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Abstract

Recent developments in the field of polymer chemistry have resulted in many new forms of Hybrid
polymer. This has further revolutionized the application of polymer chemistry in numerous fields. In this
research, we manufactured clay-based hybrid membrane by adding clay to the biodegradable matrix of
chitosan polymer. It is widely known that microbial and pathogenic organisms are responsible for wound
hampering infections such as impetigo. They can spread in bodily fluids and skin, enter the blood through
wounds and slow down the healing and repair of tissues. Clay has long historical use as a therapeutic
agent with potential use in biomedical applications. Its safe composition, along with its large surface
area, availability, and ability to exchange cations make it attractive. This design increases structural and
biocompatibility and wound-healing efficiency. The hybrid membranes are a combination of clays, hydraulic
ionizing agents — called Zwitterions, silver and terbinafine hydrochloride (TBH). This combination yields
both antibacterial as well as antifungal action. The biodegradable polymer serves as a supporting
framework, and the clay helps to control the releasing of antimicrobial agents to prevent the growth of
pathogens. We evaluated the antimicrobial efficacy employing a zone of inhibition assay against prevalent
skin wound pathogens; these hybrid clay membranes were strongly antimicrobial against Candida
albicans, Escherichia coli, and Staphylococcus aureus. Our output suggests that these hybrid clay
membranes are affordable, scalable, and suitable for powerful and useful treatment of microbial
infections. In wound healing solution these membranes provide an advance point of care solution.
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INTRODUCTION

Infection caused by microbes from wounds, burns, and foodborne illnesses represent 12% of deaths
globally, particularly affecting low- and middle-
income nations bearing the brunt of them [1]. A recent
study, this time a large one, found that five germs, S.
aureus, Pseudomonas aeruginosa, Escherichia coli,
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Klebsiella pneumoniae, S. aurereus, were responsible
for over half of all bacteria-related deaths, with
Staphylococcus aureus alone being responsible for
more than 1.1 million deaths [2]. These infections are
very contagious in humans and animals and have been
the cause of millions of birds being lost to the poultry
and farming industry to diseases caused by bacteria
and viruses [3].

The level of surface wounds affects the upper
body surface while acute wounds are more serious
and can become infected with bacteria or fungi [4].
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Staphylococcus aureus (Saveis) and Escherichia coli (E. coli) are probably the most common bacteria
of human body [5]. S. aureus is the most common cause of surgical infection [6]. Though usually benign
residents of the body, when bacteria enter the bloodstream through a wound, they have the potential to
lead severe infections and secrete their enzymes which spread damage to nearby tissues [7].

Although bacteria are one of the main causes of chronic nonhealing wounds, fungi are also significant
contributors [8]. Fungal infections pose dangerous threats in critical care particularly chronic and
surgical wounds [6]. Almost one quarter of chronic wounds are fungal infected [9] is widely reported
in chronic wounds is Candida (Candida albicans [C. albicans]) yeast-like fungus [10]. C. albicans is
naturally found in different areas of the body such as the digestive system, reproductive organs, oral
region, and outer body surface [11]. In the case of fungal infections can complicate skin wounds and
the wound-healing process, forming organisms that are not easily destroyed by conventional treatment
in so-called biofilms [12].

Current wound dressings products are composed of various materials including, hydrogels, fiber-
based scaffolds, hydrocolloids, carbon derived structure, bioactive glass, film layers prepared from
either natural or artificial origins [13—15]. Many of these dressings have antimicrobial agents — like
metal nanoparticles or antibiotics — to enhance the antibacterial activity [14—16]. Although there are
artificial materials this need for supplementary, cost-effective solutions is growing. Environmentally
friendly, sustainable materials that do not involve toxicity, easy to use in harsh conditions, appropriately
packaged, and well-biodegradable are key requirements [17]. Biodegradable polymers have been very
interesting for wound dressings due to their biocompatibility, degradation, and tissue regeneration
support. Natural polymers, like chitosan, alginate, and gelatin and the synthetic polymers, polycaprolactone
and polylactic acid provide moisture-retention, oxygen-permeability and structural support. Chitosan is
interesting in particular since it is naturally antibacterial, non-toxic and promotes cell adhesion and
proliferation. Biodegradable matrices also have the potential to incorporate antimicrobial agents, which
can be used to release at a sustained rate at the site of the wound. However, biodegradable polymers
lack often mechanical strength and structural stability; the presence of clay minerals add on to these
characteristics in hybrid composites [18]. Mylsamy B, Aruchamy K, Shanmugam SK, Palanisamy S,
Ayrilmis N. Improving performance of composites: Natural and synthetic fibre hybridisation techniques
in composite materials—A Review. Materials Chemistry and Physics. 2025 Apr 1;334:130439.

