UNDER PEER REVIEW

Original Research Article
Evaluation of Antifungal Activities of Silver Nanoparticles Impregnated Hydrogel for Advanced Biomedical Applications

ABSTRACT

Fungal infections associated with wounds and biomedical devices continue to pose a serious challenge for health-care, thus the development of effective antimicrobial materials is needed. Here, we have synthesised an antifungal hydrogel using silver nanoparticles (AgNPs) and explored its potential for biomedical applications. AgNPs were synthesised by green route and were loaded into a tri-polymeric hydrogel matrix containing κ-carrageenan (k-C), polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP). The prepared hydrogel showed good transparency, structural stability and uniform distribution of AgNPs in the polymeric network. The antifungal activity of the AgNP loaded hydrogel was studied against Aspergillus niger in both therapeutic and prevention model. The hydrogel was found to effectively inhibit fungal growth on contaminated potato dextrose agar (PDA) surfaces in the treatment model with a clear zone of inhibition as compared to the nanoparticle-free control. The prevention model consisted of a biphasic nutrient-rich hydrogel system, with one half consisting of AgNPs and the other half as control. The AgNP-containing area showed complete inhibition of fungal colonization, while the control side showed extensive fungal growth. The results showed that the addition of AgNPs into the hydrogel matrix did not influence its antifungal activity. The advantages of biocompatible polymeric network and potent antifungal activity of AgNPs make this hydrogel a promising candidate for wound dressings, infection control and other biomedical applications. The present study offers the potential of AgNPs based hydrogel as advanced antimicrobial biomaterials, and a stepping stone for future studies including physicochemical characterisation, biocompatibility evaluation and in vivo wound healing investigation.
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INTRODUCTION

Skin wounds continue to pose a significant global healthcare challenge, contributing to increased morbidity, prolonged hospitalisation , disability, and mortality. The healing of acute and chronic wounds is a highly complex biological process involving hemostasis, inflammation, proliferation, and tissue remodeling.(Sulastri et al., 2023). However, wound repair is often impaired by several factors, including microbial infections, ischemia, excessive inflammatory responses, metabolic and endocrine disorders, and compromised immune function. These complications can delay tissue regeneration, promote chronic ulceration, increase susceptibility to recurrent infections, and ultimately diminish patients' quality of life.(Shahrousvand et al., 2023).
Traditional wound dressings, such as medical gauze, are widely used because of their low cost, ease of application, and accessibility. Despite these advantages, conventional dressings exhibit several limitations, including poor moisture retention, inadequate protection against microbial contamination, and adhesion to newly formed tissue, which may cause additional trauma during dressing removal(Pereira & Faria, 2024). Consequently, the development of advanced wound dressings capable of providing an optimal healing environment has become an important area of biomedical research. An ideal wound dressing should possess high exudate absorption capacity, moisture-retaining ability, gas permeability, antimicrobial activity, biocompatibility, biodegradability, mechanical flexibility, and the ability to reduce oxidative stress and pain during dressing changes.(P. Singh et al., 2023).

Among the various biomaterials investigated for wound management, hydrogels have emerged as highly promising candidates. Hydrogels are three-dimensional hydrophilic polymer networks capable of absorbing and retaining large amounts of water while maintaining their structural integrity through physical or chemical crosslinking.(Linima et al., 2023). Their high water content, biocompatibility, tunable mechanical properties, and structural resemblance to natural extracellular matrices make them particularly suitable for wound healing, tissue engineering, regenerative medicine, and drug delivery applications(Mirzaei et al., 2023),(Liu & Chen, 2024).

