 

crosslinking, strongly influenced by irradiation dose or intensity, directly affect the drug 

release profile (Marengo et al., 2021; Oliveira et al., 2017). 

Regarding the results of release tests found in the literature, most studies report a burst 

release profile, especially when the matrix and drug are both water-soluble. The release rate 

is strongly pH-dependent, with higher INH solubility and faster release generally occurring 

at neutral pH, especially in matrices such as gelatin, PLA, PVA (polyvinyl plcohol), and 

chitosan. However, certain systems show higher release in acidic media due to enhanced 

interactions between polymer chains and protons (H⁺), as seen with HPC (Ghanizadeh 

Tabriz et al., 2021)  and egg white–carrageenan biopolymers (Marengo et al., 2021). 

As discussed in this section, a variety of polymers have been explored for drug delivery 

applications, particularly in extended-release formulations. Some of these materials are 

well established and widely studied; however, their use can be limited by factors related to 

their origin, including concerns about animal-derived components, which may not align 

with certain dietary practices, religious beliefs, or ethical preferences. These considerations 

highlight the growing demand for alternative biocompatible polymers that offer broad 

acceptability and promote patient compliance (Foox & Zilberman, 2015). In this context, 

pullulan emerges as a promising candidate. Derived from renewable biomass waste, it 
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combines environmental sustainability with excellent biocompatibility, making it a strong 

contender for next-generation drug delivery systems. 

1.2.4 Pullulan in Biomedical Applications 

Pullulan, a polysaccharide biopolymer derived from microbial fermentation of biomass, 

has garnered significant attention as a versatile material for biomedical applications. Owing 

to its excellent water solubility, biocompatibility, and film-forming ability, it has been 

employed in a range of pharmaceutical formulations, including as a nanoemulsion stabilizer 

(Ferreira et al., 2015), in fast-dissolving films (Murata et al., 2010), for taste masking in 

oral drug delivery (Krieser et al., 2020), and in capsule production (Garbacz et al., 2014). 

In this thesis, the focus is on pullulan’s role as a matrix for drug delivery, particularly in 

hydrogel form. Although high solubility is beneficial for many formulations, it can cause 

undesirable burst release in controlled delivery systems, thus necessitating structural 

modification to reduce its water solubility. This happens because body fluids are mainly 

composed of water, and highly soluble polymers would be dissolved, rapidly releasing the 

drug at an uncontrolled rate. Table 1.4 presents recent studies that detail various chemical 

modification strategies used to tailor pullulan for biomedical applications.  

Table 1.4 A list of the latest papers regarding pullulan modification for bio applications 

 

Pullulan modifier 
agent Modification Application 

Acetic anhydride 

Acetylation of pullulan to produce flexible 
films (Hernandez-Tenorio; Giraldo-Estrada, 

2022). 
 

Biomaterials. 

Carboxymethyl and 
tyramine 

Crosslinking with pullulan to form hydrogels 
(F. Chen et al., 2016). 

 

Hydrogel scaffolds for 
cartilage tissue engineering. 

Dextran 
Crosslinking of pullulan by sodium 

trimetaphosphate under alkaline conditions 
to obtain hydrogels (Grenier et al., 2023). 

Hydrogel scaffolds for cell 
culture. 

Epichlorohydrin 
Water/oil emulsion crosslinking with 

pullulan to form microspheres, followed by 
succinoylation (Constantin et al., 2007). 

Microspheres for oral delivery 
of anionic drugs. 
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Pullulan modifier 
agent Modification Application 

Gelatin (via activator 
in DMSO) 

Chemical reaction between modified 
pullulan and gelatin to form hydrogels (Han; 

Lv, 2019). 
Nanogel for drug delivery. 

Glycidyl 
trimethylammonium 

chloride and 
dimethylformamide 

sulfate 

Dual modification: sulfation (negatively 
charged) and alkylation (positively charged) 

of pullulan (Dionísio et al., 2013). 

Nanoparticles for transmucosal 
protein delivery. 

Methacrylic anhydride 
Methacrylation followed by UV-induced 

crosslinking to form hydrogels (Bae et al., 
2011). 

3D-printed hydrogels for tissue 
engineering. 

Methacrylic anhydride Methacrylation and UV-crosslinking to 
produce hydrogels (Mugnaini et al., 2021). 3D printing hydrogel. 

Methacrylic anhydride 
and PEGDA 

(polyethylene glycol 
diacrylate) 

Methacrylation and crosslinking with 
PEGDA under UV light (Della Giustina et 

al., 2019). 

3D-printed hydrogel scaffolds 
for tissue engineering. 

Methacrylic anhydride 
and PEGDA 

Copolymerization of methacrylated pullulan 
and PEGDA to form hydrogels (Qin et al., 

2021). 

Hydrogels for cartilage repair 
and regeneration. 

Methacrylic anhydride 
and beta-cyclodextrin 

Methacrylation followed by conjugation with 
β-cyclodextrin and UV-crosslinking 

(Nonsuwan et al., 2023). 

Hydrogels for curcumin-
controlled release in wound 

healing. 

Monochloroacetic 
acid. 

Carboxymethylation of pullulan in 
isopropanol/NaOH medium (Bera et al., 

2020). 

ZnO-based nanocomposites for 
delivery of erlotinib (anti-

cancer drug). 
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Pullulan modifier 
agent Modification Application 

PVA (polyvinyl 
alcohol) 

Emulsion crosslinking technique (Soni; 
Ghosh, 2017). 

Controlled release of 
pirfenidone for pulmonary 

fibrosis. 

Spermine Chemical conjugation with pullulan in 
DMSO (Seki et al., 2008). 

Enhancing pulmonary insulin 
absorption. 

S. foetida 
Water-in-oil emulsification and crosslinking 

with pullulan to produce microparticles 
(Hadke; Khan, 2021). 

Microparticles for controlled 
release of amoxicillin. 

2-
(Butoxymethyl)oxirane 

Grafting onto pullulan to create hydrophobic 
nanoparticles (Bostanudin et al., 2021). 

Nanocarriers for percutaneous 
delivery. 

 

To reduce its solubility and enhance its performance in drug delivery systems, pullulan can 

be either physically blended with other polymers (De Arce Velasquez et al., 2014; Göttel et 

al., 2020; Priyadarshi et al., 2021; Vishwanath et al., 2012) or chemically modified. The 

latter strategy, especially crosslinking and functional group modification, is more widely 

applied in biomedical fields. These include crosslinking agents such as epichlorohydrin or 

methacrylic anhydride as well as functionalization with charged or hydrophobic groups to 

adjust solubility, mechanical strength, and biofunctionality. 

Among these strategies, methacrylation of pullulan using methacrylic anhydride (MA), first 

reported by Bae et al. (2011), has been extensively studied. This modification introduces 

methacrylate groups that can undergo UV-induced crosslinking to form hydrogels (Figure 

1.5).  

 

Figure 1.5 Reaction scheme of pullulan and methacrylic anhydride 
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The reaction is typically carried out in aqueous solution at pH 8 and 5 °C, where MA reacts 

preferentially with the hydroxyl group at the C6 position due to steric accessibility. The 

extent of substitution, or methacrylation degree, depends on the initial MA concentration 

and is generally quantified by ¹H-NMR analysis. However, the methodology for this 

quantification varies significantly between studies (Table 1.5), making direct comparison 

challenging. 

Table 1.5 Methacrylation degree calculation and results of different references in the 
literature 

 

Reference Methacrylation degree 
calculation Equation 

Initial 
amount of 

MA 

Methacrylation 
degree 

(Bae et al., 
2011) 

The ratio between the area 
under the peaks 1.8-2.0, 5.7-

5.9, and 6.1-6.3 (from 
methacrylate group), by the 
area under the peaks 3.3-4.1, 

4.9-5.0, and 5.2-5.5 (from 
pullulan). 

No provided. 

0.25% (v/v) 3.6% 

0.5% (v/v) 6.4% 

1.50% (v/v) 16.5% 

(Della 
Giustina et al., 

2019) 

Area under the peaks 
1.85, 5.7–5.9, 6.1–6.3 ppm 

(IMA corresponding to all the 
protons from methacrylic) 

divided by the area under the 
peaks 3.3–4.1, 4.8– 

5.0, 5.2–5.5 ppm (IPul is the 
integral of all pullulan 

protons). 

ܦܯ = 100 ∙ 7 ∙ ெ஺5ܫ ∙  ௉௨௟ܫ
 

0.5% (v/v) 3.38% 

(Mugnaini et 
al., 2021) 

Area under the peak 1.90 ppm 
divided by the area under the 

peaks 4.02-3.35 ppm. 

=ܦܨ 6 ∙  ସ.଴ଶିଷ.ଷହ ௣௣௠ 0.5% (v/v) 27%ܫଵ.ଽ଴ ௣௣௠ܫ

(Qin et al., 
2021) 

Integral ratio between 5.71-
6.28 double bond peak and 

4.92-5.51 ppm pullulan 
backbone. 

No provided. 54% (w/w) 10% 

(Nonsuwan et 
al., 2023) 

Area under the peaks 5.71-
6.15, 5.25, and 5.56 ppm 

divided by the area under the 
peaks at 5.38-4.44 ppm 
(anomeric protons of 

pullulan). 

No provided. 1.875% (w/v) 38.2% 
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Following modification, the methacrylated pullulan (PulMA) is typically dissolved in water 

or DMSO along with a photoinitiator, such as Irgacure 2959. Upon UV exposure, the 

photoinitiator generates radicals that initiate crosslinking via the methacrylate double 

bonds, forming a hydrogel network (Figure 1.6). 

 

Figure 1.6 Reaction scheme of PulMA hydrogel 

 

PulMA hydrogels have been explored primarily for tissue engineering and drug delivery 

systems. Key characterizations for these applications include swelling behavior, 

cytotoxicity, and cell adhesion. Swelling is directly related to the pore structure and 

crosslink density of the hydrogel, and it plays a crucial role in modulating drug release 

kinetics. Studies show that both the initial PulMA concentration and methacrylation degree 

inversely affect swelling, where more densely crosslinked networks swell less and 

consequently release less drug (Bae et al., 2011; Nonsuwan et al., 2023). 

From a biological perspective, PulMA hydrogels are non-toxic, as demonstrated in multiple 

cytocompatibility studies (Bae et al., 2011; Nonsuwan et al., 2023; Qin et al., 2021). 

However, cell adhesion and proliferation on unmodified PulMA surfaces are typically low. 

This limitation can be addressed by incorporating adhesion-promoting biopolymers, such 

as GelMA (gelatin methacrylate), or by blending with proteins, as shown by Bae et al. 

(2011) and Della Giustina et al. (2019). 

In summary, modifying pullulan with methacrylic anhydride provides a robust and tunable 

platform for developing hydrogels with tailored swelling, mechanical, and biological 

properties, suitable for use in advanced drug delivery systems and regenerative medicine. 



 

CHAPTER 2  
 

OBJECTIVES 

Based on the findings presented in the literature review, the main objective of this work is 

to develop controlled drug delivery (DD) systems for tuberculosis treatment by 

investigating two distinct platforms for the release of isoniazid (INH): clay-based carriers 

and pullulan-based hydrogels. The specific objectives are: 

1. To develop a clay-based drug delivery system, through: 

a. Characterizing clay physicochemical properties, including pore volume, 

to understand their influence on INH incorporation and release. 

b. Evaluation of process parameters such as pH and drug concentration, as 

well as the spatial distribution of INH within clay agglomerates, and how these 

factors affect the release profile. 

c. Investigation of the role of clay surface charge on INH adsorption and 

release dynamics. 

2. To develop a pullulan-based hydrogel system, through: 

a. Assessment of the reproducibility of the pullulan modification reaction 

under laboratory-scale conditions. 

b. Analysis of hydrogel rheological properties, particularly crosslinking 

density and UV exposure time, to understand their effects on gel structure. 

c. Evaluation of hydrogel swelling behavior and the corresponding INH 

release kinetics. 



 



   

CHAPTER 3  
 
 

METHODOLOGY 

This chapter describes the experimental procedures and techniques employed to achieve 

the objectives of this study. It is organized into three main parts. The first section presents 

the materials used throughout the project. The second details the characterization 

techniques applied to evaluate the physical and chemical properties of the selected 

materials. The third section outlines the experimental protocols used to develop the drug 

delivery systems, divided into two parts: (i) the preparation and testing of clay-based 

systems for isoniazid (INH) adsorption and release, and (ii) the chemical modification of 

pullulan, hydrogel formation, and evaluation of its performance as an INH delivery 

platform. 

To address the objectives of this thesis, two complementary methodological approaches 

were followed: one centered on clay-based carriers and the other on pullulan-based 

hydrogels. Methodology 1 investigates clays as potential vehicles for the controlled release 

of isoniazid (INH), including the analysis of physicochemical properties (Chapter 4), the 

effects of environmental and process parameters such as pH and drug concentration 

(Chapter 5), and the role of surface charge in drug-clay interactions (Chapter 6). 

Methodology 2 focuses on the development of a hydrogel system based on chemically 

modified pullulan, covering the reproducibility of the modification process, the analysis of 

rheological behavior (e.g., crosslinking density and UV exposure time), and the evaluation 

of swelling and drug release performance (Chapter 7). 

The schematic (Figure 3.1) visually summarizes how each methodological path is linked to 

the thesis objectives and how the corresponding experimental chapters contribute to the 

development of robust INH delivery systems. 
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Figure 3.1 Methodological framework for the development of isoniazid delivery systems, 
highlighting the experimental steps and corresponding thesis chapters for each approach 

 

3.1 Materials 

Isoniazid (INH), sodium phosphate (NaHPO₄), sodium chloride (NaCl), sodium hydroxide 

(NaOH), and hydrochloric acid (HCl, 37% solution) were purchased from Sigma-Aldrich 

(USA) and used without further purification. Dimethyl sulfoxide (DMSO) (99.9%), 

IRGACURE 2949, a UV-sensitive photoinitiator, and methacrylic anhydride, used to 

chemically modify pullulan by introducing crosslinkable methacrylate groups, were also 
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obtained from Sigma-Aldrich. Ethyl alcohol anhydrous from commercial alcohols 

(Canada).   

Details of the clay samples used in this study are presented in Table 3.1. Cloisite® and 

Laponite® are commercial smectite clays kindly supplied by BYK Additives and 

Instruments (Germany). The remaining samples are natural, unmodified clays. To obtain 

the VR, VVm, and VVd samples, a raw smectite from the northeastern region of Brazil 

(Vitória da Conquista, Bahia) was used. The clay was dispersed in water (15% w/w) and 

homogenized at 14,000 rpm for 20 minutes. After resting, the dispersion spontaneously 

separated into three visually distinct phases, which were carefully collected and labeled as 

VR, VVm, and VVd (de Carvalho Arjona et al., 2024; Silva-Valenzuela et al., 2018). 

Table 3.1 Clay Samples Used in This Study: Acronym, Name, Type, and Country of 
Origin 

Acronym Name Type Country / Supplier 

CL Cloisite Natural clay United States / BYK Additives and 
Instruments 

LP Laponite Synthetic clay United States / BYK Additives and 
Instruments 

VL Verde Lago Raw clay Argentina 
VC Verde Claro Raw clay Brazil 
VR Verde Rosa Raw clay Brazil 

VVm Verde Vermelho Raw clay Brazil 
VVd Verde Verde Raw clay Brazil 

 

Pullulan (food grade, Mₙ ≈ 134,000 g/mol, Mw ≈ 807,000 g/mol), a water-soluble and 

biodegradable polysaccharide commonly used in biomedical applications, was provided by 

Nagase (Japan). 