Clays find a range of applications in the therapeutic and biomedical sectors, as they are biocompatible,
richly available, have a large surface area, and promote the flow of oxygen and moisture through pores.
Bentonite and sepiolite have a distinctive property that allows their modification with biodegradable
polymers and organic agents to produce hybrid membranes with improved mechanical resilience,
stability and antimicrobial properties for wound dressings [19, 20]. Elements — like iron, magnesium,
and potassium in clays — also help in recovery process [21, 22].

Antibiotics are the most common type of antibacterials used in wound dressings, followed using
antimicrobial materials such as metallic elements and oxide-based nanomaterials [16]. Silver based
compounds in ionic and nanoparticles are favored as antibacterial agents while treating these different
classes of antifungal groups we use, such as polyenes, echinocandins, and allylamines azole, and that
include dermatophytes [10]. Terbinafine hydrochloride (TBH) is an allylamine with oral and topical
action, which is effective against different types of fungi, even at low concentrations [22]. With the
proper dosage and duration, silver acts as an effective antiseptic with powerful antibacterial activity
against microorganisms present in wound. Research findings indicate that both silver ions and
nanocrystalline silver may control the spread of antibiotic-resistant organisms when used wisely and
reduce the need for antibiotics to be taken systemically, and therefore, reduce treatment time and cost [23].

We intend to show off hybrid clay composite membrane as an affordable antimicrobial treatment by
engineering clays, betaine, silver ion and TBH as environmentally benign ingredients to develop an
efficient membrane with effective antibacterial and antifungal properties. Bentonite and sepiolite served
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as host clay for the synthesize of the composites. The non-toxic, one of the non-toxic surfactants,
betaine, which is a non-toxic compound, binds to the interlayer or surface of the clay and helps to adsorb
the antimicrobial agent. Ag-apatite-bentonite membrane prepared by Cation Exchange Resorption.
Membranes composed of silver-infused apatite-bentonite were created by incorporating silver ions into
bentonite clay. These materials effectively targeted both Gram-positive and Gram-negative bacteria,
including E. coli and S. aureus, but did not exhibit any antifungal properties. On the other hand, TBH—
betaine—bentonite composites proved to be effective against fungal organisms. Finally, Ag-TBH-
betaine—bentonite composite materials were obtained, in which silver, TBH and betaine have been used
in combination with ambient to deliver antibacterial and antifungal activity.

In our studies, we revealed that the viscosity, storage moduli and flow stresses of the clays functionalized
with the redox agents are higher because of the creation of three-dimensional networks and a result of
higher aggregation due to intercalation [24]. Rheological analyses investigated the interactions of
betaine molecules with bentonite slurry and the effect on slurry structure and properties of bentonite
clay. We found that the addition of small, pH-sensitive, eco-friendly betaines, such as trimethyl glycine,
grants substantial improvement in rheological performance compared to unmodified clays which is a
great alternative to long-chain surfactants that are currently used to functionalize clays.

Chitosan is a biodegradable biocompatible polymer that is popular for biomedical use because it is
hydrophilic and naturally antimicrobial. Clay minerals have high surface area, ion-exchange capacity and
good mechanical properties which make them suitable for drug delivery applications, wound healing, etc.
Combining chitosan and clay polymers results in biodegradable polymer—clay nanocomposites that
improve mechanical strength, stability and controlled drug release. These are the hybrids that are getting
more attention in antimicrobial wound dressings, thanks to the better compatibility, therapy persistence
and prevention of infections that they achieve.

MATERIALS, SYNTHESIS, AND TESTING
Materials Used

Bentonite and sepiolite clays were used as the primary mineral components in this study. Phosphate
buffered saline (PBS) was used to keep the physiological condition during the experiments. Silver
nitrate, betaine and terbinafine hydrochloride (TBH) were used as functional agents in the composite
preparation. All materials were used as received, and no additional processing and purification steps
were performed. Deionized water was used for all the work for solution preparation and washing.

The antibacterial wherefore of the materials was tested against Staphylococcus aureus (ATC 6538)
and Escherichia coli (ATC 25922). Antifungal activity was determined on Candida albicans (ATCC
MY A 4441). These strains were from a certified culture repository. Prior using all growth media and
buffer solutions used for this purpose were sterilized by autoclaving at 121°C and 15 psi for 30 min to
maintain aseptic condition.

