
 Egypt. J. Chem. Vol.: 69, SI: I. M. I. Fakhr, pp.417– 450 (2026)
 

    
 

_________________________________________________________________________________________________ 

* Corresponding author: alo.mohamed12@hotmail.com (AminaL. Mohamed) 

Receive Date: 20 January 2026, Revise Date: 16 February 2026, Accept Date: 14 March 2026 

DOI: 10.21608/ejchem.2026.461583.12943 

©2026 National Information and Documentation Center (NIDOC) 

Egyptian Journal of Chemistry 
http://ejchem.journals.ekb.eg/ 

 

21 

 

 

Bioactive Hydrogel-Coated Fabric Dressings Based on Chemically Modified 

Biopolymers and Plant-Derived Silver Nanoparticles for Enhanced Pres-

sure Ulcer Healing

Aya Sediek a, Mohamed M. Mosaad a, Hanan A. Othman a, and Amina L. Mohamed b*
a Textile Printing, Dyeing and Finishing Department, Faculty of Applied Arts, Benha University, Benha, Egypt

b National Research Centre (Scopus affiliation ID 60014618), Textile Research and Technology Institute, Pre-treat-
ment, and Finishing of Cellulose-based Textiles Department, 33 El-Behouth St. (former El-Tahrir str.), Dokki, P.O

12622, Giza, Egypt
 

 

Abstract 

In this study, a bioactive hydrogel-coated textile dressing was developed for potential application in pressure ulcer manage-

ment. The hydrogel matrix was formed via Schiff base crosslinking between O-carboxymethyl chitosan (O-CMC) and oxi-

dised sodium alginate (Ox-NaAlg). O-CMC was synthesised through controlled carboxymethylation of chitosan, while Ox-

NaAlg was prepared by periodate oxidation to introduce reactive aldehyde groups. Plant -derived extracts of Hypericum 

perforatum and Matricaria chamomilla were incorporated into the hydrogel system, either directly or as reducing agents for 

the green synthesis of silver nanoparticles (AgNPs). The resulting hydrogels were coated onto nonwoven cotton fabrics prior 

to complete gelation. Structural and physicochemical characterisation was performed using FTIR spectroscopy, UV–Vis 

spectroscopy, TEM, SEM, swelling studies, gelation time measurements, protein adsorption, and antioxidant activity assays. 

The results demonstrate successful hydrogel formation, stable incorporation of bioactive components, and tunable physico-

chemical properties depending on formulation composition. The developed hydrogel-coated fabrics exhibited characteristics 

suitable for wound dressing applications, including high water uptake, controlled protein interaction, and antioxidant poten-

tial. These findings indicate that the proposed system represents a promising platform for advanced wound care, warranting 

further biological validation. 

Keywords: Pressure ulcer dressing; Bioactive hydrogel; O-carboxymethyl chitosan; Oxidised alginate; Plant-mediated silver 

nanoparticles; Nonwoven cotton fabric; Antibacterial and antioxidant properties; Cytocompatibility; Wound healing bio-

materials 
 

1. Introduction 

 

Skin is the body's largest organ and acts as the primary line of defense, yet it is prone to damage, leading 

to skin wounds [1]. Pressure ulcers are a form of skin wounds, commonly known as bedsores, decubitus ulcers, 

or pressure injuries, and are localised areas of damage to the skin and/or underlying tissues. They generally occur 

due to sustained pressure or friction between soft tissue and bony prominences, leading to compromised blood 

flow and tissue damage [2-4]. 

The healing process of these wounds is influenced by factors such as the wound's size, depth, and the 

extent of damage to various skin layers, and typically, healing takes place relatively quickly with these factors. 

The literature consistently demonstrates that wound healing occurs more rapidly in covered wounds compared 

to uncovered ones. This accelerated healing is attributed to the protective properties of the dressing, including 

thermal, mechanical, and microbial insulation. Additionally, the regular application of medical bandages can 

significantly accelerate the healing process. Therefore, selecting the appropriate dressing is essential to promote 

faster healing and minimise the risk of microbial infections [5-7]. 

Traditional dressing options, such as bandages, gauze, and cotton pads, often lack effectiveness in pro-

moting healing, relieving pain, and maintaining a moist environment for wound recovery. As a result, they fre-

quently lead to slower healing, negatively impacting the overall wound repair process[8]. Additionally, these 

dressings may contribute to toxicity by promoting the growth of bacteria and other microorganisms   [9]. 
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Motivated by environmental and healthcare requirements, textile research has progressed from sustaina-

ble processing to sophisticated biomedical applications. Preliminary research [10-40] presented bio-based ma-

terials and environmentally friendly finishing technologies [14, 30, 34], whereas contemporary advancements 

integrate nanotechnology and intelligent composites, including phase change materials (PCMs) [27], polymer–

clay systems [32], and nanoparticle applications [31, 35]. These improvements have facilitated the development 

of functional medical textiles, such as drug-delivery wound dressings and controlled-release biopolymer fabrics, 

underpinned by sustainable printing and circular material utilization. Thus, chemically modified biopolymers 

integrated with plant-derived silver nanoparticles present intriguing platforms for bioactive hydrogel-coated fab-

ric dressings intended to expedite pressure ulcer healing [41-57]. 