Hydrogels can be fabricated from either natural or synthetic polymers. Natural hydrogel-forming biopolymers include carrageenan, collagen, chitosan, gelatin, fibrin, silk fibroin, alginate, and hyaluronic acid, whereas synthetic hydrogels are commonly prepared from polymers such as polyvinyl alcohol (PVA), poly(acrylic acid) (PAA), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(hydroxyethyl methacrylate) (PHEMA), polyvinylpyrrolidone (PVP), and polyethylene glycol (PEG).(Satchanska et al., 2024) Synthetic polymers generally offer superior mechanical strength, stability, and tunable physicochemical properties.(Dreiss, 2020). Among them, PEG and PVP is widely used in hydrogel formulations because of its excellent hydrophilicity, non-toxicity, and biocompatibility, particularly in drug delivery applications.Zhao et al., 2023). PEG-based hydrogels are frequently combined with other biomaterials to optimize their physicochemical and biological properties(Wang et al., 2023). PVP can absorb up to 100 times its weight in water. This helps to keep the wound moist which is important for healing. A moist wound will heal more quickly than a dry one and is less likely to become infected(Xu et al., 2023).

Carrageenan, a naturally derived sulfated polysaccharide extracted from red algae, has gained substantial interest as a hydrogel-forming biomaterial for wound healing applications.(Pereira & Faria, 2024).  Composed primarily of galactose and its derivatives, carrageenan exhibits excellent gel-forming ability along with several beneficial biological activities, including anticoagulant, antiviral, antibacterial, anti-inflammatory, and wound-healing properties. These characteristics make carrageenan an attractive component for the development of multifunctional wound dressings(Michalec et al., 2025).

Microbial infection remains one of the most critical barriers to successful wound healing. The accumulation of wound exudates provides a favorable environment for microbial proliferation and biofilm formation, which can delay tissue regeneration and increase the risk of local and systemic infections (Benali et al., 2023). To address this challenge, antimicrobial agents have been incorporated into wound dressings to enhance their therapeutic efficacy. Among these agents, silver nanoparticles (AgNPs) have attracted considerable attention because of their broad-spectrum antimicrobial activity(Aldakheel et al., 2023). Silver has long been recognized for its antimicrobial properties; however, nanoscale silver demonstrates enhanced biological activity due to its increased surface area and improved interaction with microbial cells.(Eker et al., 2025),(Fahim et al., 2024). Nanoparticle stability is a crucial factor influencing their functionality and biomedical performance, (Soltau Missio Pinheiro et al., 2023). Generally, nanoparticles can be stabilized through electrostatic stabilization, steric stabilization, or electrosteric stabilization, (Rodrigues et al., 2020). Various stabilizing agents such as surfactants, polymers, dendrimers, and biomacromolecules have been utilized to improve nanoparticle stability and prevent aggregation. Among polymeric stabilizers, hydrogels represent an important class of materials that have received substantial attention, particularly for biomedical and pharmaceutical applications. (Luceri et al., 2023), (Rodrigues et al., 2020).

 AgNPs exert their antimicrobial effects through multiple mechanisms, including disruption of cell membrane integrity, generation of reactive oxygen species, inhibition of cellular respiration, interference with DNA replication, and induction of oxidative stress (Althobaiti et al., 2023), (Menichetti et al., 2023).The ability of AgNPs to target multiple cellular pathways simultaneously reduces the likelihood of microbial resistance development, making them particularly effective against multidrug-resistant pathogens(Ardjoum et al., 2022). Recent studies have highlighted the therapeutic potential of silver-based wound dressings. Clinical investigations have demonstrated that silver-containing dressings can significantly reduce surgical site infections and accelerate wound healing compared with conventional dressings.(Haroon et al., 2023),(Akin et al., 2022). Furthermore, AgNP-based wound dressings have shown enhanced healing performance in chronic wounds, including pressure ulcers, thereby supporting their application in advanced wound care systems.(Pangli et al., 2021)

Considering the favorable biological properties of carrageenan, PEG, PVP, and silver nanoparticles, the development of a composite hydrogel integrating these materials offers a promising strategy for wound healing applications.(Benali et al., 2023) Therefore, the present study aimed to develop a novel PVP/PEG-based hydrogel incorporated with green-synthesized silver nanoparticles and evaluate its suitability as an advanced wound dressing material. A comparative assessment was performed between hydrogels containing AgNPs and those without AgNPs to investigate their antimicrobial activity, and wound-healing potential. The findings demonstrated that the AgNP-loaded hydrogel was non-toxic, exhibited significant antifungal activity, and effectively promoted wound healing, highlighting its potential for biomedical and therapeutic applications.