Preparation of Clay-Based Composite
Bentonite Clay Composite

A composite, which used a membrane mix that contained bentonite clay and betaine, was prepared
to increase functional characteristics. First, 3.5 g of sodium bentonite was combined with 55 ml of
deionized water and stirred constantly for 24 hours to ensure complete hydration and expansion of the
layers of clay. The suspension was then purified by centrifugation at 8000 rpm 3 times, of which
deionized water was used to wash and remove the remaining impurities. Following purification, 0.58 g
of betaine was added to the clay suspension along with 10 mL of deionized water, and the mixture was
stirred for an additional 24 hours to ensure consistent interaction between betaine and the clay structure.

The suspension prepared was then uniformly applied onto a glass surface utilizing an automatic film
coater that operated at a speed of 2 mm/s. The coated film was then placed in an oven at 60°C for 4
hours to ensure adequate membrane formation. Following the drying process, the membrane was gently
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removed from the glass surface and identified as the Betaine/Bentonite Clay Composite Membrane
(BB-CC (M)). Circular samples measuring 6 mm in diameter were cut for antibacterial testing. Each
membrane sample weighed approximately 2.5 mg and had a thickness of about 50 pm.

Silver—Betaine Functionalized Bentonite Composite Membrane

Composite membranes of betaine and bentonite loaded with silver were created using an ion-
exchange technique, where silver ions replaced the sodium ions found in bentonite. To create the
samples, four different amounts of silver nitrate (0.4 g, 0.8 g, 1.2 g, and 1.6 g) were utilized while
keeping the quantities of bentonite (3.5 g) and betaine (0.58 g) constant. First, bentonite was dispersed
in deionized water, after which the appropriate amount of silver nitrate was added to the mixture. The
resulting suspension was stirred continuously for 24 hours to facilitate adequate ion exchange between
sodium ions and silver ions.

The suspension was subjected to centrifugation at 8000 rpm and rinsed with deionized water to
eliminate any unreacted ions and contaminants. The purified material was then combined with 0.58 g
of betaine in 10 mL of deionized water and stirred for 24 hours to guarantee even incorporation. The
resulting suspension was applied onto glass plates using an automated film coater and dried at 60°C for
4 hours. After drying, the membranes were carefully peeled off and designated as silver—betaine—
bentonite composites, labeled according to the concentration of silver nitrate: Ag(1)-BB-CC(M), Ag(2)-
BB-CC(M), Ag(3)-BB-CC(M), and Ag(4)-BB-CC(M). Each membrane sample weighed approximately
2.5 mg and had a thickness of around 50 pm.

TBH-Betaine Functionalized Bentonite-Based Composite Pellets

The composites of Bentonite Clay TBH—Betaine were created by incorporating 3.5 g of bentonite
into 50 ml of deionized water. The mixture was shaken for 24 hrs, centrifuged three times at 8000 rpm,
and washed with deionized water. The slurry was transferred to another container and combined with
ready prepared TBH solutions in the form of methanol. The TBH—clay suspensions were shaken for a
further 24 hr. at ambient temperature, then applied onto glass plates and allowed to dry in a vacuum
oven for 24 hours. at 60°C. The resulting powders were collected and worse pressed into pellets.
Terbinafine hydrochloride (TBH)—betaine—bentonite composite pellets were prepared using different
concentrations of TBH. Three formulations were developed and designated as TBH(1)-BB-CC(P),
TBH(2)-BB-CC(P), and TBH(3)-BB-CC(P). The TBH solutions were prepared by dissolving 50 mg,
100 mg, and 150 mg of TBH in 5 mL of methanol, respectively. These solutions were then incorporated
into the betaine—bentonite composite to form pellet structures. The resulting composite pellets were
uniform in shape, with each pellet having an approximate mass of 200 mg and a thickness of about 2.6
mm. These pellets were further used for antifungal evaluation and related experimental studies.

Silver—TBH-Betaine Modified Bentonite Composite Pellets

A hybrid nanocomposite was created by combining silver, terbinafine hydrochloride (TBH), betaine,
and bentonite through a solution-based preparation technique. First, 0.3 g of silver nitrate was added to
a suspension of 3.5 g bentonite in 50 ml deionized water with good mixing. Next, a TBH solution was
made by dissolving 50 mg TBH in 5 mL methanol and added to the mixture. The resulting suspension
was stirred for 24 hours to ensure an interaction of all components in the suspension; the solid material
was then isolated by centrifugation. Then 0.58 g of betaine was added to the collected material and
mixed to homogenize the material. The final mixture was evenly spread on a glass plate and dried in an
oven for 4 hours at 60°C to obtain the composite material. After drying, the material was ground into
powder and formed into circular pellets (diameter of 6.2 mm and weight of approximately 200 mg and
thickness approximately 2.6 mm). These samples were named Ag-TBH-betaine-bentonite composite
pellets (Ag-TBH-BB-CC(P)).