Therefore, it is imperative to design novel dressings with multifunctional applications and improved ef-

ficacy. Recently, innovative formulations for advanced wound dressings have been investigated, aiming to en-

hance wound healing, facilitate controlled drug release, and enable targeted delivery to the wound site[58]. 

Over the past decade, the use of hydrogel-based wound dressings has grown significantly. These hydro-

gels are polymers featuring a 3D cross-linked structure, containing up to 90% water. This high-water content 

gives them a soft, comfortable feel while providing excellent water absorption and retention. Thanks to these 

unique properties, hydrogels are highly effective in wound care, as they maintain the moist environment essential 

for healing, absorb excess exudate, and accelerate the recovery process  [59].  

Hydrogels derived from sustainable and natural polymers are considered more suitable for biomedical 

applications than synthetic polymers due to their remarkable properties. These include their abundant availabil-

ity, cost-effectiveness, and water absorption capabilities, which help maintain a moist environment conducive 

to wound healing. Additionally, they exhibit non-cytotoxicity, excellent biocompatibility, and biodegradability. 

Their semi-crystalline structures and varying levels of porosity, ranging from nano to macro-scale, enable them 

to effectively incorporate, bind, and release different amounts of active compounds, depending on their specific 

structural and physicochemical characteristics [60]. 

Chitosan, a deacetylated derivative of chitin, is known for its remarkable properties, including biocom-

patibility, biodegradability, antimicrobial activity, hemostasis, and cell adhesion. These characteristics make it 

vital in wound healing, as it supports tissue repair, neovascularisation, and dermal regeneration, while exhibiting 

analgesic, antimicrobial, and haemostatic effects. Chitosan can also form complex, multilayered hydrogels, im-

proving outcomes in drug delivery, tissue engineering, and cell culture applications. Recently, Carboxymethyl -

chitosan (CMC), a water-soluble derivative of chitosan containing both carboxyl and amino groups, has gained 

attention due to its superior solubility, enhanced antibacterial properties, and improved biocompatibility and 

safety for humans. The hydroxyl and amino groups in its polymer chain contribute to its antioxidant activity 

through free radical scavenging. These properties, along with their ability to bind bile acids, have been well 

documented. The molecular weight and functional groups in CMC also influence its antioxidant activity, making 

it a promising candidate for various biomedical, pharmaceutical, and environmental applications [61-64].  

Alginate, a natural polysaccharide polymer extracted from marine brown algae, is a widely available and 

renewable material. Its use in wound dressings is attributed to its ability to maintain a moist environmen t and 

reduce bacterial contamination. Alginates stimulate immune cells, including macrophages and monocytes, to 

produce inflammatory cytokines such as IL-6 and TNF-α, which play a key role in accelerating wound healing. 

However, due to its hydrophilic nature, driven by the presence of numerous carboxyl and hydroxyl groups, 

alginate experiences uncontrolled degradation and excessive swelling, which compromises its stability in bio-

logical buffers and limits its biomedical applications. Notably, the oxidation of alginate improves its biodegra-

dability and decreases its molecular weight. Oxidised alginate (OA), also known as alginate dialdehyde (ADA), 

is produced by oxidising sodium alginate, typically with periodate as the oxidising agent. Due to its high dial-

dehyde group reactivity and superior biocompatibility, oxidised sodium alginate is extensively utilised in tissue 

engineering applications to produce films, hydrogels, and beads [65-68]. 

Herbal treatments may present a viable alternative approach for the healing of pressure ulcers, offering 

potential therapeutic benefits [69]. Hypericum perforatum (commonly known as St. John's Wort) is a widely 

recognised medicinal plant with a long history of use in traditional dermatological practices. It has been em-

ployed in the treatment of various skin conditions, including minor wounds, cuts, burns, abrasions, bruises, and 

ulcers. The therapeutic effects of this plant have been substantiated by both in vitro and in vivo research, demon-

strating its potential efficacy in promoting wound healing and alleviating skin-related ailments [70-72]. The 

therapeutic efficacy of Hypericum perforatum L. (Hypericaceae) in wound healing may be attributed to its anti-

microbial and anti-inflammatory properties, alongside its ability to enhance fibroblast mobility, promote colla-

gen synthesis, and support keratinocyte differentiation [73, 74]. 
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Chamomile (Matricaria chamomilla) is a widely recognised herb known for its therapeutic effects on 

inflammation, infection, pain, and ulceration. It is commonly used for its sedative, anti-inflammatory, and spas-

molytic properties, and is also effective in treating skin conditions such as psoriasis, eczema, and acne, as well 

as symptoms of fever and respiratory issues. Scientific studies have revealed that chamomile contains bioactive 

compounds, including chamazulene, alpha-bisabolol, bisabolol oxides, spiroethers, and flavonoids, which con-

tribute to its anti-inflammatory, antibacterial, and antifungal properties. Notably, chamomile has demonstrated 

significant efficacy in promoting the healing of ulcers in non-diabetic rats. When applied topically, chamomile 

accelerates burn wound healing by enhancing reepithelialisation, stimulating fibroblast activity, and supporting 

collagen fiber formation [75, 76]. 