MATERIAL AND METHODS
2.1. Materials 
k-carrageenan (k-C), polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) ,KCl and AgNO3 were utilized for hydrogel synthesis. All solutions were prepared utilizing MilliQ water. Distilled water was utilized for the preparation of any solutions in antifungal study. The Fungal strains of Aspergillus niger were obtained from the Microbiology Department of Shobhit University. These strains were then cultured in nutrient broth and incubated at 32°C for 24 to 42 hours. After incubation, potato dextrose agar media were prepared and poured into petri dishes for further analysis.
2.2  Experimental Section
2.2.1 Synthesis of k-C/PEG/PVP Hydrogels 
[bookmark: _Hlk213848412]A suitable clinically relevant tri-polymeric hydrogel system (k-C/PEG/PVP) was prepared by blending k-carrageenan (k-C) , polyvinylpyrrolidone (PVP) ,and polyethylene glycol (PEG) addressing its potential biomedical applications like wound healing. Prior to the hydrogel fabrication, aqueous solutions of individual polymer were prepared using distilled water. A 1.0 % (w/v) k-carrageenan (k-C) , 7% (w/v) PVP, and 1.5%( w/v) PEG(Sigma, USA) was prepared by dissolving in 50 ml distilled water at 80 °C for 30 min with gentle stirring according to (De Silva et al., 2011). These polymeric solutions were then blended at 80 °C with vigorous stirring to ensure homogeneous mixing. The sol-gel transition occurred at temperature below 30 °C.
2.2.2  Preparation of AgNPs Impregnated-Hydrogel
To evaluate the antifungal potential of the developed hydrogel system, AgNPs at an optimized concentration of 10 ppm were incorporated into the κ-carrageenan (k-C)/polyethylene glycol (PEG)/polyvinylpyrrolidone (PVP) hydrogel matrix during formulation. Briefly, 1 mL of AgNP suspension was mixed with 10 mL of the tri-polymeric k-C/PEG/PVP solution and poured into a Petri dish. The mixture was allowed to stand under controlled conditions until a uniform hydrogel layer with an approximate thickness of 1 mm was formed. Subsequently, the hydrogel was treated with 0.2 M potassium chloride (KCl) solution to facilitate interchain crosslinking and enhance structural stability. The crosslinked hydrogel sheets were then cut into small pieces and thoroughly washed with distilled water to remove any residual KCl. The purified and stabilized AgNP-loaded hydrogel sheets were subsequently utilized to assess their antifungal activity against Aspergillus niger.

2.2.3 Antifungal Properties of AgNPs Impregnated-Hydrogel
2.3.3.1. Antifungal activities: The Treatment Approach Using an In Vitro Model simulating Contaminated Wound 
A 100 µL fungal suspension of Aspergillus niger was uniformly spread onto the surface of solidified nutrient agar plates and allowed to air dry for a short period under aseptic conditions. Subsequently, AgNP-impregnated hydrogel pieces were carefully placed onto the inoculated agar surface. Hydrogel sheets without AgNP incorporation served as the control group (Figure 1C, a). The plates were then incubated at 37 °C for 24–48 h, after which fungal growth and inhibition at the interface between the agar medium and the hydrogel sheets were examined and recorded.

2.3.3.2. Antifungal activities: The Preventive Approach Using an In Vitro Model simulating Fresh Wound
A seamless biphasic hydrogel plate was fabricated in which one half of the hydrogel contained AgNPs, while the other half served as the control. Briefly, 2 mL of sterile nutrient broth medium (5%, w/v; Sigma, USA) was thoroughly mixed with 25 mL of the tri-polymeric κ-carrageenan (k-C)/polyethylene glycol (PEG)/polyvinylpyrrolidone (PVP) composite solution . The resulting solution was divided into two equal portions. AgNPs were incorporated into one portion, whereas the second portion remained nanoparticle-free and served as the control.
Both hydrogel formulations were simultaneously poured into opposite sides of a 30 mm Petri plate, allowing the two solutions to meet and form a continuous interface along the central line. The plate was then maintained at room temperature (25 °C) under laminar airflow conditions to facilitate the sol–gel transition. Following complete gelation, 100 µL of an Aspergillus niger spore suspension was uniformly spread over the hydrogel surface and incubated at 25 °C for 3–5 days to evaluate fungal growth and inhibition across the biphasic hydrogel system (Figure 1A).
All experiments described in Section 2.3 were performed in triplicate under aseptic conditions within a laminar airflow cabinet to ensure reproducibility and prevent microbial contamination.
2.3. Statistical analysis 
All the experiments were performed in triplicates and results are expressed as mean ± standard deviation.