3.2 Characterization Techniques 

This section presents the characterization techniques employed throughout the 

development of the drug delivery systems proposed in this work. Some techniques were 

applied across multiple stages of the study to ensure methodological consistency, while 

others were used in specific steps depending on the material or objective. To facilitate the 

reader’s understanding of when and why each technique was used, Table 3.2 provides a 
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summary of the techniques, their purposes, and the corresponding chapters in which they 

were applied. 

Table 3.2 Characterization techniques used in this study, with their respective purposes 
and chapters of application 

 

Characterization 
Techniques Chapter 4 Chapter 5 Chapter 6 Chapter 7 

XRD 

Used to analyze 
the mineralogical 
composition of 

clays and 
evaluate INH 

incorporation and 
structural 

changes after 
drug loading. 

 

Evaluate INH 
incorporation 

Evaluate INH 
incorporation – 

XRF 

Determine the 
elemental 

composition of 
pristine clays and 

chemical 
analysis. 

 

– – – 

ICP-OES 
Quantify Pb and 

Cd content. 
 

– Quantify Pb, Cd, 
and Li content – 

N₂ Adsorption/ 
Desorption 

Determine clay’s 
surface area, pore 
volume, and pore 

type. 
 

– – – 

FTIR 

Identify shifts in 
vibrational 

modes due to 
interactions 

between INH and 
clay. 

 

Identify shifts in 
vibrational 

modes due to 
INH-clay 

interactions 

Identify changes 
in vibrational 

modes of certain 
bonds due to 
interactions 

Confirm chemical 
modification of 
pullulan after 
reaction with 
methacrylic 
anhydride 

TGA 

Assess the 
thermal stability 
and mass loss of 
pristine clay and 
hybrid to verify 

INH 
incorporation 

Evaluate mass 
loss to confirm 

INH 
incorporation 
into hybrids 

Evaluate the 
mass loss of 

pristine clay and 
hybrid 

Assess thermal 
decomposition of 
pullulan, PulMA 

films, and 
hydrogels 

Zeta Potential 

Evaluate the 
surface charge of 
VVd at pH 2 and 

7. 
 

Evaluate surface 
charge of CL and 
LP at pH 2 and 7 

– – 
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Characterization 
Techniques Chapter 4 Chapter 5 Chapter 6 Chapter 7 

UV-Vis 
Spectrophotometry 

Quantify INH in 
adsorption and 
release tests. 

 

Quantify INH in 
adsorption and 
release tests. 

Quantify INH in 
adsorption and 
release tests. 

Quantify INH 
released from 

hydrogels 

¹H NMR – – – 

Confirm the 
degree of 
pullulan 

modification with 
methacrylic 
anhydride. 

 

Rheology – – – 

Analyze UV-light 
exposure time 

and crosslinking 
density to 

evaluate hydrogel 
structure. 

 

Swelling Test – – – 

Determine 
swelling behavior 
and INH release 

capacity of 
pullulan-based 

hydrogels. 
 

UV-vis spectroscope 

Measure the 
amount of INH 

intake and 
release by clays. 

Measure the 
amount of INH 

intake and 
release by clays. 

Measure the 
amount of INH 

intake and 
release by clays. 

Measure the 
amount of INH 

release by 
hydrogels. 

 

This structure allows the reader to follow the logical flow of the experimental design and 

its connection to the thesis objectives. It also highlights the scientific rigor of the work: the 

techniques used in Chapters 4, 5, and 6 support already published results. Chapter 7 

presents new, unpublished data that builds on previous findings and highlight directions for 

future research. The results are being prepared for manuscript submission. 

The detailed parameters and experimental conditions for each technique are described in 

the following subsections. 
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3.2.1 X-ray Diffraction (XRD)  

The mineralogical composition of clay particles was determined by X-ray diffraction 

(XRD) using a Malvern Panalytical Empyrean DY-2516 diffractometer equipped with a Cu 

Kα radiation source. For structural identification, scans were recorded in the 2θ range of 

2.5°–90° at a step size of 0.004°/min. Crystalline phases were identified by comparison 

with standard patterns from the International Centre for Diffraction Data (ICDD) and the 

Inorganic Crystal Structure Database (ICSD). 

To assess whether INH was intercalated into the interlayer space of clays, additional XRD 

scans were performed in the 2θ range of 3°–30° at a step size of 0.013°/min. 

3.2.2 X-ray Fluorescence (XRF) 

Quantitative chemical analysis of pristine clays was performed by X-ray fluorescence 

(XRF) using a Zetium Malvern Panalytical instrument. Lithium tetraborate-fused pellets 

were used to assess the major oxides present, including SiO₂, Al₂O₃, Fe₂O₃, MnO, MgO, 

CaO, Na₂O, K₂O, TiO₂, and P₂O₅. The loss on ignition (LOI) was measured by gravimetric 

analysis after heating at 1020 °C for 2 hours, as described by Ulsen et al. (2019).  

3.2.3 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

Trace elemental analysis of Pb and Cd in clay samples was conducted using an iCAP 6300 

Duo ICP-OES system (Thermo Scientific), following multi-acid digestion. 

3.2.4 Nitrogen Adsorption/Desorption (N2 Isotherms)  

Specific surface area and pore structure were evaluated via low-pressure N₂ 

adsorption/desorption isotherms at 77 K using a Micromeritics ASAP 2020 Plus system. 

Measurements were recorded over a relative pressure range of P/Po = 0.05–1.0 (Shah et al., 

2013). Surface area was calculated using the BET method; pore volume and pore diameter 

were derived from the BJH model (David Avnir & Mieczyslaw Jaroniec, 1989). Pore types 

were interpreted based on isotherm shapes (Sing et al., 1985). Before analysis, samples 

were oven-dried at 90 °C for 48 hours, stored in vacuum desiccators for 3 days, and 

degassed at 200 °C for 12 hours. 
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3.2.5 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were recorded using a PerkinElmer Spectrum Two spectrometer to analyze 

the interaction between INH and clay and to confirm pullulan modification. Spectra were 

acquired in the 4000–600 cm⁻¹ range with a resolution of 4 cm⁻¹ and 10 scans. 

3.2.6 Thermogravimetric Analysis (TGA) 

TGA was carried out using a Pyris Diamond TG/DTA analyzer (PerkinElmer). Mass loss 

was measured under an air flow of 100 mL/min, from 40 to 800 °C for clays and INH-clay 

hybrids, and from 40 to 600 °C for pure INH. The heating rate was 10 °C/min. 

3.2.7 Differential Scanning Calorimetry (DSC) 

DSC measurements were performed with a DSC 2500 TA Discovery instrument under a 

nitrogen atmosphere (50 mL/min). Samples were sealed in hermetic aluminum pans and 

heated from 40 to 230 °C at a rate of 10 °C/min. 

3.2.8 Zeta Potential 

The surface charge of CL, LP, and VVd was measured using a Malvern Zetasizer Nano 

system. Dispersions (0.1% w/v) were prepared at pH 2 and 7, then sonicated for 10 minutes. 

For each clay, three independent aliquots were measured, and each was tested in triplicate. 

3.2.9 1H Nuclear Magnetic Resonance (1H-NMR) 

¹H NMR analysis was performed to confirm the modification of pullulan by methacrylic 

anhydride. Samples were dissolved in deuterium oxide (D₂O) at 0.8 mg/mL, and spectra 

were recorded using a Bruker Ultrashield 300 (300 MHz) spectrometer. 

3.2.10 Rheological Analysis 

Rheological measurements were performed using an Anton Paar Physica MCR 301 

rheometer with a plate-plate geometry (gap: 0.1 mm, strain: 1%, frequency: 1 rad/s). PulMA 
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solutions (10% and 20% w/v) were analyzed in the linear viscoelastic range. A UV lamp (λ 

= 360 nm) was used to initiate crosslinking, and changes in the storage (G′) and loss (G″) 

moduli were monitored over 15 minutes. An additional set of samples (0.5% w/v PulMA) 

was exposed to UV for 1 or 10 minutes, followed by rheological testing to assess post-

exposure effects. All experiments were conducted in triplicate. 

3.2.11 Hydrogel Swelling Test 

Swelling behavior was assessed by immersing dried hydrogels in phosphate buffer (pH 7.4) 

for 24 hours. The samples were air-dried for 48 hours, weighed (Wd), and then submerged 

in the buffer. After 24 hours, swollen weights (Ws) were recorded. The swelling ratio was 

calculated using the equation (3.1), and all measurements were performed in triplicate. 

(%) ݋݅ݐܽݎ ݈݈݃݊݅݁ݓܵ = ௦ܹ − ௗܹௗܹ ∙ 100 

 
(3.1) 

  
3.2.12 Ultraviolet Spectroscopy (UV-vis) 

UV-Vis spectroscopy was employed to quantify the concentration of isoniazid (INH) in 

adsorption and release studies from both clays and pullulan-based hydrogels. All 

measurements were performed using an Agilent Cary 60 UV-Vis spectrophotometer. To 

ensure accurate quantification across different pH environments, four calibration curves 

were generated based on the absorbance of INH at varying concentrations and wavelengths, 

depending on the solution pH. These curves were used to correlate absorbance (Abs) with 

INH concentration (C) for each experimental condition. The calibration equations 

(equations (3.2), (3.3), (3.4), and (3.5)), their respective wavelengths, and corresponding 

pH values are presented in Table 3.3.  
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Table 3.3 Calibration curves used for INH quantification at different pH levels and 
wavelengths 

 

INH solution Wavelength (nm) Calibration Curve Equation Equation Label 
Deionized water 263 ݏܾܣ = 3.820 ∙ ଶܴ,ܥ = 1.000 (3.2) 
pH 2.0 (buffer) 265 ݏܾܣ = 4.783 ∙ ଶܴ,ܥ = 0.999 (3.3) 
pH 6.8 (buffer) 261 ݏܾܣ = 3.631 ∙ ଶܴ,ܥ = 0.999 (3.4) 
pH 7.4 (buffer) 261 ݏܾܣ = 3.511 ∙ ଶܴ,ܥ = 0.999 (3.5) 

 

3.3 Experimental Protocols 

3.3.1 Clay Pre-Treatment And Fraction 

As previously described, the VR, VVm, and VVd samples were obtained from a raw 

smectite clay sourced from the northeastern region of Brazil (Vitória da Conquista, Bahia). 

The raw clay was dispersed in deionized water at 15% (w/w) and homogenized using a 

high-shear mixer at 14000 rpm for 20 minutes to form a uniform suspension. 

After resting undisturbed, the dispersion spontaneously separated into three visually 

distinct phases, which were carefully decanted and collected. These fractions were labeled 

as VR, VVm, and VVd, based on their coloration and settling behavior (De Carvalho Arjona 

et al., 2024; Silva-Valenzuela et al., 2018). To ensure phase stability, each fraction was 

gently stirred at 1500 rpm and allowed to rest overnight. No further visible separation 

occurred, confirming the reproducibility of the fractionation process. 

Following separation, each clay fraction was dried at 60 °C, ground, and passed through a 

200-mesh sieve to ensure uniform particle size. The processed samples were then stored in 

sealed containers at room temperature until further use. 

3.3.2 Adsorption Kinetic Studies 

Adsorption experiments were conducted to evaluate the isoniazid (INH) uptake over time 

by various clay samples. Each test was performed in triplicate. In each experiment, 25 mL 

of a 4% (w/w) aqueous dispersion of the clay sample was stirred magnetically at 1550 rpm 
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for 15 minutes. Subsequently, 25 mL of an aqueous INH solution (0.02 mol/L) was added. 

This concentration was selected to remain below the estimated monolayer adsorption 

capacity of smectites, as suggested by Carazo et al. (2018b). The mixtures were stirred for 

six-time intervals: 0.75, 1.5, 3, 6, 12, and 24 hours, to determine the equilibrium time for 

INH adsorption. At the end of each interval, the samples were centrifuged at 5000 rpm in a 

Sorvall ST 16 ThermoScientific centrifuge, and the supernatant was analyzed using UV-

Vis spectroscopy. The remaining solid was dried at 60 °C and stored for further analysis 

(XRD, FTIR, and TGA). 

The amount of incorporated INH per gram of clay (nab) was calculated based on the 

difference between the initial INH concentration (Qi) and the residual concentration in the 

supernatant (Qm), as shown in equation (3.6), both were measured by a UV-vis 

spectrometer. 

݊௔௕ =  ொ೔ିொ೘௠    (3.6) 

To assess the kinetics of INH adsorption onto the clay particles, the experimental data were 

fitted to three kinetic models: pseudo-first order (PFO), pseudo-second order (PSO), and 

adsorption-diffusion model (ADM) given by the equations (1.4), (1.5), and (1.6), 

respectively. 

3.3.3 Clay Drug Adsorption Isotherms 

Adsorption isotherm experiments were performed using three clay samples: Cloisite® 

(CL), Laponite® (LP), and VVd. Tests were conducted at two pH levels (pH 2 and pH 7) 

to evaluate the influence of acidity on drug–clay interactions. A fixed amount of dry clay 

(0.1 g) was enclosed within a cellulose dialysis membrane (cut-off: 14,000 Da) and 

immersed in 10 mL of INH solutions with varying concentrations ranging from 68.5 to 

3082.5 mg/L (0.5 to 22.5 mmol/L). 

The systems were stirred magnetically for 3 hours, based on the equilibrium time 

determined in kinetic studies (de Carvalho Arjona et al., 2024). Following incubation, the 

residual INH concentration in the solution was quantified using UV-Vis spectroscopy, 

referencing the appropriate calibration curves at each pH (see (3.2) and (3.3)). 
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The amount of INH incorporated per gram of clay (nab) was calculated using equation (3.6), 

as previously described. Experimental isotherm data were expressed as nab versus Cₑ, where 

Cₑ represents the equilibrium concentration of INH in solution. The resulting curves were 

fitted to the Langmuir and Freundlich isotherm models using nonlinear regression, based 

on the minimization of the sum of squared residuals (SSR) for each model. 

Model fitting accuracy was evaluated by calculating the sum of squared residuals (SSR), 

defined as equation (3.7). Where qi,exp and qi,model are, respectively, the experimental and 

model-predicted adsorption values: 

ܴܵܵ = ∑ ൫ݍ௜,௘௫௣ − ௜,௠௢ௗ௘௟൯ଶ௠௜ୀଵݍ    (3.7) 

For the Langmuir model, the separation factor (RL) was also calculated (3.8) to assess the 

favorability of the adsorption process at each pH. Where Qm is the theoretical maximum 

adsorption capacity (mmol/g) and KL is the Langmuir constant related to adsorption affinity 

(L/mmol): 

ܴ௅ = ଵଵାொ೘௄ಽ  (3.8) 

 

3.3.4 Kinetic Drug Release Test 

Two different INH release protocols were developed to assess the drug release kinetics from 

clay–INH hybrids and pullulan hydrogels: 

1. Single-pH exposure test: Samples were immersed in a buffer of fixed pH to 

evaluate release under constant environmental conditions. For clay-based 

systems, the test duration was set to 5 hours, while for pullulan hydrogels, 

release was monitored for 8 hours to assess the influence of pH on the release 

profile. 
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2. Simulated gastrointestinal (GI) release test: A sequential pH-shift protocol was 

implemented to simulate oral drug delivery. The sample was immersed for 2 

hours in pH 2.0 buffer (gastric environment), followed by 2 hours in pH 6.8 

buffer (proximal small intestine), and finally 4 hours in pH 7.4 buffer (distal 

small intestine), for a total of 8 hours (480 minutes). 

In both protocols, 100 mg of clay–INH hybrid or pullulan hydrogel was placed inside a 

cellulose dialysis membrane (molecular weight cut-off: 14,000 Da). The dialysis bags were 

immersed in 50 mL of the appropriate buffer solution under magnetic stirring. The release 

medium was sampled after 10 minutes, and subsequently at 30-minute intervals. After each 

withdrawal, the volume was maintained constant by replenishing with fresh buffer. 