Numerous studies in functional textile finishing and nanomaterial deposition have been built upon in the 

creation of bioactive hydrogel-coated fabric dressings for improved pressure ulcer healing. The viability of al-

tering cellulosic substrates to provide long-lasting performance attributes such as hydrophilicity, controlled re-

lease behavior, and antibacterial activity was shown by early research into textile auxiliaries and multifunctional 

finishing systems[77-81]. Specifically, the creation and use of fatty acid/PEG condensates and multipurpose 

finishing agents offered fundamental knowledge for enhancing the softness, moisture control, and surface reac-

tivity of textiles [79, 80, 82, 83]. By using nano-scale deposition processes, these surface-engineering tactics 

were further refined, allowing active materials to be incorporated into natural  fibers without sacrificing their 

mechanical integrity [84, 85]. In hydrogel-coated dressings, where close adherence between the hydrogel matrix 

and textile substrate is essential for preserving structural stability and guaranteeing ideal wound-contact perfor-

mance, such methods are extremely pertinent. 

More recently, the antibacterial properties of medical textiles have been greatly improved by the incor-

poration of silver nanoparticles (AgNPs) and other metal-based nanostructures into polysaccharide matrices [86-

88]. While maintaining the biocompatibility of cellulose-based materials, the impregnation of silver nanoparti-

cles into polysaccharide substrates showed broad-spectrum antibacterial activity [86]. Additionally, controlled-

release systems and encapsulation techniques for wound dressings have been investigated to allow for prolonged 

therapeutic activity, reducing the risk of infection and encouraging tissue regeneration [89-92]. Plant-derived 

silver nanoparticles can be evenly distributed throughout hydrogel networks when mixed with chemically mod-

ified biopolymers like chitosan, alginate, and cellulose derivatives. It creates a multipurpose dressing that can 

absorb exudate, retain moisture, and provide antimicrobial protection. When taken as a whole , this research 

offers a strong scientific basis for creating bioactive hydrogel-coated fabric dressings specifically designed to 

control pressure ulcers. By combining cutting-edge textile chemistry with nanobiotechnology, these dressings 

can hasten wound healing and lower complications. 

In this study, a hydrogel-based wound dressing was developed for pressure ulcer treatment. The hydrogel 

was formulated using chemically modified chitosan and oxidised alginate, and loaded with plant extracts, bio-

synthesised silver nanoparticles, and sesame oil. Different formulations were prepared and evaluated to select 

the most effective one. The final hydrogel was applied to non-woven cotton fabric to produce the dressing. 

Throughout the study, the prepared materials and the final dressing were characterised and tested to assess their 

structural, functional, and biological properties relevant to wound healing. 

 

2. Experimental part  

2.1. Materials 

Chitosan (medium molecular weight, degree of deacetylation around 75–85%) was used as the principal 

biopolymer and acted as the precursor for the manufacture of O-carboxymethyl chitosan. Sodium alginate (vis-

cosity grade, derived from brown algae) was utilised for the synthesis of oxidised sodium alginate. Both poly-

mers were of analytical quality and acquired from Sigma-Aldrich (Merck Group, USA). 

Monochloroacetic acid (ClCH₂COOH, ≥99% purity) and sodium hydroxide (NaOH, pellets, ≥98%) were 

utilised for the carboxymethylation of chitosan. Sodium periodate (NaIO₄, ≥99%) was employed as the oxidising 

agent for alginate modification. Ethylene glycol (≥99%) was utilised as a quenching agent for surplus periodate. 

The reagents were provided by Merck (Germany). 

Isopropanol (≥99.5%), absolute ethanol (≥99.8%), methanol (≥99.8%), and distilled water  were employed 

as solvents for the polymer synthesis, extraction, and purification processes. All solvents were of analytical 

quality and procured from El-Gomhoria Company for Chemicals, Egypt, unless specified otherwise. 

Silver nitrate (AgNO₃, ≥99.9% purity), obtained from Sigma-Aldrich (USA), was used as the silver pre-

cursor for nanoparticle formation. 0.1 M sodium hydroxide was employed for pH control during the manufacture 

of nanoparticles. 
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Phosphate-buffered saline (PBS, pH 7.4) was synthesised in-house utilising analytical-grade sodium chlo-

ride, potassium chloride, disodium hydrogen phosphate, and potassium dihydrogen phosphate (Merck, Ger-

many). 

Dried aerial components of Hypericum perforatum and dried blossoms of Matricaria chamomilla were 

procured from a licensed local herbal source (Haraz Herbs, Cairo, Egypt) and verified for authenticity prior to 

use. Cold-pressed, pharmaceutical-grade sesame oil was acquired from a local pharmaceutical source, Arab 

Company for Pharmaceuticals, Egypt. 