3. Results 
3.1 Preparation of k-C-PEG/PVP Hydrogels 
The synthesis of the κ-carrageenan (k-C)/polyethylene glycol (PEG)/ polyvinylpyrrolidone (PVP)  hydrogel was carried out as illustrated in Figure 1. Briefly, the PEG chains were crosslinked within the polymeric network through ionic interactions induced by potassium chloride (KCl), resulting in the formation of a stable hydrogel matrix. The successful formation of the hydrogel was evidenced by the appearance of transparent and uniform hydrogel sheets, as shown in Figure 1.
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Figure 1. Antimicrobial hydrogel preparation; (A) representing the fabrication of AgNPs  (10 ppm) impregnated clinically relevant tri-polymeric hydrogel composed of k-carrageenan, polyethylene glycol and polyvinylpyrrolidone (PVP) (k-C-PEG-PVP), including the cross-linking mechanism in presence of potassium chloride (KCl) and its envisioned application for the treatment of contaminated atopic chronic wounds, (B) Images representing the impregnation of AgNPs into the hydrogel system. (ii) The brown-colored hydrogel blocks or sheets indicate successful incorporation of AgNPs, (iii) whereas the transparent hydrogels serve as the control and (iv) shows  biphasic hydrogel system consisting of one half  Containing hydrogel and other half have AgNP incorporated hydrogel.

3.2  Preparation of AgNPs Impregnated-Hydrogel
To assess whether the antifungal activity of AgNPs was retained after incorporation into a polymeric matrix, the nanoparticles were embedded within a clinically relevant κ-carrageenan (k-C)/polyethylene glycol (PEG)/polyvinylpyrrolidone (PVP) hydrogel system with potential applications in wound healing. For this purpose, a tri-polymeric hydrogel composed of k-C, PEG, and PVP was fabricated, and AgNPs were incorporated during the hydrogel preparation process. The resulting hydrogel was transparent and exhibited a light brown coloration, indicating the successful incorporation of AgNPs into the polymeric network (Figure B). The AgNP-loaded hydrogel was subsequently evaluated using two different approaches to investigate its antifungal efficacy: (i) treatment of contaminated wound models and (ii) prevention of fungal colonization and growth.

[bookmark: _Hlk214317782]3.2.1 Treatment of Contaminated Wound Approach
For this purpose, a uniform fungal lawn of Aspergillus niger was first established on the surface of solidified agar plates to simulate a contaminated wound environment. AgNP-impregnated hydrogel sheets were then carefully placed onto the inoculated agar surface. A distinct zone of inhibition was observed at the interface between the agar medium and the AgNP-loaded hydrogel sheets (left), indicating effective suppression of fungal growth. In contrast, substantial fungal growth was observed beneath and around the control hydrogel sheets lacking AgNPs (right), confirming the absence of antifungal activity in the control system (Figure 2).
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Figure 2. Evaluation of the Antifungal Activity of AgNP-Loaded Hydrogels Using Therapeutic and Models. (A) Treatment of contaminated wound approach; representation of a simulated contaminated wound, where an agar plate with bacteria spread onto its surface acts as a contaminated wound bed, and the application of AgNP-impregnated hydrogel represents the treatment, and image showing successful killing of A. Niger following the treatment with AgNPs impregnated hydrogel system.