Buffer solutions were prepared based on the formulation by Almeida et al. (2019), as 

follows: 

 pH 2.0: 1 g NaCl + 0.5 mL HCl in 1000 mL deionized water. 

 pH 6.8: 0.4 g NaOH + 2.0 g NaH₂PO₄·H₂O + 3.1 g NaCl in 1000 mL deionized 

water. 

 pH 7.4: pH 6.8 solution adjusted with 2.5 mol/L NaOH. 

All experiments were conducted in triplicate. 

3.3.4.1 Similarity Factor (f₂) Comparison 

To compare the release profiles of different clays, the similarity factor (f₂) was calculated 

using equation (3.9). This metric evaluates the closeness between two dissolution curves 

and is widely accepted by the FDA and EMA for pharmaceutical comparison. Two profiles 

are considered similar when f₂ lies between 50 and 100 (Muselík et al., 2021; Tekmen et 

al., 2006). 

ଶ݂ = 50 ∙ ݃݋݈ ቐ൥1 + 1݊෍(1ܥ௧ − 2௧)ଶ௡ܥ
௧ୀଵ ൩ି଴.ହ ∙ 100ቑ 

(3.9) 

Where: 
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 C₁ₜ, C₂ₜ = percentage of drug released at time t from systems 1 and 2 

 n = number of time points sampled 

3.3.4.2 Mathematical Modeling of Release Kinetics 

The experimental release data were fitted to three commonly used drug release models to 

describe the release mechanism: zero order model (1.1), Higuchi model (1.2), and 

Korsmeyer–Peppas model (1.3). 

3.3.5 In Vitro Cytotoxicity Assays 

In vitro assays were performed by the students of Professor Dayane Tada at the 

Universidade Federal de São Paulo (UNIFESP) to assess the cytotoxicity of the VVd clay 

and its corresponding INH-loaded hybrid (VVd–INH). The tests were conducted using 

L929 fibroblast cells following the indirect contact method outlined in ISO 10993-5:2009. 

Sample extracts were prepared in Dulbecco’s Modified Eagle Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS), by suspending the powders at a 

concentration of 0.2 g/mL, as recommended by ISO 10993-12:2007 for irregularly shaped 

powder materials. Cell culture medium without any sample served as the negative control 

and was maintained under the same incubation conditions. 

L929 cells were seeded at a density of 0.25 × 10⁴ cells/well in 96-well plates containing 

DMEM supplemented with 10% FBS (v/v), 0.1 g/L streptomycin, and 0.025 g/L ampicillin. 

After reaching 80% confluence, cells were exposed to the extracts and incubated for 24 

hours at 37 °C in a humidified atmosphere with 5% CO₂. 

Cell viability was assessed using the MTT assay. After incubation, the medium was 

aspirated, and each well was rinsed with phosphate-buffered saline (PBS, pH 7.0). Then, 

100 μL of MTT solution (0.5 mg/mL in PBS) was added to each well. The cells were 

incubated for 3 hours to allow for formazan crystal formation. Subsequently, the MTT 

solution was replaced with 100 μL of DMSO to solubilize the crystals. After 30 minutes of 
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gentle shaking, absorbance was measured at 480 nm using a microplate reader (BioTek 

Synergy 2). 

Cell viability (%) was calculated using (3.10), with the absorbance of the negative control 

(untreated cells) considered as 100% viability. Where Abssample is the absorbance at 480 nm 

for sample-treated cells and Abscontrol is the average absorbance at 480 nm for negative 

control wells. 

(%) ݕݐ݈ܾܸ݅݅ܽ݅ ݈݈݁ܥ = ௖௢௡௧௥௢௟ݏܾܣ௦௔௠௣௟௘ݏܾܣ ∙ 100 (3.10) 

The assay was performed in quintuplicate. 

L929 fibroblasts were chosen due to their widespread use in biocompatibility testing, as 

recommended by ISO 10993 standards. Their rapid proliferation and consistent response 

facilitate reproducible and comparative assessments. Moreover, as fibroblasts are involved 

in tissue remodeling and wound healing, their use is relevant for evaluating materials 

intended for tuberculosis-related applications, which may involve inflammatory and 

fibrotic tissue environments. 

3.3.6 Pullulan Modification 

Pullulan was chemically modified with methacrylic anhydride (MA) following the 

procedure described by Bae et al. (2011), with minor adaptations. To verify reproducibility, 

the reaction was performed in triplicate. 

Initially, pullulan was dissolved in a pH 8.0 phosphate buffer and left under constant stirring 

at room temperature for approximately 24 hours. The solution was then cooled in an ice 

bath for 1 hour, reaching a temperature of approximately 5 °C. Following this, the desired 

volume of methacrylic anhydride was added dropwise under continuous stirring. 

The pH was monitored hourly and maintained at 8.0 using a 2.5 mol/L NaOH solution when 

necessary to adjust the solution pH level. The reaction was considered complete when the 

pH stabilized at 8.0 over two consecutive measurements. The concentration of MA and the 

corresponding reaction times are shown in Table 3.4. 



45 

 

 

 

Table 3.4 Conditions of pullulan modification reactions and corresponding sample labels 

 

Amount of MA (v/v) Reaction time (hours) Modified pullulan name 

0.5% 15 ± 1 PulMA 0.5% 
 

1.5% 35 ± 4 PulMA 1.5% 
 

3.0% 49 ± 2 PulMA 3.0% 

 

After the reaction was completed, the PulMA solution was dried under vacuum at room 

temperature. The resulting film was then dissolved in DMSO at 18% (w/v) and stirred for 

24 hours. This solution was slowly precipitated in cold ethanol (10:1 (v/v)), and the 

precipitated product was subsequently dried under vacuum. The precipitation and drying 

steps were repeated once to improve purification. The final product was dialyzed against 

distilled water for five days to remove residual DMSO and ethanol, followed by vacuum 

drying at room temperature to form casting films. These films were characterized by FTIR 

and 1H-NMR analyses. 

3.3.7 Pullulan-Based Hydrogels 

Hydrogels were synthesized from each PulMA formulation using a standardized 

photopolymerization method. PulMA was dissolved in deionized water under magnetic 

stirring for 6 hours to obtain 10% and 20% (w/v) solutions. Subsequently, 1% (w/w) of the 

photoinitiator IRGACURE 2949 was added, and the mixture was stirred for an additional 

12 hours to ensure homogeneity. 

Aliquots of 0.2 mL of each PulMA solution were then cast into Petri dishes and exposed to 

UV light (λ = 365 nm) for 15 minutes. The resulting hydrogels were left to air dry at room 

temperature for at least 48 hours, until their weight stabilized. To calculate the hydrogels' 

crosslinking density (ߜ௖௥௢௦), the rubber elasticity theory was used, (3.11). Where G’ is the 

storage modulus (Pa), R is the universal gas constant, and T is the temperature (K). 
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௖௥௢௦ߜ = ܴ′ܩ ∙ ܶ (3.11) 

3.3.8 INH Loaded Pullulan-Based Hydrogels 

INH was incorporated into the pullulan hydrogels following the same procedure described 

in Section 3.3.7, with the addition of isoniazid directly into the PulMA solution before 

photo crosslinking. A drug loading ratio of 1% and 5% (w/w) relative to the total polymer 

mass was used. The INH-loaded solution was then processed under identical conditions to 

form drug-loaded hydrogels. 

3.3.9 Additional Experiments Consideration 

Negative controls were included in all experimental designs to ensure proper baseline 

comparisons. In release tests, unloaded clay and hydrogel samples were used under 

identical conditions. For cytotoxicity assays, both unloaded VVd and INH alone were 

evaluated alongside the VVd–INH hybrid. Blank matrices were also characterized 

separately by FTIR, TGA, XRD, and swelling tests to isolate material behavior from drug-

related effects. 

Statistical analysis of quantitative results was performed using ANOVA (p < 0.01) single 

factor, with data processed in Microsoft Excel. All experiments were conducted in triplicate 

or quintuplicate and reported as mean ± standard deviation. 

While INH degradation was not directly monitored, UV-Vis scans showed no shift in the 

absorbance spectrum during testing, and all incorporation and release samples were 

analyzed on the same day to minimize degradation risks. UV-Vis calibration curves were 

validated within their linearity range using Agilent software. 

To ensure reproducibility, all pullulan modifications were synthesized in triplicate and 

characterized individually via ¹H NMR, FTIR, and swelling analysis. All hybrid and 

polymeric samples were stored in airtight containers at –15 °C and protected from light 

prior to testing. 
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4.1 Introduction 

This chapter is based on the work published in Applied Clay Science (de Carvalho Arjona 

et al., 2024) and addresses the first research objective: to develop a clay-based drug delivery 

system, through characterizing clay physicochemical properties, including pore volume, to 

understand their influence on INH incorporation and release. 

In general, drug adsorption onto clays involves the diffusion of molecules across the 

particle surface, migration into internal pores, and interaction with functional sites. These 

interactions may occur through cation exchange in the interlamellar regions, resulting in 

increased basal spacing, or via hydrogen bonding and van der Waals forces in the inter-

tactoid voids. While such mechanisms are well documented (Reinholdt et al., 2013; Tan & 

Hameed, 2017; Zhu et al., 2016), the role of clay pore volume in controlling drug release 

remains underexplored in pharmaceutical applications. Most prior investigations have 

focused on gas adsorption in shale materials (Feng et al., 2018; X. Wang et al., 2020). 

In this chapter, we demonstrate that pore volume significantly affects INH release kinetics, 

suggesting that this often-overlooked property should be considered in the rational design 

of clay-based drug delivery systems (Kiaee et al., 2022). 
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4.2 Results and Discussion 

4.2.1 Clay Sample Characterization 

The chemical composition and mineralogical profiles of the seven clay samples used in this 

study are summarized in Table 4.1. All samples are based on smectite clays, with accessory 

minerals such as kaolinite, quartz, calcite, albite, and gibbsite present in the natural raw 

samples. Among them, VL, VC, VR, VVm, and VVd showed variable accessory mineral 

content, while the commercial clays, Cloisite® (CL) and Laponite® (LP), were 

comparatively purer. 

LP presented the most distinct chemical composition, consistent with its classification as a 

synthetic clay of the hectorite group (BYK Additives & Instruments, 2014). Unlike 

montmorillonite, which is rich in Al₂O₃ and Fe₂O₃, hectorite has a predominance of MgO 

in the octahedral sheet, partially substituted by Li₂O  (Brigatti et al., 2006). This structural 

difference explains the significantly lower Al₂O₃ and Fe₂O₃ contents observed in LP. 

Importantly, all clay samples exhibited minimal levels of potentially toxic elements such 

as Mn, Ti, P, Pb, and Cd, supporting their suitability for biomedical applications, 

particularly in drug delivery systems. 
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Table 4.1 Clay mineral phases, oxide composition, and pore volumes of the studied clay 
samples 

 

Analyte CL LP VL VC VR VVm VVd 

Clay 
minerals Smectite Smectite 

Smectite, 
kaolinite, 
quartz, 
calcite 

Smectite, 
quartz, 
albite, 

gibbsite 

Smectite, 
kaolinite 

Smectite, 
kaolinite 

Smectite, 
kaolinite 

SiO2 (%) 59.50 58.30 61.60 56.20 55.20 56.10 56.20 
Al2O3 (%) 21.30 0.11 19.00 19.30 24.10 21.10 21.10 
Fe2O3 (%) 4.24 <0.10 4.61 6.03 6.41 7.94 7.94 
MnO (%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
MgO (%) 2.37 27.20 3.01 2.31 3.23 3.80 3.60 
CaO (%) 0.47 0.14 1.31 3.49 0.19 0.23 0.21 
Na2O (%) 3.84 2.93 3.06 0.24 0.11 <0.10 <0.10 
K2O (%) <0.10 <0.10 0.40 0.90 <0.10 <0.10 <0.10 
TiO2 (%) 0.12 <0.10 0.31 0.65 0.11 0.22 0.75 
P2O5 (%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
Ignition 
loss (%) 7.03 11.00 6.15 10.70 10.90 10.30 10.30 

Pb (ppm) 52 1 40 54 36 33 33 
Cd (ppm) <6 <6 <6 <6 <6 <6 <6 

 

The N₂ adsorption–desorption isotherms of the seven samples are shown in Figure 4.1. In 

each graph, the quantity of nitrogen adsorbed by each sample is in function of its relative 

pressure. All clays exhibited type IV isotherms, indicative of mesoporous materials, as 

evidenced by the observed hysteresis loops. Monolayer adsorption was achieved at a 

relative pressure (P/Po) near 0.2, followed by multilayer adsorption and capillary 

condensation occurring above P/Po = 0.4 (Sing et al., 1985). 

Analysis of the hysteresis loops revealed distinct pore morphologies. LP exhibited a type 

H2 hysteresis loop, suggesting the presence of ink-bottle-shaped pores, typically associated 

with pore-blocking or complex pore networks. In contrast, all other clays displayed type 

H3 hysteresis, characteristic of aggregates of plate-like particles forming slit-shaped pores 
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(Sing et al., 1985). This morphological distinction aligns with the structural difference 

between synthetic LP and the natural smectite-based clays. 

According to IUPAC classification, the presence of macropores significantly alters the tail 

of the isotherm (Sing et al., 1985). Curves without macropores remain nearly horizontal at 

high relative pressures, whereas curves with a broad distribution of macropores exhibit a 

steep rise near P/Po ≈ 1. The curves observed here suggest that the clays are predominantly 

mesoporous, with micropores contributing to the low-pressure region (P/Po < 0.35) and 

macropores appearing above P/Po > 0.95 (Chang et al., 2022; Shah et al., 2018).    

 

Figure 4.1 N2 adsorption/desorption curves of the seven clays used in this work 

 

4.2.2 Kinetics Adsorption Studies 

Figure 4.2 shows the kinetic profiles of INH adsorption onto the six clay samples evaluated. 

The graph shows the INH mass adsorbed by clay in mg/g over time. In all cases, adsorption 
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approached a plateau after approximately 3 hours, confirming that the 24-hour adsorption 

period selected for subsequent experiments was more than sufficient to reach equilibrium. 

This kinetic behavior aligns with previous studies (Esperanza Carazo et al., 2018; 

Damasceno Junior et al., 2019; Souza et al., 2021). Despite the non-purified nature of most 

clay samples, triplicate experiments exhibited low standard deviations, indicating 

consistent adsorption behavior across replicates. 

The adsorption capacity varied significantly depending on the clay, ranging from 

approximately 15 mg/g for Laponite® (LP) to 47 mg/g for the VVd sample. These results 

suggest a clear influence of clay physicochemical properties on INH uptake. 

 

Figure 4.2 Fitting of the pseudo-second-order (PSO) model to INH adsorption kinetics for 
the six clay samples 

 

Kinetic modeling of the experimental data was performed using three commonly applied 

models: pseudo-first-order (PFO), pseudo-second-order (PSO), and adsorption-diffusion 
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model (ADM) and the fitted data are listed in Table 4.2. For all clays, the PSO model 

provided the best fit, with R² values exceeding 0.930. The PFO model showed reasonable 

correlation only for VVm and VVd, while the ADM exhibited poor fitting across all 

samples, with R² values below 0.550 in most cases. 

These findings are consistent with previous studies and suggest that INH adsorption occurs 

predominantly via chemisorption, involving active site interaction and saturation rather 

than superficial accumulation (Souza et al., 2021). The suitability of the PSO model further 

implies that the rate-limiting step is likely associated with interaction at specific adsorption 

sites within the clay structure. 