A nonwoven cotton fabric (100% cellulose, medical grade) used as the textile foundation for hydrogel 

coating and bandage production. The cloth was provided by a local textile producer, Misr Spinning and Weaving 

Co. in Egypt, and utilised without additional chemical treatment. 

Bovine serum albumin (BSA, ≥98% purity) and Bradford reagent, obtained from Sigma-Aldrich (USA), 

were utilised for protein adsorption investigations. 2,2-Diphenyl-1-picrylhydrazyl (DPPH, ≥95%) was used for 

the evaluation of antioxidant activity and procured from Sigma-Aldrich (USA). 

All microbiological culture medium and reference microbial strains—Staphylococcus aureus (ATCC 

29213), Escherichia coli (ATCC 25922), and Candida albicans (ATCC 10231)—were procured from the Amer-

ican Type Culture Collection (ATCC, USA). Media components were acquired from Oxoid (UK). 

All compounds were utilised as obtained without further purification unless stated differently.  

 

2.2. Method 

2.2.1. Synthesis of O-Carboxymethyl Chitosan (O-CMC) 

Carboxymethyl chitosan was synthesised as follows, with slight changes to previously described tech-

niques [93, 94]. Twenty grammes of sodium hydroxide were measured and dissolved in 20 millilitres of distilled 

water in a beaker. Subsequently, chitosan (20 g) was incrementally introduced to the NaOH solution and metic-

ulously blended using a glass rod until a uniform mixture was achieved. The resultant mixture was subsequently 

placed in a freezer and allowed to stand for 24 hours to yield alkalised chitosan. 

Ten grams of alkalised chitosan was placed into a three-necked round-bottom flask, followed by the ad-

dition of 200 mL of isopropanol as a dispersion medium. The suspension was agitated for one hour to achieve 

uniform dispersion. Monochloroacetic acid (5, 10, 15 g) was thereafter introduced incrementally while main-

taining continuous agitation. Following a 30-minute stirring period at ambient temperature, the reaction temper-

ature was raised to 60 °C and sustained for 5 hours. 

After the reaction concluded, heating was ceased, and the reaction mixture was let to cool to ambient 

temperature. The crude carboxymethyl chitosan obtained was collected and subjected to three washes with 100% 

ethanol to eliminate residual reagents and by-products. The purified product was then diluted in distilled water 

and dialysed against distilled water for three days. After dialysis, the solution underwent concentration via rota-

tional evaporation and was ultimately dried in an oven to yield carboxymethyl chitosan. The chemical reaction 

for the manufacture of carboxymethyl chitosan is depicted in Scheme 1. 

 

2.2.2. Synthesis of Oxidised Sodium Alginate (Ox-NaAlg) 

Oxidised alginate was synthesised using periodate oxidation in an ethanol-water system to mitigate the 

severe viscosity constraints linked to alginate oxidation in solely aqueous environments [18]. Sodium alginate 

was solubilised at a concentration of 20% (w/v) in absolute ethanol with vigorous agitation. Aqueous potassium 

periodate solution (10, 15, 20% w/v) was subsequently added dropwise to the dispersion at a molar ratio of 1:1 

for periodate to alginate monomer units. 

The reaction mixture was agitated at ambient temperature for 6 hours in darkness to avert photodegrada-

tion of periodate. Upon completion, surplus ethylene glycol was introduced to neutralise unreacted periodate, 

and agitation was maintained for a further 30 minutes. The oxidised alginate was isolated via precipitation with 

excess ethanol, subsequently filtered, and thoroughly washed with ethanol and distilled water. The finished 

product was vacuum-dried at ambient temperature and kept in a desiccator until required. Scheme 2 illustrates 

the chemical plan for the oxidation of sodium alginate [95]. 

 

2.2.3. Preparation of Hypericum Extracts 

2.2.3.1. Ethanolic Extract 

The dried aerial components of Hypericum were meticulously pulverised, and 10 g of the resultant pow-

der was subjected to extraction using 100 mL of 70% (v/v) aqueous ethanol. The extraction was conducted at 80 
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°C under reflux for 24 hours. Subsequent to chilling, the extract was subjected to filtration using Whatman No. 

1 filter paper to eliminate plant residues. The solvent was eliminated at decreased pressure utilising a vacuum 

oven at 40 °C. The concentrated extract was then freeze-dried to provide a dry ethanolic extract, which was 

preserved at −20 °C for future use. 

 

2.2.3.2. Aqueous Extract 

A 5% (w/v) aqueous solution of Hypericum powder was formulated with distilled water and subjected to 

boiling for 15 minutes. The combination was allowed to cool to room temperature and was allowed to stand for 

48 hours under ambient conditions. The extract was filtered, and the filtrate was preserved at 4 °C for future 

studies. 

 

2.2.4. Preparation of Chamomile Extracts 

2.2.4.1. Methanolic Extract 

Dried chamomile flowers were pulverised into a fine powder. A 5% (w/v) suspension was made by dis-

persing the powder in methanol and heating the mixture at 65 °C under reflux for 24 hours. After extraction, the 

mixture underwent filtration to eliminate solid residues, and methanol was entirely evaporated at decreased 

pressure, utilising a vacuum oven. The methanolic extract was preserved at 4 °C in amber containers until re-

quired. 