3.2.2 The Preventive Approach
To simulate a freshly formed wound susceptible to microbial contamination, a seamless biphasic nutrient-rich hydrogel plate was fabricated, with one half (50%) impregnated with AgNPs and the other half serving as the control. A suspension of Aspergillus niger was then uniformly spread across the entire hydrogel surface. Following incubation, no fungal growth was observed on the AgNP-loaded region of the hydrogel, whereas the control region exhibited extensive fungal colonization and was completely covered by fungal growth (Figure 3(ii)). These findings demonstrate the effective preventive antifungal activity of the AgNP-impregnated hydrogel against A. niger.[image: Screenshot 2026-06-11 at 2.09.42 pm.png]
Figure 3. Evaluation of the Antifungal Activity of AgNP-Loaded Hydrogels Using Preventive Approach; representing the preparation of a seamless biphasic hydrogel plate, where one half contains AgNPs, simulating a fresh wound bed protected by the antimicrobial hydrogel layer, and figure showing the biphasic hydrogel (i) Control; the biphasic hydrogel plate, where the AgNP-containing region (left) exhibits a characteristic brown coloration, indicating successful nanoparticle incorporation, and (ii) Test; fungal growth occurring exclusively on the control region (right), whereas no fungal colonization is observed on the AgNP-loaded hydrogel, confirming its preventive antifungal efficacy.



4.  DISCUSSIONS
Antimicrobial resistance (AMR) has emerged as a major global healthcare challenge, largely driven by the excessive and inappropriate use of antibiotics. One promising strategy to mitigate this issue is the development of alternative antimicrobial agents, such as silver nanoparticles (AgNPs), which exhibit broad-spectrum antibacterial activity while reducing dependence on conventional antibiotics. Although AgNPs can be applied directly in solution form, the present study focused on their incorporation into a biopolymeric hydrogel matrix to develop an effective antimicrobial wound dressing for the management of atopic, chronic, and infected wounds.
To verify the retention of antifungal efficacy within a three-dimensional polymeric network, AgNPs were incorporated into a di-polymeric hydrogel composed of polyethylene glycol (PEG) and carrageenan. Both polymers are extensively studied, biocompatible, FDA-approved materials widely utilized in biomedical applications due to their non-toxic nature and favorable physicochemical properties. The antimicrobial performance of the AgNP-loaded hydrogel was assessed using two different approaches: treatment of contaminated wounds and prevention of wound contamination. In the treatment model, agar plates were used to simulate wound beds, while fungal growth on the agar surface represented an infected wound environment. Application of the AgNP-impregnated hydrogel resulted in significant fungal inhibition, indicating its effectiveness in treating contaminated wounds. In the preventive model, AgNPs were incorporated into a nutrient-rich hydrogel system prior to fungal inoculation, thereby simulating a wound dressing containing embedded antimicrobial agents. The complete absence of fungal growth on the AgNP-loaded hydrogel confirmed the sustained antifungal activity of the nanoparticles and highlighted the hydrogel's potential to prevent microbial colonization and infection(Pangli et al., 2021).
Since the principal aim of this study was to develop AgNP-based antimicrobial materials, the synthesis conditions and nanoparticle concentration were optimized primarily based on antibacterial performance. Consequently, this work focused on the AgNPs successful incorporation into a clinically relevant hydrogel system intended for atopic wound-healing applications. However, further investigations are required to comprehensively evaluate its physicochemical and biological properties, including rheological and mechanical behavior, swelling capacity, water uptake, biodegradation characteristics, and in vitro biocompatibility. These studies will provide a deeper understanding of the hydrogel's performance and further validate its suitability for biomedical and wound-care applications.
5.  CONCLUSION
A silver nanoparticle (AgNP)-loaded hydrogel system was successfully developed and evaluated for both therapeutic and preventive wound-healing applications. These findings indicate that the AgNPs retained their antifungal efficacy even after incorporation into the hydrogel matrix, highlighting the potential of such hydrogel systems as antimicrobial wound dressings. Therefore, the developed AgNP-loaded hydrogel represents a promising platform for the prevention and treatment of fungal infections in wound-healing applications as compared to without AgNP-loaded hydrogel.  In the current study, considering all these favourable characteristics, carrageenan-based hydrogels was fabricated and green synthesized AgNPs were incorporated to represent a promising platform for biomedical applications. The integration of biocompatible hydrogels with antimicrobial nanoparticles offers opportunities to develop multifunctional materials with enhanced therapeutic efficacy and improved biological performance. 
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