Table 4.2  Fitting parameters of the pseudo-first-order (PFO), pseudo-second-order 
(PSO), and adsorption–diffusion model (ADM) for INH adsorption onto different clay 

samples 

 

Samples CL LP VL VC VR VVm VVd 

PFO 

R2 0.869 0.088 0.225 0.001 0.059 0.995 0.994 

k1 0.212 0.068 0.276 0.001 0.010 0.018 0.025 

qe 25.057 17.354 44.054 24.447 39.512 43.246 45.603 

PSO 

R2 0.984 0.933 0.994 0.983 0.997 0.997 0.997 

k2 0.352 1.049 0.296 99.741 99.741 1.290 0.828 

qe 23.549 17.429 35.528 24.538 39.521 43.275 45.639 

ADM 
R2 0.445 0.104 0.531 0.002 0.059 0.220 0.550 

kd 7.407 5.174 7.799 6.624 6.936 8.954 7.242 
 

4.2.3 Hybrids Characterization 

The presence of INH adsorbed onto the clay samples was confirmed through thermal, 

vibrational, and structural analyses. Thermogravimetric analysis (TGA) curves for INH, 

pristine clays, and selected clay–INH hybrids are shown in Figure 4.3. Two representative 

hybrid profiles are presented: CL (similar to VC) and VVd (similar to VL, VR, VVm, and 

LP). In all cases, pristine clays exhibited a characteristic three-stage mass loss: surface 

water loss around 100 °C, loss of hydration water up to 400 °C, and a sharp loss above 

400 °C due to dehydroxylation. 
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Pure INH showed a one-step degradation profile, with an initial 5% mass loss of around 

220 °C and complete degradation by 360 °C, leaving no residual mass at 600 °C. In 

comparing pristine and hybrid clays, only CL and VC exhibited more surface water in their 

hybrid forms than in their pristine counterparts. This suggests competitive adsorption 

between INH and water molecules, which generally results in decreased water retention in 

the presence of INH (Charles H. Giles & Smith, 1974; Souza et al., 2021). The reversed 

behavior observed for CL and VC suggests a higher affinity for water, possibly due to 

specific surface characteristics. 

 

Figure 4.3 TGA curves for INH, CL, CL/INH, VVd, and VVd/INH 

 

TGA data in Table 4.3 show that, except for CL and VC, the hybrid samples presented an 

additional DTG peak above 380 °C corresponding to INH degradation. For CL and VC, 

this peak was not distinct; however, the hybrid samples still exhibited higher weight loss 
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than their pristine counterparts above 400 °C, indicating INH decomposition within this 

range. The thermal shift of INH degradation to higher temperatures supports the conclusion 

that the drug was protected within the clay structure, consistent with prior studies (Carazo 

et al. 2018b). 

Table 4.3 DTG peak temperatures and corresponding mass losses for pristine clays and 
hybrid samples 

 

Sample 
1st peak DTG 2nd peak DTG 3rd peak DTG 

Temperature 
(°C) 

Mass loss 
(%) 

Temperature 
(°C) 

Mass loss 
(%) 

Temperature 
(°C) 

Mass 
loss (%) 

CL 90 3.0 637 6.5 - - 

CL/INH 103 2.3 637 10.9 - - 

VC 60 2.8 470 9.9 655 13.4 

VC/INH 67 2.8 478 11.1 669 15.3 

LP 94 2.7 711 12.3 - - 

LP/INH 90 2.4 452 8.7 711 12.7 

VL 86 4.6 645 12.3 - - 

VL/INH 74 2.9 397 8.4 631 11.9 

VR 85 4.6 475 13.9 - - 

VR/INH 70 0.8 377 8.0 481 11.5 

VVm 109 6.1 484 14.0 - - 

VVm/INH 104 4.0 388 10.4 484 12.7 

VVd 102 5.4 475 14.6 - - 

VVd/INH 94 4.6 384 10.1 475 12.6 
 

FTIR analysis provided further insight into the interaction between INH and the clay 

surface (Figure 4.4). The pristine clay spectra showed characteristic OH stretching bands 

around 3470 cm⁻¹ and, in the case of dioctahedral smectites, a band at 3621 cm⁻¹ (Alabarse 

et al., 2011; Djomgoue & Njopwouo, 2013). LP lacked the latter due to its trioctahedral 

structure with Mg²⁺ substituting Al³⁺ (Kiaee et al., 2022).  

In the INH FTIR spectra, bands related to the hydrazine group for stretching vibrations of 

N-H bonds are characteristic of INH (Angadi et al., 2010; Batalha et al., 2019; E. Carazo 

et al., 2018; Esperanza Carazo et al., 2018; Damasceno Junior et al., 2019; Pandey et al., 
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2016). In the hybrid spectra, the more intense peaks were related to the clays' chemical 

bonds (Almeida et al., 2019; Esperanza Carazo et al., 2018). The characteristic INH bands 

observed in the hybrids can be included: 

 C=O bending and N–H amide group around 1660 cm⁻¹, 

 Ring C–C symmetric stretching at ~1431 cm⁻¹. 

 C-H and C-C groups indicated the presence of the aliphatic part 

 Distinct changes in bands at 730 and 831 cm⁻¹, indicating interaction between 

the INH ring and the clay framework (Damasceno Junior et al., 2019). 

 

 

Figure 4.4 FTIR spectra of INH, CL, CL/INH, LP, LP/INH, VVd, and VVd/INH 
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XRD analysis is shown in Figure 4.5 and it revealed no significant changes in basal spacing 

upon INH incorporation, suggesting that INH was not intercalated into the interlayer 

galleries. Instead, adsorption likely occurred on external surfaces or in the mesopores. This 

is consistent with studies where no interlayer expansion was detected after drug loading, 

including similar findings for tetracycline (Li et al., 2010). In contrast, other studies have 

reported intercalation of INH, indicating that such behavior may depend on parameters such 

as pH, drug concentration, and temperature (Akyuz & Akyuz, 2008; Almeida et al., 2019). 

 

Figure 4.5 XRD patterns of pristine clays, INH, and selected clay–INH hybrids 

 

Together, these results support that INH was not incorporated into the interlamellar regions 

but was likely retained within pores or adsorbed on external surfaces. FTIR data confirmed 

chemical interactions between the INH ring and the clay matrix, while TGA data 

demonstrated the thermal protection of INH by the clay network (Esperanza Carazo et al., 

2018). 

To further explore the role of pore volume in adsorption efficiency, a correlation was plotted 

between the adsorption capacity and total pore volume of each clay (Figure 4.6). The curve 
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suggested that a pore volume near 0.100 cm³/g resulted in optimal INH adsorption. Below 

this value, the limited porosity likely hinders drug diffusion and access to adsorption sites. 

Above this threshold, reduced surface interaction or weak retention within overly large 

pores may have diminished the trapping of INH molecules. 

 

Figure 4.6 Correlation between the volume of pores and INH adsorption efficiency 

 

4.2.4 Drug Release Profile 

To investigate the release behavior of INH under physiological conditions, drug release 

experiments were conducted on three selected clay–INH hybrids: LP, CL, and VVd. These 

samples were chosen due to their distinct pore volumes, which were previously shown to 

influence adsorption kinetics. This experiment aimed to simulate the drug release in buffer 

pH 7.4. 
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The release profiles are presented in Figure 4.7, where the drug cumulative release (%) is 

function of the time (min). The data revealed that the hybrid with the highest pore volume, 

LP (0.250 cm³/g), exhibited the fastest release rate in the first 90 minutes and the highest 

cumulative drug release. In contrast, CL (0.081 cm³/g) and VVd (0.097 cm³/g) displayed 

slower release kinetics and lower total release. All samples reached a release plateau by 

240 minutes, indicating that most of the drug had been released by that time. 

 

Figure 4.7 INH release profiles from LP, CL, and VVd hybrids in pH 7.4 buffer solution 

 

To better understand the mechanism of release, the experimental data were fitted to two 

kinetic models: Korsmeyer–Peppas and Higuchi. The results regarding the fitted 

parameters can be seen in Table 4.4. For all samples, the release exponent n in the 

Korsmeyer–Peppas model was below 0.5, indicating Fickian diffusion as the dominant 

release mechanism (Korsmeyer et al., 1983). The Higuchi model also showed a strong fit, 

with R² values above 0.89, confirming the diffusion-controlled nature of release from 

porous matrices. 
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Table 4.4 Fitting parameters for Korsmeyer–Peppas and Higuchi models for INH release 
at pH 7.4 

 
 

Sample 
Korsmeyer-Peppas Higuchi 

R2 n K R2 KH 
CL 0.975 0.238 14.533 0.947 4.269 
LP 0.931 0.218 19.226 0.957 5.428 

VVd 0.970 0.125 23.244 0.898 4.095 
 

To assess the overall similarity of the release profiles, the similarity factor (f₂) was 

calculated, and their results are listed in Table 4.5. All comparison pairs yielded f₂ values 

greater than 50, indicating that the release profiles were statistically similar. The closest 

similarity was observed between CL and VVd, which had the most comparable pore 

volumes (0.081 and 0.097 cm3/g, respectively). In contrast, LP's significantly higher pore 

volume (0.250 cm3/g) contributed to more distinct early-stage release behavior. After 180 

minutes, however, all three systems exhibited similar cumulative release plateaus. 

Table 4.5 Similarity factor (f₂) for dissolution profile comparisons 
 

Comparison Pair of Dissolution 
Profile  Similarity factor (f2) 

CL-LP 59.7 
CL-VVd 76.3 
LP-VVd 56.3 

 

4.3 Conclusion 

This chapter demonstrated that isoniazid (INH) can be efficiently incorporated into smectite 

clays to develop controlled drug delivery systems. Seven smectite-based clays were 

evaluated, six of natural origin and one synthetic (Laponite®, LP), to investigate their 

adsorption, retention, and release behaviors. 
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Adsorption kinetics at neutral pH revealed that equilibrium was reached within three hours, 

with maximum adsorption capacities reaching up to 46 mg/g. XRD analysis indicated that 

INH was not intercalated into the interlayer space of the clays, but rather adsorbed onto 

external surfaces and within inter-tactoid pores. A pore volume of approximately 

0.100 cm³/g was identified as optimal for INH adsorption. 

To further explore this relationship, three clays with distinct pore volumes (CL: 

0.081 cm³/g, VVd: 0.097 cm³/g, and LP: 0.250 cm³/g) were selected for release studies at 

pH 7.4. The release profiles confirmed that pore volume significantly influences both the 

rate and extent of INH release. These findings emphasize the importance of considering 

pore volume as a key parameter in the design of clay-based drug delivery systems. 

In the next chapter, VVd, the clay that exhibited the highest adsorption capacity, will be 

further examined to assess the influence of pH and initial drug concentration on the 

adsorption and release behavior of INH. 
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5.1 Introduction 

This chapter is based on the work published in Journal of Drug Delivery Science and 

Technology (De Carvalho Arjona et al., 2025). Building on the results of Chapter 4, the 

clay with the highest INH adsorption capacity, VVd, was selected for further investigation. 

The aim was to assess how the pH during adsorption affects drug–clay interactions and 

subsequent release behavior. 

To this end, INH was incorporated into VVd under two different pH conditions: acidic (pH 

2) and neutral (pH 7). At pH 2, INH is protonated and positively charged, which enhances 

its electrostatic attraction to the negatively charged clay surface, leading to increased 

loading. At pH 7, where INH remains predominantly neutral, a biphasic adsorption process 

was observed, indicating a shift in the mechanism of interaction. 

The release behavior of INH from montmorillonite (Mtt) was also examined, focusing on 

how the adsorption environment influences the retention and release dynamics. Adsorption 

isotherms were interpreted using Giles’ classification model (C. H. Giles et al., 1960; 
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Charles H. Giles & Smith, 1974), which categorizes adsorption mechanisms based on the 

shape of the isotherm curve. 

These findings contribute valuable insights into the design of clay-based drug delivery 

systems, demonstrating the importance of pH not only in release environments but also 

during drug incorporation. Optimizing adsorption conditions could enhance drug retention 

and controlled release performance. 

5.2 Results and Discussion 

5.2.1 Adsorption studies 

Figure 5.1 shows the adsorption curves of isoniazid by VVd at pH 2 and 7. In the graph, 

the amount of INH adsorbed (mg/g) is plotted as a function of the remaining INH 

concentration (mg/L) on the solution after the adsorption. The results demonstrate that pH 

strongly influences both the adsorption capacity and the mechanism of interaction between 

the drug and clay surface (C. H. Giles et al., 1960; Charles H. Giles & Smith, 1974). 

At pH 7, the isotherm exhibits an L3-type shape according to Giles’ classification, which 

is associated with low initial affinity between adsorbate and adsorbent, followed by 

enhanced adsorption as concentration increases. The adsorption curve initially rises sharply 

and reaches a short plateau around 20 mg/g (point a), suggesting monolayer formation. This 

behavior, also reported by Carazo et al. (2018b) and (Souza et al., 2021), likely results from 

hydrogen bonding between the neutral INH molecules and hydroxyl groups on the clay 

surface. As concentration continues to increase, a second adsorption phase is observed 

(point b), indicating multilayer deposition of INH on previously adsorbed drug molecules. 

At pH 2, the isotherm follows an H2-type pattern, typical of strong initial interactions. In 

this acidic environment, INH becomes doubly protonated at both the endocyclic and 

exocyclic nitrogen sites, enhancing electrostatic attraction to the negatively charged clay 

surface. Complete INH adsorption occurs at initial concentrations below 800 mg/L, with 

the curve reaching a plateau at approximately 100 mg/g (point c). After this point, 

additional adsorption is limited, likely due to electrostatic repulsion between adjacent 

protonated INH molecules on the clay surface (Almeida et al., 2019; Damasceno Junior et 

al., 2019; Souza et al., 2021). 



63 

 

 

 

 

Figure 5.1  Adsorption isotherms of INH onto VVd at pH 2 and pH 7. Points a–c 
correspond to adsorption phases defined by Giles’ classification. A schematic 

representation of clay–drug interactions is also included (modified from De Carvalho 
Arjona et al., 2025a) 

 

To better understand these interactions, the adsorption data were fitted to both the Langmuir 

and the Freundlich models (Table 5.1). The Freundlich model provided the best fit (R² = 

0.956 at pH 2 and R² = 0.987 at pH 7), indicating a heterogeneous adsorption process 
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involving a range of binding energies across the clay surface (Calabrese et al., 2013). These 

include interactions at basal surfaces, edges, and interparticle pores. 

Although the Langmuir model yielded a reasonable fit at pH 7 (R² = 0.965), its performance 

was lower at pH 2 (R² = 0.744), suggesting that monolayer adsorption on a uniform surface 

does not fully describe the process under strongly acidic conditions. The Langmuir-derived 

maximum adsorption capacities (QM) were 101.8 mg/g at pH 2 and 117.7 mg/g at pH 7, 

aligning with experimental saturation trends. The RL factor further confirmed favorable 

adsorption at both pH levels, especially at pH 2 (RL = 0.0756). 

Table 5.1 Fit model parameters of INH adsorption by VVd at pH 2 and pH 7 

 

Model Equation Eq. Parameters 
pH 

2 7 

Langmuir Cୱ = Q୑ ∙ K୐ ∙ Cୣ1 + K୐ ∙ Cୣ  ( 5.1) 

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 Cୱ = K୊ ∙ C୬ୣ ( 5.2) 
KF 50.4232 0.6115 
NF 9.7450 1.7330 
R2 0.9555 0.9873 

 

These findings suggest that pH-dependent changes in INH charge and clay–drug interaction 

mechanisms strongly influence adsorption efficiency. Acidic environments enhance 

electrostatic binding, while neutral pH conditions favor hydrogen bonding and multilayer 

formation. 

5.2.2 FTIR 

The FTIR spectra of INH, pristine VVd, and VVd–INH hybrids are presented in Figure 5.2. 