 

2.2.4.2. Aqueous Extract 

Chamomile powder (5%, w/v) was extracted in distilled water by boiling for 15 minutes. The mixture 

was cooled to ambient temperature and allowed to stand for 48 hours to guarantee full extraction. The extract 

was filtered and preserved at 4 °C for subsequent use. 

 

2.2.5. Eco-friendly Synthesis of Silver Nanoparticles Utilising Aqueous Plant Extracts 

A newly manufactured 1 mM aqueous solution of silver nitrate (AgNO₃) was prepared. Equal amounts of 

AgNO₃ solution and aqueous plant extract (Hypericum or chamomile) or ethanolic sesame oil were combined in 

a 1:1 (v/v) ratio. The reaction mixtures were sustained at 60 °C with continuous magnetic stirring for 4 hours. 

The pH was modified to 10 with 0.1 M sodium hydroxide to facilitate nanoparticle synthesis.  

The diminution of Ag⁺ ions was validated by a discernible colour transition from pale yellow to dark 

brown, signifying the synthesis of silver nanoparticles. The suspensions were cooled to ambient temperature and 

kept in darkness at 4 °C for subsequent use. 

 

2.2.6. Synthesis of O-CMC/Ox-Alg Hydrogels 

Solutions of oxidised sodium alginate (10% w/v) and O-carboxymethyl chitosan (7.5% w/v) were indi-

vidually produced in phosphate-buffered (PBS, pH 7.4) with continuous stirring at ambient temperature. The 

two polymer solutions were subsequently combined in volume ratios of 1:4, 2:3, 3:2, and 4:1 (O-CMC: Ox-Alg) 

to produce various hydrogel compositions. 

The mixtures were incubated at 37 °C to facilitate Schiff base formation between the aldehyde groups of 

oxidised alginate and the amino groups of O-CMC, leading to the creation of a self-crosslinked hydrogel [96] 

(see Scheme 3). 

 

2.2.7. Fabrication of Hydrogels Infused with Natural Active Compounds 

The hydrogel formulation demonstrating superior physicochemical characteristics was chosen for the in-

corporation of bioactive substances. Ethanolic and methanolic extracts of Hypericum, chamomile, and Sesame 

oil were included at concentrations of 10%, 15%, and 20% (v/v). Silver nanoparticles produced using aqueous 

plant extracts were included at concentrations of 5%, 10%, and 15% (v/v). All additives were meticulously 

blended with the polymer solutions before gelation to guarantee uniform distribution. 

 

2.2.8. Fabrication of Hydrogel-Coated Nonwoven Bandages 

The oxidised alginate solution was initially combined with the chosen active ingredient under moderate 

agitation to achieve uniform dispersion. Subsequently, the O-CMC solution was included, and the mixture was 

magnetically agitated for approximately one minute. Prior to the onset of full gelation, the reactive hydrogel 
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solution was uniformly applied to non-woven cotton fabric with a coating process. Gelation occurred in situ at 

37 °C, yielding evenly hydrogel-coated cotton bandages appropriate for wound dressing applications. 

 

2.2.9. Application of Hydrogels on Non-Woven Fabric Substrates 

Rectangular samples of non-woven fabric (e.g., 5 x 5 cm) were prepared and purified by washing with 

distilled water, followed by ethanol, to eliminate surface contaminants. The fabric samples were  subsequently 

air-dried at room temperature (RT, 25 ± 2 °C) and preserved in a desiccator before use. 

The formulated hydrogel precursor solutions (O-CMC/Ox-NaAlg) with the chosen active agents were 

applied to the non-woven fabric prior to the onset of gelation. The oxidised alginate solution, including the active 

ingredient, was initially agitated gently at room temperature to achieve homogeneity. Thereafter, the O-CMC 

solution was included, and the mixture was agitated for about 1 minute at room temperature under ambient 

atmosphere conditions to commence crosslinking. 

Subsequent to mixing, the viscous hydrogel precursor was evenly applied to the non-woven fabric surface 

via a dip-coating approach. Each fabric sample was submerged in the hydrogel solution for 2–3 minutes to 

facilitate adequate infiltration of the polymer matrix into the fibrous structure. Excess hydrogel was eliminated 

by gently squeezing or draining to guarantee consistent coating thickness. 

Gelation occurred in situ on the fabric substrate by incubating the coated samples at 37 °C for 1–2 hours 

under static circumstances, facilitating full self-crosslinking via Schiff base production. Subsequent to gelation, 

the hydrogel-coated textiles were air-dried at room temperature under ambient circumstances for 24 hours to 

eliminate surface moisture. 

Thereafter, the samples were further dehydrated in a vacuum oven at 40 °C for 6-8 hours to eliminate 

residual bound water while preserving the hydrogel structure and bioactive constituents. Subsequent to drying, 

the hydrogel-coated textiles were positioned in a desiccator with silica gel and maintained in arid conditions at 

ambient temperature for a minimum of 24 hours before characterisation and subsequent application.  