Preparation of Sepiolite Composite Materials
Betaine—Sepiolite composite membranes were prepared following the procedure developed for
betaine—bentonite system except replacing bentonite with sepiolite. The membrane obtained was called
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BS-CC(M) and was used as a reference to evaluate sepiolite-based formulations. Each BS-cc(M)
membrane’s weight was approximately 5 mg and its thickness was approximately 70 um. Composites
that include silver and sepiolite were also developed in the membrane and pellet formats. For these, 0.3
g silver nitrate was combined with 3.5 g sepiolite and 2.5 g betaine with the same synthesis process as
the betaine—bentonite membranes and TBH-bentonite pellets. The membrane samples were labelled
Ag-BS-CCM while the pellets were labelled Ag-TBH-BS-CCP. Each pellet was about 200 mg in mass,
2.6 mm thick and 6.2 mm in diameter. Detailed information of prepared samples is all provided in
Tablel.

Table 1. Experiment details of experiments performed on clay composite samples.

Sample Abbreviation Physical form Application
Betaine—Bentonite Clay Composite BB-CC (M) Membrane Control.
Ag—Betaine—Bentonite Clay Composite Ag (1)-BB-CC (M) |Membrane Antibacterial.

Ag (2)-BB-CC (M) |Membrane Antibacterial.

Ag (3)-BB-CC (M) |Membrane Antibacterial.

Ag (4)-BB-CC (M) |Membrane Antibacterial.
TBH-Betaine—Bentonite Clay Composite TBH (1)-BB-CC (P) |Pellet Antifungal.

TBH (2)-BB-CC (P) |Pellet Antifungal.

TBH (3)-BB-CC (P) |Pellet Antifungal.
Ag-TBH-Betaine—Bentonite Clay Composite | Ag-TBH-BB-CC (P) |Pellet Antibacterial, Antifungal.
Betaine—Sepiolite Clay Composite BS-CC (M) Membrane Control.
Ag—Betaine—Sepiolite Clay Composite Ag-BS-CC (M) Membrane Antibacterial.
Ag-TBH-Betaine—Sepiolite Clay Composite |Ag-TBH-BS-CC (P) |Pellet Antibacterial, Antifungal.

Evaluation of Antimicrobial Activity of Clay Composites

The capability of the clay composite materials against some microbial strains including C. albicans, S.
aureus, and E. coli was determined using the zone of inhibition (ZOI) method. First, all strains were grown
in LB broth or YEM broth and incubated at 38°C while continuously agitated at 160 rpm for better growth.
The optical density (OD) of the cultures was determined at 600 nm wavelength (OD600) with a UV—
visible spectrophotometer (Cary-60, Agilent Technologies) to monitor the cell density. Before testing, all
the composite samples were exposed to ultraviolet light for 22 min to eliminate potential contamination.
The microbial suspensions were then diluted to an optical density of 0.2. About 55 tempting (phantom)
microliter solution prepared from the cultured culture was uniformly spread on the LB agar or YEM agar
plates, so that we can obtain the same amount of bacterial layer. Sterilized clay discs and control samples
of similar size (6.2 mm diameter) were carefully placed on the surface of the agar on sterile forceps.
Incubation of the plates took place at a temperature of 38°C for 24h. After incubation, the antibacterial
effectiveness was scored by measuring the surrounding clear zones around each sample which indicated
by inhibition of microbial proliferation. Measurements were made in millimeters and results given as the
mean zone size with standard deviation from several repetitions (n > or equal to 2).

Chitosan—Clay

Applying eco-friendly ingredients or in particular bio-waste derived materials is also becoming more
and more important for various applications. Chitosan is a natural polysaccharide with a great number
of properties and potential applications [25]. Structurally, it is made up of random units of beta-(1->4)
linked D-(1->2) glucose that is either deacetylated or N-acetylated.

Chitosan can be obtained from cell wall wastes of fungi. The biocompatible and biodegradable nature
of it makes it a safe biomaterial for humans, animals and environment [26]. Such synonyms are deacetyl
chitin and poly-(D) glucosamine, referring to its structure and ways of formation [27].

© STM Journals 2026. All Rights Reserved S17



Preparation and Characterization of Clay-Based Hybrid Membranes Masurkar et al.

The degree of Deacetylation (DD) has a critical effect on the properties of chitosan. Commercial
chitosan usually has a DD of 75-90 per cent and a molecular weight (MW) of 60-2000 kDa [28]; Based
on MW, the chitosan is categorized into low MW (<160 kDa), medium MW (160-700 kDa) and high
MW chitosan (MW > 700 kDa) [29].