The spectrum of VVd shows typical montmorillonite features, including a strong Si–O 

stretching vibration near 998 cm⁻¹ (Bekaroğlu et al., 2018), and an Al–Al–OH deformation 

band around 910 cm⁻¹. Broad absorption bands near 3600 cm⁻¹ are attributed to O–H 

stretching of interlayer and adsorbed water (Silva-Valenzuela et al., 2018). 
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The VVd–INH hybrids displayed characteristic INH bands whose intensity and number 

increased with drug loading. In VVd–INH (a), which had the lowest INH content, only one 

distinct INH band was observed at 1437 cm⁻¹, attributed to ring C–C stretching (Akyuz & 

Akyuz, 2008; Esperanza Carazo et al., 2018). In VVd–INH (b), additional bands appeared 

at 1668, 1539, 1502, 1428, and 841 cm⁻¹, corresponding to ring vibrations and stretching 

modes of C–N and N–H groups. In the hybrid with the highest INH content, VVd–INH (c), 

further peaks were detected at 1692 and 1248 cm⁻¹. The 1692 cm⁻¹ band represents a shifted 

C=O vibration, originally observed at 1668 cm⁻¹ in pure INH, and is attributed to hydrogen 

bonding interactions between INH and the clay surface (Akyuz et al., 2010). 

The band near 1632 cm⁻¹, corresponding to the O–H bending vibration of water in pristine 

VVd, shifted down to 1630, 1625, and 1622 cm⁻¹ for hybrids (a), (b), and (c), respectively. 

This progressive shift supports the formation of hydrogen bonds between INH and 

structural water (Alabarse et al., 2011; Esperanza Carazo et al., 2018). Likewise, a shift in 

the Si–O band from 998 cm⁻¹ in pristine VVd to 1003 cm⁻¹ in VVd–INH (c) reflects 

changes in clay platelet orientation, possibly due to electrostatic interactions with the 

protonated drug molecules (Akyuz & Akyuz, 2008). 

The FTIR results confirm that drug loading induces specific structural changes in the clay 

and indicate chemical interactions involving INH’s carboxyl, hydrazine, and pyridine 

groups with the silicate framework of VVd. These findings are consistent with previous 

studies on drug–clay hybrid formation (Akyuz & Akyuz, 2008; Esperanza Carazo et al., 

2018). 
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Figure 5.2 FTIR spectra of INH, pristine VVd, and VVd–INH hybrids with increasing 
INH loading 

 

5.2.3 XRD 

Figure 5.3 presents the XRD patterns of pristine VVd, its INH-loaded hybrids, and pure 

INH. No distinct peaks of crystalline INH were detected in the hybrid patterns, suggesting 

that the drug was either amorphous or molecularly dispersed on the clay surface. 

Alternatively, the INH crystallites may have been too disordered or small to produce 

detectable diffraction signals. These findings are consistent with previous studies where 

drug molecules, especially small ones like INH, did not produce identifiable peaks in clay-

based hybrids (Calabrese et al., 2013; Kevadiya et al., 2012). 

Following INH incorporation, a reduction in interlayer spacing was observed. For the 

hybrids prepared at pH 7, the d₀₀₁ spacing decreased from 1.50 nm to 1.38 nm, and for VVd–

INH (c) (adsorbed at pH 2), from 1.43 nm to 1.28 nm. This contraction suggests that drug 

incorporation displaced water molecules from the interlamellar space—an effect also 

reported for other drug–clay systems (Bromberg et al., 2011; Calabrese et al., 2013, 2017; 
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Cavalcanti et al., 2019). The reduced interlayer water likely reflects a stronger affinity of 

INH for the clay surface, outcompeting water for adsorption (Charles H. Giles & Smith, 

1974). 

The lack of interlayer expansion aligns with studies showing that significant d₀₀₁ shifts 

typically occur only with bulky organic molecules, such as organoammonium salts with 

long alkyl chains (de Paiva et al., 2008). Given the compact structure of INH, its adsorption 

may occur predominantly on external surfaces or within edge and defect sites rather than 

through intercalation. 

Interestingly, new peaks emerged around 20.0°, 26.5°, 28.1°, 28.7°, and 29.0° (2θ), 

accompanied by increased peak intensity. These features may suggest partial crystallization 

of INH on the clay surface, as previously proposed for similar hybrid systems (Gulen & 

Demircivi, 2020). This implies that some INH molecules, particularly at higher loading, 

organize into short-range ordered domains without fully integrating into the clay lattice. 

 

Figure 5.3 XRD patterns of pristine VVd, VVd–INH hybrids, and pure INH 
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Together, these findings reinforce the conclusion that INH interacts strongly with the clay 

surface, primarily through external adsorption, and that the observed structural changes are 

driven by displacement of water molecules and weak crystallization tendencies of surface-

deposited drug. 

5.2.4 TGA 

Figure 5.4 presents the TGA curves for pure INH, pristine VVd, and the VVd–INH hybrids. 

The thermal degradation of INH occurred in a single step between 126 °C and 350 °C, 

leaving no residual mass. In contrast, VVd and its hybrids exhibited the typical three-stage 

thermal degradation behavior of smectite clays: (i) surface water evaporation, (ii) loss of 

interlayer or structural water, and (iii) dehydroxylation. VVd at pH 2 presented a reduction 

in surface water compared to VVd due to the incorporation of H+ on the clay surface in the 

acidic pH (Swartzen-Allen & Matijevic, 1974). 

 

Figure 5.4 TGA curves of pure INH, pristine VVd, and VVd–INH hybrids 

 

Incorporation of INH significantly influenced all three degradation stages. As summarized 

in Table 5.2, increasing drug content led to a progressive reduction in surface water loss in 

the first stage, from 10.3% in pristine VVd to 2.8% in VVd–INH (c). This reduction is 
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consistent with the hypothesis that INH outcompetes water for adsorption sites, as 

previously discussed in the adsorption and XRD sections. 

The second degradation stage, related to internal water molecules, also narrowed in 

temperature range and showed reduced weight loss in drug-loaded samples. Notably, VVd–

INH (c), the hybrid with the highest INH content, exhibited this transition over the 

narrowest temperature range (146–266 °C), further supporting the idea that INH replaces 

inner water molecules within the pore structure. 

The third stage, associated with both dehydroxylation and INH degradation, showed an 

increase in mass loss proportionate to the amount of drug incorporated. The presence of 

INH was confirmed by the emergence of additional DTG peaks between 295 °C and 

580 °C, corresponding to drug decomposition. These peaks were shifted to higher 

temperatures compared to pure INH (typically 287 °C and 332 °C), indicating that INH was 

thermally stabilized upon incorporation, likely due to strong drug–clay interactions. 
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Table 5.2 TGA weight loss (%) of pristine VVd and VVd–INH hybrids at each stage of 
thermal degradation 

 

Stage 1st 
stage 

2nd 
stage 3rd stage 

VVd 

Temp. 
range (°C) 

40 - 
149 

149 - 
439 

439 - 
494 

494 - 
675 - - - 

Weight 
loss (%)  

10.3 3.3 1.7 3.1 - - - 

VVd-
INH 
(a) 

Temp. 
range (°C) 

40 - 
144 

144 - 
349 

349 -
433 

433 - 
497 

497 - 
668 - - 

Weight 
loss (%)  

6.7 2.6 1.9 2.2 3.8 - - 

VVd-
INH 
(b) 

Temp. 
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 - 

VVd 
pH 2 

Temp. 
range (°C) 

40 - 
132 

132 - 
415 

415 - 
502 

502 - 
643 - - - 

Weight 
loss (%)  

4.7 2.6 2.5 2.6 - - - 

VVd-
INH 
(c) 

Temp. 
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 

 

The DTG analysis in Table 5.3 further supports these interpretations. INH degradation 

peaks around 300–380 °C became more pronounced with increasing drug content. The 

presence of multiple DTG peaks in VVd–INH (c), especially those at 295, 367, and 580 °C, 

also suggests that INH was distributed in distinct environments, some more tightly bound 

and thermally stabilized than others. Since INH degradation typically shows peaks around 

287 and 332 °C. The shift to higher temperatures in the decomposition of INH may indicate 

drug intercalation. 
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Table 5.3 Temperature and weight loss for INH, VVd, and their hybrids 

 

DTG Peak 1 2 3 4 5 

VVd 
Temperature (°C) 105 477 - - - 

Weight loss (%) 5.8 14.7 - - - 

VVd/INH (a) 
Temperature (°C) 93 386 477 583 - 

Weight loss (%) 6.4 10.1 12.6 15.6 - 

VVd/INH (b) 
Temperature (°C) 87 381 473 597 - 

Weight loss (%) 1.9 7.7 11.6 16.1 - 

VVd pH 2 
Temperature (°C) 85 476 - - - 

Weight loss (%) 2.4 9.0 - - - 

VVd/INH (c) 
Temperature (°C) 95 295 367 473 580 

Weight loss (%) 1.6 4.2 6.1 9.5 13.4 

 

These results demonstrate that the thermal behavior of the clay–drug hybrid system is 

significantly altered by drug incorporation, both in terms of stability and degradation 

profile. The absence of a clear INH melting point in DSC analysis (not shown here) 

supports the formation of a stable hybrid complex, rather than a simple physical mixture 

(Esperanza Carazo et al., 2018). 

5.2.5 DSC 

Figure 5.5 shows the DSC thermograms of pure INH, pristine VVd (at pH 7 and pH 2), and 

the VVd–INH hybrids. The curve for pure INH displayed a distinct endothermic peak at 

approximately 175 °C, corresponding to the drug’s melting point, as previously reported 

(Esperanza Carazo et al., 2018). 

For the clay samples (VVd and VVd pH 2), broad endothermic events were observed below 

150 °C, which are attributed to the loss of adsorbed surface water. These thermal events 
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were less intense in the hybrids, indicating a reduction in surface water content following 

INH incorporation, corroborating the results from TGA analysis. 

Notably, none of the VVd–INH hybrids exhibited the melting peak of INH, regardless of 

the drug loading or the pH used during adsorption. This absence suggests that INH was no 

longer in its crystalline form and instead existed in either an amorphous state or a strongly 

bound molecularly dispersed form within the clay matrix. Similar behavior has been 

observed in other drug–clay systems and is often interpreted as evidence of high drug–clay 

affinity, consistent with the formation of a stable hybrid structure rather than a simple 

physical mixture (Esperanza Carazo et al., 2018). 

 
 

Figure 5.5 DSC curves of pure INH, pristine VVd (pH 7 and pH 2), and VVd–INH 
hybrids 

 

Together with the TGA and XRD results, these DSC findings further support that INH is 

incorporated into VVd via interactions that suppress crystallinity and enhance thermal 

stability, which are desirable features for developing controlled-release drug delivery 

systems. 
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5.2.6 Release test 

The cumulative release profiles are shown in Figure 5.6, where the cumulative release of 

INH by the hybrids VVd-INH (a), (b), and (c) over time is displayed. In the first two hours, 

the release was made in pH 2.0, mimicking the stomach; the following 2 hours, at pH 6.8, 

followed by 4 hours in pH 7.4. The results demonstrate a strong pH dependence in the 

release behavior. VVd–INH (a), prepared under monolayer adsorption conditions at pH 7, 

released no detectable INH at pH 2, likely due to the strong electrostatic interactions 

between the protonated INH molecules and the negatively charged clay surface. In contrast, 

VVd–INH (b) and VVd–INH (c), which contained multilayered or equilibrium-loaded 

drug, showed appreciable release at acidic pH, with hybrid (b) releasing ~40% of its total 

INH content during this phase. This early release can be attributed to outer-layer drug 

molecules weakly adsorbed or loosely deposited atop more strongly bound INH layers. 
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Figure 5.6 Release profile of INH from VVd–INH hybrids under simulated oral 
conditions 

 

The results demonstrate a strong pH dependence in the release behavior. VVd–INH (a), 

prepared under monolayer adsorption conditions at pH 7, released no detectable INH at pH 

2, likely due to the strong electrostatic interactions between the protonated INH molecules 

and the negatively charged clay surface. In contrast, VVd–INH (b) and VVd–INH (c), 

which contained multilayered or equilibrium-loaded drug, showed appreciable release at 

acidic pH, with hybrid (b) releasing ~40% of its total INH content during this phase. This 

early release can be attributed to outer-layer drug molecules weakly adsorbed or loosely 

deposited atop more strongly bound INH layers. 

Upon transitioning to pH 6.8 and 7.4, all hybrids demonstrated increased release rates, 

consistent with reduced protonation of INH and diminished electrostatic interactions. While 
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the percentage of INH released was comparable across all samples by the end of the test, 

the total mass of drug released varied significantly. VVd–INH (c), having the highest 

loading (~100 mg/g), released the greatest absolute amount (51.1 mg/g), whereas VVd–

INH (a) released the least (11.0 mg/g). Detailed release values and standard deviations are 

provided in Table 5.4, where the amount of INH released by the hybrids. 

Table 5.4 Cumulative INH release (mg/g) from VVd–INH hybrids under pH-controlled 
conditions 

 
 

pH Time (min) 
VVd-INH (a) VVd-INH (b) VVd-INH (c) 

Release (mg/g) Dev. Release (mg/g) Dev. Release (mg/g) Dev. 

2.0 

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 

 

To better understand the release mechanisms, the experimental data were fitted to three 

kinetic models: Zero-order, Higuchi, and Korsmeyer–Peppas (Table 5.5). The Higuchi 

model yielded the best overall fit, suggesting that Fickian diffusion was the predominant 

release mechanism (Damasceno Junior et al., 2019). However, for VVd–INH (b) at pH 7.4 

and VVd–INH (c) at pH 2, the Korsmeyer–Peppas model provided a better fit (R² = 0.826 

and 0.986, respectively), with n-values < 0.5, again supporting diffusion-driven release. 
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Of particular interest, VVd–INH (c) exhibited a release profile closely following the Zero-

order model at both pH 6.8 and 7.4 (R² = 0.996 and 0.936, respectively), indicating that 

drug release was independent of concentration and occurred at a constant rate. This 

behavior is ideal for controlled-release applications and reinforces the conclusion that 

strong drug–clay interactions, as observed in VVd–INH (c), lead to more stable and 

sustained delivery profiles. 

Table 5.5 Release fitting parameters of VVd 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 

VVd-INH (a) 
2.0 - - - - - - - 
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 

VVd-INH (b) 
2.0 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 

VVd-INH (c) 
2.0 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 

 

Together, these findings underscore the importance of adsorption conditions, particularly 

pH and loading level, in governing not only the amount of drug incorporated but also the 

release dynamics. The controlled release observed for VVd–INH (c), combined with its 

high adsorption capacity and bio-inert clay matrix, highlights its promise as a viable oral 

DDS for INH, with potential to minimize dosing frequency and improve patient 

compliance. Similar incomplete release profiles were also reported in other INH–clay 

systems (Calabrese et al., 2013; Saifullah et al., 2016; Souza et al., 2021).  

5.2.7 Cell viability 

To assess the biocompatibility of the clay and its hybrid system, an MTT cytotoxicity assay 

was performed using L929 fibroblast cells exposed to extracts of pristine VVd and the 

VVd–INH (c) hybrid. The results, presented in Figure 5.7, show the cell viability for both 

particles. VVd alone did not exhibit any cytotoxic effect; in fact, it slightly enhanced cell 
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viability, a phenomenon that has been previously observed for some natural clays. In 

contrast, VVd–INH (c), which incorporated the highest INH concentration (~100 mg/g), 

resulted in a modest 20% decrease in viability, likely attributed to the presence of isoniazid. 

Despite this reduction, cell viability remained above 80%, which is the accepted threshold 

for non-cytotoxicity according to ISO 10993 standards. 