 

2.3. Analysis and Measurements 

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) 

The chemical structure of the synthesised samples was investigated by Fourier-transform infrared (FTIR) 

spectroscopy using a Bruker Alpha II spectrometer equipped with a Platinum ATR (attenuated total reflectance) 

accessory, using transmittance modes at a resolution of 2.0 cm−1 in the 4000–500 cm−1 region. Data were 

acquired and processed using OPUS software. 

 

2.3.2. Scanning Electron Microscopy (SEM) 

The surface morphology of the samples was investigated using a JEOL NeoScope™ JCM-7000 benchtop 

scanning electron microscope. To enhance both image clarity and sample conductivity, the specimens were fixed 

onto stubs and sputter-coated with a thin layer of gold prior to examination. 

 

2.3.3. Transmission electron microscope (TEM) 

Transmission electron microscopy (TEM) was employed to determine the morphology and size of the 

synthesised nanoparticles. A dilute dispersion of the nanoparticle sample was prepared in an appropriate volatile 

solvent and ultrasonicated for several minutes to ensure uniform dispersion and to minimise particle agglomer-

ation. A small aliquot of the suspension was then deposited onto a carbon-coated copper grid and allowed to dry 

at room temperature under ambient conditions. 

TEM observations were carried out using a transmission electron microscope operated at an accelerating 

voltage appropriate for high-resolution imaging. The shape and surface morphology of the nanoparticles were 

directly examined from the acquired micrographs. Particle size analysis was performed by measuring the diam-

eters of a statistically significant number of nanoparticles from multiple TEM images using image analysis soft-

ware. The average particle size and size distribution were subsequently calculated and reported to provide a 

reliable representation of the nanoparticle population. 

 

2.3.4. UV–vis spectroscopy 

UV–visible spectral analysis of the AgNPs was performed using a Cary 100 UV-Vis-NIR instrument 

(Agilent Technologies), scanning wavelengths from 300 to 800 nm at 2 nm resolution. 
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2.3.5. Determination of the degree of substitution (DS) 

The degree of substitution (DS) of carboxymethyl chitosan (CMCS) was determined using a titrimetric 

method, following established procedures. A precisely weighed 0.10 g CMCS sample was dissolved in 20 mL 

of distilled water. The resulting solution was acidified with standardised 0.10 M hydrochloric acid until the pH 

was reduced to below 2.0. The acidified solution was then titrated with 0.050 M aqueous sodium hydroxide 

(NaOH). During titration, the solution was continuously stirred, and pH values were recorded simultaneously 

until the pH reached 11.5. The titration curve obtained from this process was used to identify the two inflection 

points required for subsequent calculations. 

The degree of substitution was calculated using the following equation: 

DS = 
161 𝐴

𝑀−58𝐴
 

where A represents the amount of NaOH consumed between the two inflection points and is given by  

A= VNaOH×CNaOH.  

Here, VNaOH is the volume of NaOH solution consumed, and CNaOH is the molarity of the NaOH solution 

(0.050 mol·L−1. M denotes the mass of the CMCS sample (in grams). The molecular weights of the carboxyme-

thyl substituent and the glucosamine unit were taken as 58 and 161 g·mol−1, respectively.  

The degree of substitution of the synthesized o-carboxymethyl chitosan has been calculated to be 0.6 

 

2.3.6. Measuring Carboxyl content. 

The combustion method was used to determine the percent of carboxyl groups in carboxymethyl-chitosan. 

The ash method determines carboxyl group content (–COOH) by converting carboxyl groups into their metal 

salts (usually calcium or sodium), followed by ashing at high temperature. The residual ash weight corresponds 

to the amount of metal bound to carboxyl groups, which is then used to calculate the carboxyl content. [97] 

The carboxyl content is calculated from the ash mass using stoichiometric relationships.  

Carboxyl content (mmol/g)=[Wash × 1000] /[Mmetal oxide × Wsample] 

Where: Wash  = mass of ash (g), Wsample = dry sample mass (g), Mmetal oxide = molar mass of ash compound 

(e.g., Na₂CO₃ = 106 g/mol),  

  The carboxyl content of the synthesized carboxymethyl ghitosan was found to be 6 mmol/g. 

 

2.3.7. Solubility tests 

The water solubility of the materials was evaluated at room temperature using visual observation. Ini-

tially, 20 mg of the sample was dispersed in 100 mL of distilled water and thoroughly mixed using a vortex 

mixer to ensure complete dissolution. Once a clear and homogeneous solution was obtained, additional portions 

of 10 mg of the material were incrementally introduced into the solution with continuous mixing. This process 

was repeated until visible precipitation occurred. 

The solubility limit was defined as the total mass of material added to the solution immediately prior to 

the onset of precipitation. This value was taken as a measure of the maximum amount of material that could be 

dissolved in water under the experimental conditions. 