Chitosan’s biodegradability is a result of its vulnerability to hydrolysis by the proteolytic enzyme,
lysozyme which is typically found in human tissue as well as lipase (which can be found in saliva,
gastric and pancreatic secretion). The degradation product of enzymes is non-toxic in nature [30].

Preparation and Structural Analysis of Chitosan—Clay

The solution intercalation, in-place polymerization, and melted intercalation methods are generally
used for the development of bio-nanocomposites made from polymer and clay. These techniques insert
the polymer chain between the layers of clay and result in a homogeneous dispersion of clay particles
onto a biodegradable polymer matrix. The composites exhibit enhanced mechanical strength and
enhanced stability and controlled drug delivery. They can be cast in thin films or made into scaffolds
for use in wound dressing. Characterization by XRD, SEM, FTIR and thermal analysis was done to
study their structure, morphology, and physicochemical properties.

Statistical Analysis

All experiments were conducted three times unless stated otherwise. The outcomes are shown as the
average value along with the relevant standard deviation (mean + S.D.). A two-tailed Student’s t-test
was used for statistical assessment to evaluate the significance of differences between groups. A p-value
of less than 0.05 was deemed statistically significant. The significance levels are denoted as ns (not
significant) for p > 0.06, for p < 0.06, for p < 0.02, for p < 0.002, and for p < 0.0002.

RESULT
Production of Antimicrobial Clay-Infused Composites

Bentonite composites were produced by interlayer sodium ions in the clay structure being replaced
by silver ions that endow antibacterial activity. Antifungal composites were based on terbinafine
hydrochloride (TBH) that was adsorbed in bentonite surface via intercalation or surface attachment [31].
tiny betaine molecules also inserted themselves, leading to expanding the layers and also accommodating
both silver and TBH. The mechanism of adsorption is primarily influenced by the electrostatic forces
between the positively charged TBH and the negatively charged surface of the clay material [32].

Composites based on sepiolite were created by adsorbing silver ions (Ag") and TBH onto the surface
of the elongated sepiolite structure. The negatively charged surface of sepiolite enables it to engage
with positively charged TBH via electrostatic interactions, leading to enhanced adsorption [33]. The
resulting composites were evaluated against microorganisms in skin wounds and their zones of
inhibition. TBH inclusion disrupted the layers making free-standing membranes impossible and so all
powders were compacted to pellets which were used as scaffolds.

CONCLUSION

This research showcases a simple yet efficient technique for creating clay-based composites with
antimicrobial properties by combining sepiolite and bentonite with TBH and silver ions. The resulting
membranes showed significant inhibitory effects against £. coli, and C. albicans, S. aureus highlighting
their potential use in antimicrobial applications. The synthesis route presented in the study is a
sequential synthesis route for antibacterial, antifungal and dual-action application. Bentonite is plate-
like and sepiolite is fibrous/rod-shaped clay system proved to be effective when loaded with silver gram-
negative bacteria and against gram-positive or TBH (against fungi). The combination has protection
from bacterial and fungal pathogens, which fight bacteria with silver ions and fungus with TBH. Burn
victims at increased risk of infection WHO estimates that 11 million burn patients experience
complications and result in greater than 180 000 worldwide deaths annually. The control of infection is
a worldwide priority. The market for wound care was worth $22.06 billion in 2023, and is expected to
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be worth $30 billion by 2029, providing the impetus for the development of materials to resist disease-
causing microbes and limit their penetration. Our findings highlight clay-based composites as promising
wound care solutions, i.e., biocompatible composites which are low-cost and have low-toxic
antimicrobial functionalization. Furthermore, they provide a prolonged release of antimicrobial
substances, necessary for ongoing defense against microbial colonization, thereby decreasing the
likelihood of infections and bolstering public health initiatives. We plan upon taking these research
findings into the further development of treatments against scars, burns, and chronic skin diseases and
the optimization of these composites for clinical testing in animal models. Biodegradable polymer—clay
hybrid membranes based on chitosan and natural clays have great potential for antibacterial wound
dressings. These hybrids have the combined properties of chitosan (compatibility with living tissues,
biodegradability, film-forming capacity and inherent antimicrobial properties) and clay minerals (high
surface area, ion-exchange capacity and mechanical properties). Adding clay to a polymer matrix
increases structural stability and can create controlled release of antimicrobial agents which will
increase infection control and wound-healing efficiency. Such composites are a safe, sustainable and
fruitful solution to advanced wound care and further biomedical applications.
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