 
 

Figure 5.7 Cell viability of L929 fibroblasts exposed to extracts of VVd and VVd–INH 
(c), compared to negative and positive controls. Error bars represent standard deviation 

 

These findings are critical in confirming the biosafety of the developed hybrid system, 

particularly for potential oral or topical administration. Given that VVd–INH (c) also 

showed the highest drug loading and the most sustained release profile, its non-cytotoxic 

behavior supports its suitability as a candidate for controlled-release tuberculosis therapy. 
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Furthermore, this result aligns with preclinical safety data for VVd: a 1.5 g/day dose has 

been reported safe in children (Mitchell et al., 2014), and adult rats tolerated up to 40 

mg/kg/day without toxic effects (Maisanaba et al., 2015). Altogether, these findings 

reinforce that VVd–INH (c) is both effective in drug delivery and safe for further 

development as a drug delivery system for isoniazid. 

5.3 Conclusions 

This study provides new insights into the mechanisms of drug-clay interactions by 

investigating the adsorption and release behavior of isoniazid (INH) onto montmorillonite 

(VVd) under varying pH conditions. Through comprehensive structural, morphological, 

and thermodynamic analyses, we demonstrated that the mechanism of INH incorporation 

at pH 2 and pH 7 differs fundamentally, with direct implications for drug release 

performance. 

At pH 7, where INH exists in a neutral state, adsorption occurred in two phases: (i) 

monolayer adsorption, reaching saturation at ~20 mg/g, characterized by strong surface 

binding; and (ii) multilayer deposition, enabling a total loading of up to ~110 mg/g. While 

multilayer incorporation increased drug content, it weakened drug–clay interactions and 

led to undesirable burst release, with ~20% of the drug released in acidic conditions. In 

contrast, monolayer adsorption, with stronger binding affinity, effectively prevented 

premature release in acidic media, a key requirement for oral drug formulations. 

At pH 2, where INH is protonated, adsorption was driven by electrostatic attraction to the 

negatively charged clay surface. However, repulsion between protonated drug molecules 

restricted the system to monolayer adsorption (~100 mg/g), with no multilayer formation. 

This configuration resulted in minimal release at low pH (~8%) and produced a zero-order 

release profile at higher pH levels (6.8 and 7.4), indicating consistent, controlled drug 

delivery, a highly desirable characteristic for sustained-release systems. 

Spectroscopic (FTIR) analysis revealed that INH interacts with clay surfaces via its 

hydrazine, pyridine, and carbonyl groups, binding to Si–O and O–H functional groups on 

the clay. TGA and DSC data confirmed that the clay matrix offers thermal protection, 

delaying drug degradation and preventing melting, consistent with strong drug–clay 

binding. 
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Together, these findings clarify the role of electrostatic and molecular interactions in 

defining both drug loading efficiency and release kinetics. The work provides a solid 

reference framework for future research involving neutral and cationic drugs and 

establishes a path toward the rational design of clay-based drug delivery systems, especially 

for oral formulations where acid stability is essential. 

Moreover, the Brazilian natural clay (VVd) used in this study demonstrated no cytotoxicity, 

further supporting its potential as a cost-effective, safe, and scalable material for 

pharmaceutical applications, particularly for diseases like tuberculosis, where accessibility 

and affordability remain major global challenges. 

Importantly, the adsorption process developed here, consisting of room temperature 

dispersion of clay in aqueous INH solution, is highly scalable and compatible with 

conventional pharmaceutical processing technologies. While industrial upscaling may 

introduce variables such as heat transfer and flow dynamics, these can be addressed through 

process optimization (e.g., mixing intensity and residence time) to ensure consistent 

performance at production scale. 
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6.1 Introduction 

This chapter is based on a paper published in Materials Chemistry and Physics (de Carvalho 

Arjona, Samara, et al., 2025). Building upon the findings presented in Chapter 4, this 

section focuses on improving the drug adsorption capacity of CL (Cloisite) and LP 

(Laponite), the two clay samples that exhibited the lowest INH adsorption performance in 

our study. Notably, these samples also represent the extremes in pore volume, with CL 

having the lowest and LP the highest pore volume among all tested clays. 

While INH adsorption and release at neutral pH were previously discussed, this chapter 

investigates the effect of environmental pH on drug incorporation and release behaviors for 

these clays. The results presented here reveal that, when compared to the literature, the 

INH–clay hybrids developed in this work demonstrate superior drug-loading efficiency and 

a more pronounced pH-responsive release behavior, particularly under acidic conditions 

(pH 2). This responsiveness is highly relevant for oral drug delivery applications, where 

protection from gastric acidity and subsequent release in the intestinal tract is essential to 

enhance drug bioavailability. 
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6.2 Results and Discussion 

6.2.1 Zeta Potential 

Table 6.1 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 

(Ghorbel-Abid et al., 2016). 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 (Ghorbel-Abid et al., 2016; M. Chorom & P. Rengasamy, 1995). 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 (Delgado et al., 1986).  

Table 6.1 Zeta potential of CL and LP at pH 2 and pH 7 
 

Sample 
pH 7 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 

 

6.2.2 Adsorption Studies 

Figure 6.1 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 (nab, 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 (Almeida et al., 2019; Çalışkan Salihi et al., 2019; 

Damasceno Junior et al., 2019; Souza et al., 2021). CL adsorption rose from 15 to 115 mg/g, 

and LP, from 25 to 50 mg/g. 
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At pH 2, CL exhibited an H2-type curve and LP an L2-type curve, per Giles classification 

(C. H. Giles et al., 1960; Charles H. Giles & Smith, 1974). L2 curves signify reduced 

adsorption with increasing surface saturation, while H2 curves reflect strong adsorbate-

adsorbent interactions, as observed for CL at Ce < 685 mg/L. Once monolayer capacity was 

reached, adsorption ceased due to electrostatic repulsion from the protonated INH layer (C. 

H. Giles et al., 1960; Charles H. Giles & Smith, 1974). The higher adsorption capacity of 

CL (115 mg/g) compared to LP (50 mg/g) correlates with zeta potential results, where more 

negative surface charges reduced electrostatic repulsion (Çalışkan Salihi et al., 2019).  

At pH 7, CL exhibited an L3-type isotherm, while LP showed an S3-type curve. L3 

isotherms are associated with stable adsorption of individual molecules or small clusters, 

whereas S3 isotherms indicate a predominance of cluster adsorption (C. H. Giles et al., 

1960). 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 (Carazo et al., 

2018b; De Carvalho Arjona et al., 2025). The shape of the adsorption curves varied 

depending on both the clay type and the pH of the environment (Figure 6.1). 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. 
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Figure 6.1 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 

squares and circles represent the hybrids made at pH 7 and 2, respectively 
 
 

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 6.2. The experimental data fitted better into the Freundlich model, indicating that 

adsorption occurred on a heterogeneous surface, consistent with the clay’s structure.  
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Table 6.2 Adsorption parameters of isoniazid (INH) fitted using Langmuir and Freundlich 
models for CL and LP clays at pH 2 and pH 7 

 
 

Clay CL LP 
pH 2 7 2 7 

Model 

Langmuir 

KL (L/mg) 0.2561 4.0 10-5 0.0036 0.0001 
Qm (mg/g) 111.7226 133.9961 64.0037 136.8915 

RL 0.0338 0.9945 0.8147 0.9877 
R2 0.7420 0.9138 0.9674 0.9375 

Freundlich 
KF 70.4641 0.0070 6.1457 0.0186 
NF 14.8634 1.0500 3.4473 1.0822 
R2 0.9747 0.9192 0.9807 0.9312 

 

6.2.3 Drug Release Tests 

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 Figure 6.2 (a). Only samples prepared at pH 2 were used due to their 

higher adsorption capacity 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 as well, using montmorillonite 

as a carrier for INH and other drugs (Calabrese et al., 2013; De Carvalho Arjona et al., 

2025; Sciascia et al., 2021). The cumulative release of INH increased with pH, reflecting 

weaker clay-drug interactions. 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 hours each. Figure 6.2 (b) and 

(c) show, respectively, the release of INH by LP/INH and CL/INH during 5 hours at pH 2 
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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 followed the 

tendency observed in the oral release curve, Figure 6.2 (a). At the beginning of the release, 

the INH reached a plateau, and no further 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 reported on pH-responsive release for 

comparable systems, the available data suggest our formulation exhibits improved release 

behavior. For example, Murath et al. (2023) (Muráth et al., 2023) reported pH-dependent 

release of valsartan and atorvastatin from LDH, with limited release at acidic pH and a 

slight increase after 5–6 minutes. Zauska et al (2022) (Zauška et al., 2022) 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 minutes with no further increase (Souza et al., 2021). In contrast, the 

clay-based systems investigated here demonstrated a more sustained and controlled release 

profile, suggesting potential for enhanced therapeutic performance. 
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Figure 6.2 INH release profiles from CL-INH (red) and LP-INH (blue) hybrids. 
(a) The release test simulated the oral gastrointestinal pathway, with the medium adjusted 
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, 
respectively. Squares represent release at pH 7.4, while triangles indicate release at pH 

2.0 

 

Table 6.3 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 minutes, 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 (Almeida et al., 2019) and palygorskite (Damasceno 

Junior et al., 2019), have shown controlled release behavior, they achieved a lower 

cumulative amount of drug compared to our system. Zeolite carriers exhibited pH- 

responsive behavior; however, the drug was almost completely released within 10 minutes, 
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with no further increase observed thereafter (Souza et al., 2021). For LDHs, only minimal 

pH-dependent differences were reported, likely due to testing at pH 4.8, where the 

protonation effect is less pronounced (Saifullah et al., 2016).  Collectively, these 

comparisons 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. 

Table 6.3 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 

 

Time pH 
CL/INH LP/INH 

INH released (mg/g) S.D. INH released (mg/g) S.D. 
10 

2.0 

2.0 0.0 3.5 0.0 
30 7.7 0.3 7.9 0.1 
60 6.8 0.0 11.2 0.1 
90 7.9 0.1 13.5 0.1 

120 8.5 0.1 14.7 0.2 
150 

6.8 

10.2 0.1 17.5 0.3 
180 13.5 0.1 19.9 0.2 
210 16.3 0.1 22.1 0.3 
240 19.2 0.0 23.0 0.3 
270 

7.4 

23.3 0.1 25.3 0.0 
300 27.5 0.2 26.4 0.4 
330 31.0 0.3 27.5 0.5 
360 33.6 0.3 28.4 0.6 
390 36.7 0.6 28.8 0.4 
420 40.8 0.3 29.7 0.7 
450 42.7 0.6 30.3 0.7 
480 43.3 0.4 30.6 0.8 

 

The release data were fitted to 3 models: zero-order, Korsmeyer-Peppas, and Higuchi. The 

fitted parameters are provided in Table 6.4. For CL/INH, at pH 2, none of these models fit 

the data adequately (R2 < 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-
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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 hours, compared to 25% for LP. This suggests 

that CL offers enhanced protection for INH in acidic environments, releasing more in 

response to pH changes. At pH 2, the release profile of CL-INH plateaued within 30 

minutes, with no model providing a strong fit. At pH 6.8, CL-INH followed a Zero-order 

model, indicating a 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. 

Table 6.4 Release fitting of CL/INH and LP/INH hybrids made at pH 2 and 7 
 

Release pH Hybrid 
Zero Order Korsmeyer-Peppas Higuchi 
Ko R2 k1 n R2 Ko R2 

pH 2.0 
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 

 

6.2.4 TGA 

Figure 6.3 displays the TGA curves for the pristine clays and their respective hybrids. The 

weight loss of the clays occurred in three major steps: first, due to the loss of surface water 

molecules; second, from the loss of hydration water, and finally, due to dehydroxylation 

(Esperanza Carazo et al., 2018). The TGA curves for CL/INH and LP/INH exhibited 

additional degradation steps due to the incorporation of INH.  
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Figure 6.3 TGA of pristine clays and their respective hybrids made at pH 2 

 

The mass loss of pristine clays and their respective hybrids is summarized in Table 6.5. The 

weight loss during the first stage of clay degradation was similar for each clay and its 

corresponding hybrid. Most differences emerged in the second stage: CL lost 3.1% of its 

mass, and CL/INH lost 7.1%. Similarly, LP lost 6.2%, while LP/INH lost 10.4%. This 

increase in weight loss can be attributed to the degradation of INH by around 220 °C (de 

Carvalho Arjona et al., 2024).  
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Table 6.5 Weight loss of CL, LP, and their hybrids 

 

Stage 

CL CL/INH LP LP/INH 
Temp. 
range 
(°C) 

Weight loss 
(%) 

Temp. 
range 
(°C) 

Weight 
loss 
(%) 

Temp. 
range 
(°C) 

Weight 
loss 
(%) 

Temp. 
range 
(°C) 

Weight 
loss 
(%) 

1st 
stage 40 – 110 1.5 40 – 146 2.3 40 – 133 4.5 40 – 121 3.8 

2nd 
stage 120 – 579 3.1 

146 – 237 0.5 

133 - 705 6.2 

121 - 309 2.2 
237 – 340 2.0 309 - 356 1.3 

340 – 554 5.1 
356 - 548 4.8 
548 - 706 2.1 

3rd 
stage 579 – 684 3.0 554 – 657 5.2 705 - 756 1.9 706 - 751 1.6 

 

Figure 6.4 shows the DTG curves for INH, pristine clays, and their respective hybrids. The 

degradation of INH occurred with two peaks at approximately 237 °C and 305 °C. The 

curves for the pristine clays 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 and the dehydroxylation process. In the case of LP/INH, two peaks 

appeared around 346 and 505 °C for the same reason (Joshi et al., 2010). This phenomenon, 

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 (Souza et al., 2021). 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. 
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Figure 6.4 DTG of LP, LP/INH, CL, and CL/INH prepared at pH 2, and DTG of INH 
after being treated at pH 2 

 

6.2.5 FTIR 

The FTIR spectra of INH, pristine clays, and their respective hybrids are shown in Figure 

6.5. 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-1 were common to both hybrids, while CL/INH also presented 

the bands around 1545, 1496, and 891 cm-1. Additionally, the Si-OH peaks for both clays 

shifted after INH incorporation: from 995 to 1013 cm-1 for LP, and from 999 to 1004 cm-1 

for CL. Furthermore, the peak at 1681 cm-1 that appeared in both hybrid spectra corresponds 

to a band shift of 1663 cm-1 of INH indicating the interaction between the clay and INH 

(Akyuz & Akyuz, 2008; Esperanza Carazo et al., 2018). The INH bands in both clay/INH 

spectra indicated an interaction between the drug and the clays.  The band around 1663 cm-

1, attributed to amide carbonyl vibrations of INH, shifted to 1683 cm-1 for both hybrids. 

This positive shift suggests the formation of H-bonds between the drug and clay. The band 

shifted around 1000 cm-1 in both clays to 1004 for CL and 1013 cm-1 for LP, further 
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indicating an interaction between drug and siloxane clay groups (Si-O-Si) (Almeida et al., 

2019). The bands around 1545 and 1496 cm-1 can be assigned to the ring stretching 

vibration while the bands around 851 and 751 cm-1 may be assigned to the out-of-plane 

deformation modes of the aromatic ring (Souza et al., 2021). Previous studies have reported 

similar findings, indicating that exo and endo-cyclic nitrogen atoms were involved in the 

interaction between clay and INH (Akyuz & Akyuz, 2008; Esperanza Carazo et al., 2018). 

More INH bands appeared in the CL/INH spectrum than in the LP/INH spectrum due to 

the higher amount of INH incorporated in the CL hybrid. 
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Figure 6.5 FTIR spectra of INH, CL, LP, CL/INH, and LP/INH at pH 2 

 

6.2.6 XRD 

Figure 6.6 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 (Esperanza Carazo et al., 2018) , 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 
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studies (Calabrese et al., 2013). When comparing pristine clays and their hybrids, the 001 

reflection (2θ ≈ 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 between 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. 

 

Figure 6.6 XRD patterns of CL and LP clays and hybrids made at pH 2 
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6.3 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 hours. 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 under physiological conditions and its effect 

on drug release and bioavailability remain 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 systems. 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. 