 

2.3.8. Determination the Oxidation Degree 

The degree of oxidation of sodium algenate was determined using the hydroxylamine hydrochloride ti-

tration method, following the procedure reported by Zhao et al. [98]. The degree of oxidation is defined as the 

number of oxidised units per 100 repeating units of the polymer. In this method, oxidised sodium alginate was 

reacted with an excess amount of hydroxylamine hydrochloride. The reaction between aldehyde groups and 

hydroxylamine hydrochloride generates hydrochloric acid, the quantity of which is directly proportional to the 

aldehyde content present in the oxidised polymer. 

The hydrochloric acid produced was subsequently titrated with a standardised sodium hydroxide (NaOH) 

solution, and the volume of NaOH consumed at the equivalence point was recorded. The degree of oxidation 

was calculated according to the following Equation. 

Degree of oxidation (%) = 
𝑉NaOH× 𝐶NaOH × 𝑀𝑟𝑒𝑝𝑒𝑎𝑡

𝑛𝑚𝑎𝑥   × 𝑛
 × 100 

where VNaOH represents the volume of NaOH consumed, CNaOH is the concentration of the NaOH solution 

(0.1 M), nC=O denotes the maximum possible number of aldehyde groups, m is the dry mass of oxidised sodium 
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algenate (0.1 g), and M is the molecular weight of the sodium algenate repeating unit (approximately 198.11 

g/mol). For sodium algenate, up to eight aldehyde groups can be generated per repeating unit as a result of 

oxidative cleavage of the C–C bonds between adjacent hydroxyl-bearing carbon atoms (–CHOH). [99] 

 

2.3.9. Gelation Time  

The gelation time of self-crosslinked oxidised alginate/carboxymethyl chitosan was determined using the 

tube inversion technique[100]. In this method, hydrogel solutions with specified compositions were prepared in 

100 mL glass vials and incubated at 37°C. The gelation process was monitored by inverting the vials at 37°C, 

and the gelation time was recorded when the hydrogel solution ceased to flow, indicating the formation of a gel. 

 

2.3.10. Swelling Test  

The swelling ratio was determined using a method previously reported in the literature [96, 101]. The 

crosslinked hydrogels were soaked in a PBS solution and incubated at 37°C for 24 hours to allow them to swell 

completely. After incubating and equilibrating, the hydrogels were removed, and their swollen weights (Ws) 

were recorded. The samples were then dried under vacuum, and the dry weights (Wd) were recorded. The swell-

ing ratio was determined using the following formula:  

swelling ratio = 
 Ws−Wd

Wd
x 100  

 

2.3.11. Protein Adsorption Test 

The protein adsorption by the hydrogel membranes was assessed using Bovine Serum Albumin (BSA) as 

the protein model. The experimental procedure was adapted from previously established methodologies in liter-

ature  [102, 103]. A 5% (w/v) solution of BSA was prepared in phosphate-buffered saline (PBS, pH 7). For the 

adsorption test, 10 mL of BSA solution was added to the hydrogel samples. The samples were incubated in an 

orbital shaker at 200 rpm and 37°C for 24 hours. Upon completion of the incubation, the samples were removed 

from the protein solution, and aliquots of the remaining solution were collected. Both the initial and equilibrium 

protein concentrations were determined spectrophotometrically using the Bradford reagent. A 100 μL aliquot of 

both the initial and remaining protein solutions was mixed with 1 mL of Bradford reagent and 2 mL of distilled 

water.  The concentration of proteins was quantified by measuring the absorbance at 595 nm using a Cary 100 

UV-Vis-NIR spectrophotometer (Agilent Technologies).  The amount of protein adsorbed by the hydrogel mem-

branes was calculated using the following equation: 

q =
( C0 − Ce) × V

m
 

where q (mg/g) represents the adsorption capacity; C₀ and Ce (mg/L) are the initial and equilibrium pro-

tein concentrations in the solution, respectively; V (L) is the volume of the solution; and m (g) is the mass of the 

adsorbent. 

 

2.3.12. Antioxidant Efficiency 

The antioxidant ability of the prepared hydrogels was evaluated by assessing the free radical scavenging 

activity of DPPH, following the method previously described by Jeong, J.-P et al. (2025) [104].  A total of 50 

mg of prepared hydrogels was added to 5 mL of a 0.1 mM DPPH solution (EtOH: DW, 1:1) and incubated at 

30°C for 30 minutes in the dark. After incubation, the absorbance of the DPPH solution was measured at 517 

nm using UV-vis spectrophotometry. The DPPH radical scavenging activity was calculated using the following 

equation: 

DPPH radical scavenging activity% = (
A0−As

A0
) x100 

Where A0 represents the absorbance of the DPPH solution in EtOH: DW (1:1), and As is the absorbance 

of the solution containing the hydrogel. 

 

2.3.13. Nitrogen content 

The nitrogen content of samples was quantitatively determined using the Kjeldahl method, as described 

in Vogel’s Textbook of Quantitative Chemical Analysis [105-108]. 
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2.3.14. Converting Nitrogen Loss (%) → Moles of Imine Bonds Formed 
Nitrogen in the hydrogel originates exclusively from O-CMC amino groups. Each imine (–C=N–) bond 

consumes one primary amine, i.e., 1 mol N → 1 mol imine bond. Nitrogen is quantified as mass % (w/w) via 

Kjeldahl analysis. 