   

CHAPTER 7  
 
 

PULLULAN MODIFICATION FOR ISONIAZID DRUG RELEASE 

7.1 Introduction 

In this final chapter presenting experimental results, pullulan-based hydrogels were 

investigated as potential drug delivery vehicles for isoniazid (INH). Before their application 

in release studies, the chemical modification of pullulan (Pul) was systematically evaluated 

to ensure the reproducibility and consistency of the process. The modified pullulan was 

characterized using Fourier-transform infrared spectroscopy (FTIR) and proton nuclear 

magnetic resonance (1H-NMR) to confirm successful functionalization. 

Following this, the resulting hydrogels were subjected to rheological analyses to assess the 

influence of UV exposure time and crosslinking density on their mechanical properties. 

Swelling behavior was also evaluated to determine the hydrogels’ capacity for fluid 

absorption under physiological conditions. Based on these results, three hydrogel 

formulations were selected for INH release testing, conducted at pH 7.4 over 24 hours, 

simulating conditions relevant to intestinal drug delivery. 

This chapter presents a comprehensive analysis of the synthesis, characterization, and 

performance of pullulan-based hydrogels, highlighting their potential as biocompatible, 

tunable platforms for controlled drug release applications. 

7.2 Results and Discussion 

7.2.1 Pullulan modification 

The modification of Pul with methacrylic anhydride (MA), as described in Sections 1.2.4 

and 3.3.6 sections, led to the formation of methacrylated pullulan, referred to in this study 

as PulMA. Three different concentrations of MA were used in the reaction: 0.5%, 1.5%, 

and 3.0% (v/v). The resulting materials were designated PulMA05, PulMA15, and 

PulMA30, respectively. To confirm the success of the chemical modification, the samples 

were analyzed by Fourier-transform infrared spectroscopy (FTIR). Their spectra are 

presented in Figure 7.1. Pristine Pul presented the characteristic bands at 3375, 2929, and 

1638 cm-1, which respectively correspond to O-H stretching, C-H stretching, and C-C 



98 

 

stretching (Hernandez-Tenorio & Giraldo-Estrada, 2022; Zeng et al., 2020) and bands 

around 1175 and 1030 corresponding to C-O-C and C-O stretching vibration modes 

(Hernandez-Tenorio & Giraldo-Estrada, 2022; W. Zheng et al., 2022).  

 

Figure 7.1 FTIR spectra of Pullulan and PulMA 0.5%, 1.5%, and 3.0% 

 

The spectral differences between pristine Pul and PulMAs are consistent with the 

introduction of methacrylate functional groups, as summarized in Table 7.1. Compared to 

pristine Pul, the PulMA spectra exhibited several distinct spectral changes, particularly in 

the regions around 2929 cm⁻¹ (C–H stretching of methacrylate CH₂/CH₃), 1700–1600 cm⁻¹ 

(due to C=O stretching of the ester carbonyl group and C=C stretching of vinyl group), 

1500–1250 cm⁻¹ (CH₃ bending vibrations), and near 1000 cm⁻¹ (possibly due to 

overlapping vibration from ether bonds and MA groups), along with the appearance of a 

new band at approximately 815 cm⁻¹. These observations are consistent with previous work 



99 

 

 

 

(Bae et al., 2011; Hernandez-Tenorio & Giraldo-Estrada, 2022; Mugnaini et al., 2021; 

Nonsuwan et al., 2023; W. Zheng et al., 2022). The increasing intensity of these peaks with 

higher MA concentrations supports the progression of the modification reaction. While 

FTIR was not used to quantify the degree of substitution, it served as qualitative 

confirmation of successful methacrylation and was consistent across replicates.  

Table 7.1 FTIR spectral changes in PulMA samples relative to pristine pullulan 
 

Wavenumber 
(cm⁻¹) 

PulMA 
Observation Band Assignment Reference 

~2929 Increased intensity 
and changed shape 

C–H stretching of 
methacrylate CH₂/CH₃ 

(Hernandez-Tenorio & 
Giraldo-Estrada, 2022; Zeng 

et al., 2020) 

~1720 New band C=O stretching of the ester 
carbonyl group 

(Bae et al., 2011; Mugnaini 
et al., 2021; Nonsuwan et al., 

2023)  
1635–1615 New/shoulder band C=C stretching (vinyl group) (Bae et al., 2011; Nonsuwan 

et al., 2023) 

1450–1370 New peaks CH₃ bending vibrations 
(Hernandez-Tenorio & 
Giraldo-Estrada, 2022; 
Mugnaini et al., 2021) 

~1000 (shifted) Slight upshift in C–
O–C peak Ether bond vibrations (Hernandez-Tenorio & 

Giraldo-Estrada, 2022) 

~815 New peak 
(1->4) and (1->6) linked 
alpha-d-glucose units and 

alpha configuration 

(Hernandez-Tenorio & 
Giraldo-Estrada, 2022) 

 

As explained in the methodology section, three different batches of PulMA were made, and 

in all of them, the respective PulMA 0.5%, 1.5%, and 3.0% presented similar band peaks. 

The spectra of PulMA 2nd and 3rd can be seen in Appendix I. 

To quantify the degree of methacrylation of PulMA, 1H NMR spectroscopy was employed. 

The spectra of both pristine Pul and first batch modified PulMA are presented in Figure 7.2 

(the spectra of 2nd and 3rd batch PulMA can be found in Appendix II. In the spectrum of 

pristine pullulan, several characteristic proton signals were observed: the signal at 5.32 ppm 

corresponds to the H1 proton; 5.28 ppm is attributed to α(1→4) glycosidic bonds; and 4.88 

ppm is assigned to anomeric protons from α(1→6) linkages. Peaks at 3.78 and 3.81 ppm 
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correspond to the H6 protons of glucose units B and C in α(1→4) linkages, while the signal 

at 3.87 ppm represents the H6 proton involved in α(1→6) linkages. The broad multiplet 

between 3.95 and 3.38 ppm is attributed to the H2, H3, H4, and H5 protons of the glucose 

backbone. The solvent peak of D₂O appears at 4.80 ppm, and a residual DMSO peak from 

the purification step is observed at 2.71 ppm (Bae et al., 2011; Hernandez-Tenorio & 

Giraldo-Estrada, 2022; Mugnaini et al., 2021; Nonsuwan et al., 2023; Qin et al., 2021). 

 

 

Figure 7.2 H-NMR spectra of Pullulan, PulMA 0.5%, PulMA 1.5%, and PulMA 3.0% 

 

The PulMA spectra closely resembled that of pristine Pul, with additional signals 

confirming the successful grafting of methacrylate groups for all the initial MA 

concentration products and all PulMA batches. New peaks appeared around 6.2 and 5.8 

ppm, corresponding to the vinyl protons (–CH=CH₂), and a signal near 1.9 ppm was 

assigned to the methyl protons (–CH₃) of the methacrylate group. As higher was the MA 

initial concentration, the higher the intensity of these groups' peaks. These spectral features 
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were consistently observed across all PulMA batches and agree with previous reports in the 

literature   (Bae et al., 2011; Hernandez-Tenorio & Giraldo-Estrada, 2022; Mugnaini et al., 

2021; Nonsuwan et al., 2023; Qin et al., 2021). 

As discussed in Section 1.2.4, various methods for calculating the degree of methacrylation 

can be found in the literature, which may explain the inconsistencies among reported 

results. To enable comparison with previous studies, the degree of methacrylation for each 

batch, at each initial MA concentration, was also calculated using the equations presented 

in Table 7.2, which can be found in the literature. The results are also summarized in Table 

7.2. As observed, increasing the initial concentration of methacrylic anhydride (MA) 

consistently led to a higher degree of methacrylation across all calculation methods. 

Additionally, each batch showed a low standard deviation, indicating that the 

methacrylation reaction is reproducible, which is an essential criterion for biomedical 

applications. 
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Table 7.2 PulMA substitution degree equations found in the literature and their results 
regarding PulMA obtained in this work 

 

Ref. Equation 

PulMA substitution degree (%) 
0.50% 1.50% 3.00% 

SD 
av. dev. SD 

av. dev. SD 
av. dev. 

(Bae et 
al., 2011) 

ଵ.ଽܫ + ଼.ହܫ + ଷ.ଷିସ.ଵܫ଺.ଶܫ + ସ.ଽܫ +  ହ.ଷ (7.1) 7.10 1.90 17.20 1.60 30.40 2.30ܫ

(Della 
Giustina 

et al., 
2019) 

ଵ.଼ହܫ)7 + ହ.଻ିହ.ଽܫ + ଷ.ଷିସ.ଵܫ)଺.ଵି଺.ଷ5ܫ + ସ.଼ିହ.଴ܫ + ହ.ଶିହ.ହܫ (7.2)  10.00 2.70 24.10 2.30 42.50 3.20 

(Mugnain
i et al., 
2021) 

 ସ.଴ଶିଷ.ଷହ (7.3)  0.32 0.03 0.75 0.07 1.33 0.1ܫଵ.ଽܫ6

(Qin et 
al., 2021) 

 ସ.ଽଶିହ.ହଵ (7.4)  17.80 8.90 49.90 4.90 82.70 6.40ܫହ.଻ଵି଺.ଶ଼ܫ

(Nonsuw
an et al., 

2023) 

ହ.଻ଵି଺.ଵହܫ + ହ.ଶܫ + ହ.ଷ଼ିସ.ସସܫହ.଺ܫ  (7.5)  13.00 3.00 16.70 0.70 22.70 1.70 

 

Other studies, such as those by Bae et al., (2011), Della Giustina et al. (2019), and Mugnaini 

et al. (2021), also prepared PulMA using the same initial methacrylic anhydride (MA) 

concentration of 0.5%, reporting methacrylation degrees of 6.4%, 3.38%, and 27%, 

respectively. In comparison, our result of 7.10% ± 1.90% aligns closely with the value 

reported by Bae et al. (2011). Their study also investigated PulMA synthesized with 1.5% 

MA, yielding a methacrylation degree of 16.5%, which is comparable to our result of 17.2% 

± 1.6%. These similarities support the reproducibility and reliability of the methodology 

used in this work. 

In addition to employing the same calculation methods used in previous studies, this work 

also proposes a new approach based on NMR quantification guidelines. To calculate the 

degree of substitution, a single reference peak was selected: the signal at 5.3 ppm, 

corresponding to the H1 proton of the glucose unit (Figure 7.3). This proton was chosen 

because its amount in the pullulan backbone remains constant regardless of the degree of 

methacrylation, due to its bonding to a carbon atom, not an oxygen. To validate this 

assumption, the pullulan spectrum was used as a reference. The intensity of the H1 peak 

was compared to the total intensity of the sugar region (4.4–3.3 ppm), and the resulting 
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ratio was found to be approximately 10.2%. This same analysis was applied to the PulMA 

spectra, and the results are presented in Table 7.3, confirmed that this ratio remains 

constant, independent of the extent of methacrylate incorporation. For calculating the 

methacrylation (or substitution) degree (SD), the vinyl group (signals at ~5.8 and ~6.2 ppm) 

was chosen, as represented by equation (7.6). The ratio of these signals to the H1 peak 

intensity was found to be consistent across all PulMA samples, indicating that either group 

can be reliably used for SD determination in this type of modified polysaccharide. 

 

Figure 7.3 Pullulan chemical structure and hydrogen numbering 

 

௩௬௡௜௟ܦܵ = ଺.ଷି଺.ଵܫ + ହ.ହିହ.ଶܫହ.଼ିହ.ଽ2ܫ  
(7.6) 

 

Although several calculation approaches have been proposed in the literature, the method 

adopted in this study provides greater accuracy and consistency under our experimental 

conditions. This approach considers all characteristic vinyl proton signals (around 5.8 and 

6.2 ppm), avoids overlapping with solvent or backbone signals, and ensures a more reliable 

quantification of methacrylate incorporation. For this reason, it was selected as the primary 

method for analyzing the methods of methacrylation efficiency in this work. 
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Table 7.3 ¹H-NMR results showing the calculated ratios used to determine the 
methacrylation degree for each PulMA batch, using the vinyl and methyl groups as 
methacrylate markers and the H1 proton of the pullulan backbone as the reference. 

 

 
Correlation H1/Sugar 

units 
Vinyl group/H1 

PulMA SD average dev. SD average dev. 
0.5% 10.7% 1.3% 13.2% 6.9% 
1.5% 10.2% 0.0% 35.7% 3.3% 
3.0% 10.8% 0.5% 60.5% 4.1% 

Pullulan 10.0% - - - 

 

Accurate determination of the degree of methacrylation is essential for ensuring 

reproducibility across batches and for tuning the physicochemical properties of the final 

hydrogels, such as mechanical strength, swelling behavior, and drug release profile. The 

methodology proposed here, based on a structurally invariant reference (H1 proton) and 

well-resolved methacrylate peaks, minimizes the influence of overlapping signals or 

baseline inconsistencies commonly observed in broader integration methods reported in the 

literature. While care must still be taken to avoid interference from residual solvents near 

the methyl region, this approach offers a reliable and reproducible alternative for 

quantifying substitution in methacrylated pullulan, particularly in the context of biomedical 

applications. 

7.2.2 Hydrogel formulation 

To evaluate the processability of PulMA-based hydrogels under UV exposure, rheological 

tests were performed to determine the gel point and assess the degree of crosslinking, as 

described in (3.11). Three key parameters were investigated for their impact on hydrogel 

performance: UV exposure time, polymer concentration in water (10% and 20% w/v), and 

the degree of methacrylation (substitution degree) of PulMA. 

Figure 7.4 presents the evolution of the storage modulus (G′) and loss modulus (G″) over 

time for PulMA with a 0.5% substitution degree at 20% (w/v) concentration. To evaluate 

the effect of UV exposure duration, the light source was activated at the beginning of the 

test and turned off at three different time points: after 1 minute, after 10 minutes, and at the 
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end of the test (15 minutes). An additional control test was performed with the UV lamp 

kept off throughout the entire experiment. 

 

Figure 7.4 Time-dependent evolution of storage (G') and loss (G") moduli for a 20% 
(w/v) PulMA solution with 0.5% substitution degree, under varying UV exposure 

conditions: no exposure, and exposures of 1, 10, and 15 minutes 

 

As can be seen, in the absence of UV exposure, both moduli remained constant over a 15-

minute interval, indicating Newtonian behavior, as previously reported by other studies. In 

a separate test, UV exposure was applied for 1 minute starting at the beginning of the 

measurement. The gel point, defined by the crossover of G′ and G″, occurred at 

approximately 1 minute. After the UV source was turned off, G′ continued to increase for 

about 5 additional minutes, while G″ remained relatively stable. This post-irradiation 

increase in G′ is attributed to dark curing, where residual photogenerated radicals continue 
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to propagate crosslinking reactions, leading to further microstructural development 

(Bonino et al., 2011; Higham et al., 2014). 

For samples exposed to UV light for 10 minutes, the storage modulus reached a plateau 

shortly after the light was turned off, indicating completion of the curing process. Under 

continuous UV exposure beyond 10 minutes, a slightly higher final G′ value was observed, 

suggesting a marginal increase in crosslink density. For the 10 minutes and 15 minutes UV 

light exposition, G’ sharply increased in the first 4 minutes, and after that its increase rate 

is reduced. This probably happened due to the significant decrease in PulMA chain mobility 

(Higham et al., 2014). Based on these results, the 15-minute UV light exposure was chosen 

to prepare the hydrogels in this study. 

To evaluate the influence of PulMA substitution degree on hydrogel formulation, three 

degrees of methacrylation, 0.5%, 1.5%, and 3.0%, were tested in terms of their storage (G') 

and loss (G") moduli under 15 minutes of UV light exposure. As shown in Figure 7.5, an 

increase in the degree of methacrylation led to higher G" values, indicating that 

methacrylation plays a significant role in enhancing the crosslinking density, as was 

observed in other studies. Additionally, hydrogels prepared with higher initial PulMA 

concentrations exhibited increased G" values, likely due to the greater availability of 

polymer chains in the system, which facilitates intermolecular interactions and improves 

the efficiency of the crosslinking reaction (Bonino et al., 2011). 
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Figure 7.5 Rheological time sweep analysis of PulMA hydrogels (0.5%, 1.5%, and 3.0% 
MA initial concentrations) under UV light exposure for 15 minutes. Hydrogels were 

prepared at two initial PulMA concentrations: 10% and 20% (w/v) 
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The crosslink density was calculated based on the results obtained from the rheological 

tests and can be seen in Table 7.4 following the principles of rubber elasticity theory, which 

relates the elastic modulus of a polymer network to the number of elastically active chains 

per unit volume. According to this theory, a higher storage modulus (G') corresponds to a 

higher crosslink density, reflecting a more tightly connected network. As expected, 

increasing the degree of methacrylation led to higher crosslink densities for both solution 

concentrations. For hydrogels prepared with 10% (w/v) PulMA solutions at 0.5%, 1.5%, 

and 3.0% substitution degrees, the crosslink density increased from 4.2 to 9.9 and 16.0 

mol/m³, respectively. However, for hydrogels prepared with 20% (w/v) PulMA, the 

differences were less pronounced, with values of 18.1, 22.4, and 21.0 mol/m³, respectively. 

This suggests that the polymer concentration had a stronger influence on the crosslinking 

efficiency than the methacrylation degree, possibly by increasing the likelihood of 

interactions between reactive sites during the UV-induced polymerization process. 

Table 7.4 Crosslinking density of PulMA hydrogels based on their storage modulus 
values for PulMA 0.5%, 1.5%, and 3.0%. Hydrogels were prepared at two initial PulMA 

concentrations: 10% and 20% (w/v) 
 

Hydrogel Crosslink density (mol/m3) dev 
PulMA05-10% 4.2 0.1 
PulMA05-20% 18.1 0.5 
PulMA15-10% 9.9 0.6 
PulMA15-20% 22.4 1.1 
PulMA30-10% 16.0 2.1 
PulMA30-20% 21.0 2.5 

 

The hydrogels crosslink density values were plotted as a function of the number of 

methacrylate groups available in the PulMA solution before UV crosslinking, as can be 

seen in Figure 7.6. The number of methacrylate groups was estimated by multiplying the 

substitution degree by the weight of PulMA used to prepare the solution and dividing by 

the molar mass of a glucose unit in pullulan. As shown in the plot, the samples PulMA05-

10, PulMA15-10, PulMA30-10, and PulMA30-20 follow a clear logarithmic trend. 
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However, the other two data points deviate from this trend, suggesting that additional 

factors may have influenced the crosslinking efficiency in those formulations. 

 

Figure 7.6 Crosslink density as a function of the number of MA groups available in the 
PulMA solutions 

 

To characterize the hydrogels, swelling tests were conducted for all substitution degrees at 

both initial PulMA concentrations. Figure 7.7 presents the swelling capacity of the 

hydrogels after immersion in a pH 7.4 buffer solution for over 24 hours. The swelling 

capacity, expressed as a percentage, reflects the material’s ability to absorb water and 

expand (O. Jeon et al., 2009). As expected from the crosslink density results, an inverse 

relationship was observed: higher crosslink density resulted in lower swelling capacity. 

This is likely due to the increased number of covalent bonds between polymer chains, 

which restricts their mobility and limits water uptake (Bae et al., 2011; I. Y. Jeon & Baek, 

2010). Consequently, the PulMA hydrogel with the lowest methacrylation degree (0.5%) 

prepared at 10% (w/v) exhibited the highest swelling capacity, exceeding 400%. In contrast, 
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the PulMA hydrogel with the highest methacrylation degree (3.0%) at 20% (w/v) showed 

the lowest swelling, slightly above 200%, which is approximately half the value of the 

former. 

 

Figure 7.7 Swelling behavior of PulMA hydrogels with substitution degrees of 0.5%, 
1.5%, and 3.0%, prepared at 10% and 20% (w/v) concentrations. Swelling was 

determined by measuring the weight difference between dry and swollen hydrogels after 
immersion in pH 7.4 buffer solution for 24 hours 
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The swelling capacity of the hydrogels was also plotted as a function of their crosslink 
density, as shown in 

 
Figure 7.8. Consistent with the results observed in Figure 7.6, all samples followed the 

expected trend except for PulMA05-20 and PulMA15-20, which deviated from the 

trendline. The results confirm an inverse relationship between crosslink density and 

swelling capacity: as the crosslink density increases, the swelling capacity decreases, as 

previously observed. For the two hydrogels that did not follow this linear trend, it is likely 

that factors other than crosslink density, such as network defects or incomplete crosslinking, 

for example, may be influencing their swelling behavior. 
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Figure 7.8 Correlation between PulMA hydrogels' swelling capacity (%) and crosslink 

density (mol/m3) 

 

To assess the influence of isoniazid (INH) concentration on the crosslinking density of 

hydrogels, a time sweep rheological test was conducted using PulMA 0.5% hydrogels 

prepared at 20% (w/v), both with and without INH. INH was incorporated at concentrations 

of 1%, 3%, and 5% (w/w, relative to PulMA), as can be seen in Figure 7.9. As observed, at 

5% INH, the gel point was delayed, shifting from 1 minute (in the INH-free hydrogel) to 

approximately 2 minutes, suggesting that the presence of INH interferes with the 

crosslinking reaction. This effect is likely due to intermolecular interactions between INH 

and PulMA chains, particularly hydrogen bonding, which may hinder the mobility and 

proximity of reactive groups required for effective crosslinking. At lower INH 

concentrations, especially 1%, these interactions appeared less significant, allowing the 

storage modulus to reach values similar to those of the INH-free PulMA hydrogel, 

indicating a more efficient crosslinking process. 
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Figure 7.9 Rheological time sweep analysis of PulMA 0.5% hydrogels prepared at 20% 
(w/v), exposed to UV light for 15 minutes. Hydrogels were formulated with and without 

isoniazid (INH), using three different INH concentrations: 1%, 3%, and 5% (w/w) 

 

Based on the results of the swelling test and the observed influence of isoniazid (INH) on 

the crosslinking density of PulMA hydrogels, drug release studies were conducted in pH 

7.4 buffer solution for 8 hours (480 minutes) at 37 °C. Three systems were evaluated: 

PulMA 0.5% hydrogels (prepared at 20% w/v) containing 1% and 5% INH (w/w), and 

PulMA 3.0% hydrogels containing 1% INH. Figure 7.10 shows the cumulative release (%) 

of INH over time. For PulMA 0.5%, both INH-loaded hydrogels exhibited similar release 

profiles, with nearly complete drug release occurring within approximately 2 hours. In 

contrast, the PulMA 3.0% hydrogel showed a slight improvement in sustained release, 

extending to around 3 hours; however, the release was incomplete, with approximately 30% 

of the drug remaining unreleased by the end of the test. Although these systems did not 

demonstrate prolonged sustained release, the results highlight the potential of PulMA 

hydrogels for drug delivery applications. Future modifications, such as incorporating 

polymeric blends, developing PulMA/clay nanocomposites, or adding PEGDA, could be 

explored to further control the release rate and enhance the applicability of these systems. 
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Figure 7.10 Cumulative release (%) of isoniazid (INH) from PulMA hydrogels prepared 
at 20% (w/v) polymer concentration, over 8 hours in pH 7.4 buffer solution at 37 °C. 

PulMA 0.5% hydrogels were formulated with 1% and 5% (w/w) INH, while PulMA 3.0% 
was tested with 1% (w/w) INH 

 

To better understand the release mechanisms, the experimental data were fitted to three 

kinetic models: Zero-order, Higuchi, and Korsmeyer–Peppas (Table 7.5). As 

recommended, the Korsmeyer–Peppas model was applied only to the initial 70% of drug 

release. Among the models tested, it generally provided the best fit to the experimental data. 

As discussed in Section 1.1.1, the parameters of this model offer insight into the underlying 

release mechanisms. For all hydrogels, the n-values were approximately 0.6, indicating that 

anomalous (non-Fickian) diffusion played a significant role in the release behavior. This 

suggests that both swelling and drug diffusion contributed to the drug release process. The 

other constant parameter, “K”, decreased as the crosslinking degree density increased, 

indicating a decrease in the release rate. 
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Table 7.5 fitting parameters of PulMA hydrogels in three different models: Zero-order, 
Higuchi, and Korsmeyer-Peppas 

 

Models Parameters PulMA05-20-1INH PulMA05-20-5INH PulMA30-20-IINH 

Zero-order 
K0 0.146 0.294 0.210 
R2 0.423 0.500 0.516 

Higuchi 
Kh 5.308 5.696 87.000 
R2 0.999 0.691 0.704 

Korsmeyer-Peppas 
K 6.606 5.741 3.729 
n 0.606 0.610 0.601 

R2 0.991 0.975 0.955 
 

7.3 Conclusion 

The results presented in this section demonstrate the significant influence of formulation 

parameters on the properties and performance of PulMA-based hydrogels. The degree of 

methacrylation was directly affected by the initial amount of methacrylic anhydride (MA), 

which in turn influenced the crosslinking behavior and mechanical properties of the 

resulting hydrogels. 

Rheological analyses showed that PulMA solutions exhibited good stability in the absence 

of UV exposure. Upon UV irradiation, the crosslinking process was initiated, with the 

storage modulus (G') increasing over time. However, a plateau was reached after 

approximately 10 minutes, indicating that prolonged UV exposure beyond this point does 

not significantly enhance the crosslinking density. 

Both the concentration of the PulMA solution and the degree of substitution were found to 

affect the final hydrogel properties. Higher PulMA concentrations led to greater 

crosslinking densities and consequently lower swelling capacities due to the denser 

polymeric network. Conversely, the incorporation of isoniazid (INH), especially at higher 

concentrations, interfered with the crosslinking process, likely through intermolecular 

interactions that hindered the formation of covalent bonds. 
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Despite this, hydrogels with higher crosslinking densities demonstrated improved sustained 

release profiles, emphasizing the importance of network structure in controlling drug 

delivery behavior. These findings confirm the potential of PulMA hydrogels for drug 

delivery applications and provide valuable insights for further optimization through 

compositional adjustments or incorporation of additional components. 

In future works, the influence of UV intensity and the gel point determination by the 

Winter-Chambon criteria should be studied. 



   



   

CONCLUSION 

This thesis presents a comprehensive investigation into the development of clay-based and 

hydrogel-based systems for the controlled release of isoniazid (INH), a frontline 

antituberculosis drug. Through a multidisciplinary approach combining materials 

characterization, adsorption and release studies, and formulation optimization, the work 

highlights the potential of smectite clays and pullulan-derived hydrogels as effective 

carriers for oral drug delivery applications. 

Smectite clays of natural and synthetic origins were systematically evaluated to determine 

their adsorption capacities, retention efficiencies, and release behaviors. The findings 

revealed that INH adsorption is highly dependent on the clay's physicochemical properties, 

particularly pore volume and surface interactions. An optimal pore volume of ~0.100 cm³/g 

was identified for maximum INH uptake. XRD analyses confirmed that INH adsorption 

occurred primarily on external surfaces and inter-tactoid pores rather than through 

intercalation. 

Among the tested clays, a Brazilian natural clay (VVd) demonstrated the highest adsorption 

capacity (~115 mg/g at pH 2) and favorable release profiles. Mechanistic investigations 

under different pH conditions elucidated the role of INH speciation and electrostatic 

interactions: at acidic pH, INH is protonated and adsorbs via electrostatic attraction, 

favoring strong monolayer binding and minimal drug release in gastric conditions (~8%). 

At neutral pH, adsorption involved both monolayer and multilayer mechanisms, with 

multilayer incorporation contributing to higher drug loading but increased burst release. 

These results underscore the delicate balance between drug loading and release control, 

dictated by the nature of drug–clay interactions. 

Spectroscopic and thermal analyses (FTIR, TGA, DSC) confirmed that INH binds to clay 

surfaces through its hydrazine, pyridine, and carbonyl groups, establishing stable 

interactions that enhance thermal protection. The zero-order release kinetics observed in 

select formulations at intestinal pH further demonstrate the system’s promise for sustained 

drug delivery. 

The study also explored the impact of clay chemical composition by comparing materials 

with similar morphology but distinct surface charges. Cloisite (CL), for instance, showed 
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superior performance to Laponite (LP) in both adsorption and release, likely due to its lower 

surface charge, which enhanced drug retention through stronger interactions. 

In parallel, the potential of modified pullulan (PulMA) hydrogels was assessed. The degree 

of methacrylation was shown to regulate crosslinking density, rheological properties, and 

swelling behavior. UV exposure induced gelation, with a plateau in mechanical strength 

reached after 10 minutes. Drug incorporation affected hydrogel structure—higher INH 

concentrations interfered with network formation, decreasing crosslinking efficiency. 

However, when optimized, higher-density PulMA hydrogels achieved a more sustained 

release, demonstrating that network design is crucial for effective drug delivery. 

Taken together, the results of this thesis establish a solid foundation for the rational design 

of drug delivery systems using smectite clays and PulMA hydrogels. VVd and CL clays, in 

particular, offer a biocompatible, cost-effective, and scalable platform for INH delivery. 

The adsorption process, based on room-temperature aqueous dispersion, further supports 

industrial translation. Importantly, cytotoxicity assays confirmed the safety of the natural 

clay, making it an appealing candidate for pharmaceutical applications. 

Nonetheless, limitations remain, including potential aggregation effects under 

physiological conditions and the need for further in vivo validation. Future research should 

include advanced biological assessments, as well as molecular modeling to elucidate 

interaction mechanisms in greater detail. These insights will pave the way for the 

development of next-generation delivery platforms tailored for drugs requiring protection 

in acidic environments and controlled release in the intestine, such as those used in 

tuberculosis treatment. 



   

RECOMMENDATION 

 Clays 

o Evaluate the release of exchangeable cations from clays and their potential 

cytotoxic or stimulatory effects on human cells. 

o Investigate the potential agglomeration of clays under physiological conditions 

and assess its implications for biomedical applications, particularly in terms of 

bioavailability and safety. 

 Pullulan 

o Study the influence of UV intensity in obtaining PulMA hydrogels. 

o Determine PulMA hydrogels' gel point by the Winter-Chambon criteria. 

o Incorporate PEGDA (polyethylene glycol diacrylate) into PulMA hydrogels to 

enhance mechanical properties and improve sustained drug release profiles. 

o Develop PulMA/clay composite hydrogels and investigate the effect of clay 

concentration on INH release kinetics and overall system performance. 

o Explore the application of PulMA hydrogels in other biomedical fields, such as 

tissue engineering, cell proliferation scaffolds, topical drug delivery, and ocular 

controlled release systems. 

 Clays and Pullulan 

o Future studies should incorporate lung-relevant cell models to further evaluate the 

material’s effects in a more disease-specific context for cytotoxicity tests. 

Conduct in vivo studies to validate the efficacy and safety of clay-based systems for 

isoniazid (INH) delivery.
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APPENDIX I   
 

FTIR SPECTRA OF PULMA 2ND AND 3RD BATCHES 

 

Figure A - I - 1 FTIR spectra of the second and third batches of PulMA 0.5%, 1.5%, and 
3.0% 

 

 

  



   



   

APPENDIX II  
 

1H-NMR SPECTRA OF PULMA 2ND AND 3RD BATCH 

 

Figure A - II - 1 1H-NMR spectra of PulMA 0.5%, 1.5%, and 3.0% 2nd batch 
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Figure A - II - 2 H-NMR spectra of PulMA 0.5%, 1.5%, and 3.0% 3rd batch 
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