Step 1: Nitrogen loss calculation 

For a given hydrogel: 

ΔN(%)=NO-CMC−Nhydrogel 

Where: NO-CMC= (native O-CMC) and Nhydrogel = measured nitrogen % 

 

Step 2: Convert nitrogen loss to moles of nitrogen 

For 1 g of dry hydrogel: 

nNconsumed= 
∆𝑁

100
 ×  

1

14.011
 

Where 14.011 g·mol⁻¹ is the atomic mass of nitrogen. 

Imine crosslink density ≈ 0.51 mmol g⁻¹ 

 

Normalisation of Imine Density per Repeating Unit 
To normalise the imine (Schiff-base) density to the polymer structure, the molar density of imine bonds 

(mol·g⁻¹) was converted to the number of imine bonds per alginate repeating unit, using the molecular weight 

of the sodium alginate repeat unit: 

MAlg repeat≈198 g\cdotpmol  

The normalised imine content was calculated as: 

Imine bonds per repeating unit=nimine×Mrepeat 

 

2.3.15. Release Study 

The release behavior of the encapsulated oils or extraction from the prepared hydrogel matrix or treated 

gauze fabric was evaluated under controlled conditions. Briefly, 1 g of the encapsulated oils or extraction for-

mulation was immersed in 100 mL of phosphate-buffered saline (PBS, pH 7.5) and incubated at 37 °C on a 

simple shaker (Multi Mix MTR-22) operating under a programmed shaking and rotation mode. The release study 

was conducted over a period of 6 h, during which 5 mL aliquots were withdrawn at predetermined time intervals 

(15, 30, 60, 120, 180, 240, 300, and 360 min). The concentration of the released oil or extraction was quantified 

using a UV–Vis spectrophotometer (Carry 100). After each sampling, the withdrawn volume was immediately 

replaced with an equal volume of fresh PBS to maintain a constant total volume. The cumulative oil or extraction 

release was expressed as a percentage according to the relationship Oil or extraction. 

Release (%)=(Ct/C0)×100 

where C0 represents the initial amount of oil or extracted loaded, and Ct denotes the amount of oil or 

extraction released at time t. All experiments were performed in triplicate to ensure reproducibility.  

 

2.3.16.  Antibacterial test 

The antibacterial efficacy was quantitatively assessed against Staphylococcus aureus (ATCC 29213; 

Gram-positive), Escherichia coli (ATCC 25922; Gram-negative), and Candida albicans (ATCC 10231; fungal 

strain) using the AATCC 100-2004 standard test method for antimicrobial activity evaluation [109]. This method 

involves the preparation of a homogeneous microbial suspension in a liquid growth medium, which is subse-

quently brought into contact with the test material under sterile conditions. The samples containing the thicken-

ing agent were incubated with the microbial inoculum in sealed containers at 37 °C for 24 h. Following incuba-

tion, the samples were agitated for 1 min to detach viable microorganisms, and the surviving microbial popula-

tion was quantified. Antimicrobial activity was expressed as the percentage reduction (%R) in microbial count 

relative to the initial inoculum. 
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3. Result and Discussion 
3.1. Characterisation of O- carboxymethyl chitosan 

The effective synthesis of O-carboxymethyl chitosan (O-CMC) was validated using reaction route anal-

ysis (Scheme 1), FTIR spectroscopy (Figure 1), and quantitative assessment of the degree of substitution (DS) 

(Table 1). Scheme 1 demonstrates that the carboxymethylation process occurs through nucleophilic substitution 

between the alkoxide groups formed on chitosan in strong alkaline conditions and monochloroacetic acid, pref-

erentially targeting the hydroxyl groups over the amino groups. The selectivity of this reaction aligns with the 

synthetic process, wherein chitosan was initially alkalised with strong NaOH and then distributed in isopropanol, 

a heterogeneous medium recognised for inhibiting excessive N-substitution while facilitating O-carboxymeth-

ylation. 

Chitosan contains several reactive functional groups, including hydroxyl groups at the C3 and C6 posi-

tions, a primary amine group at C2, as well as acetylated amino residues and glycosidic linkages. These groups 

differ in their reactivity during carboxymethylation, where the C6 hydroxyl is typically the most susceptible to 

substitution, followed by the amino group at C2 and the C3 hydroxyl [93]. In O-carboxymethylation, the reaction 

primarily targets the hydroxyl group at the C6 position, replacing it with a carboxymethyl moiety. This modifi-

cation pathway is depicted in Scheme 1, which outlines the substitution mechanism on the Chitosan backbone. 
The FTIR spectra (Figure 1) unequivocally demonstrate successful chemical change. Native chitosan (Cs) 

displays distinct broad absorption bands near 3400 cm⁻¹, attributed to overlapping O–H and N–H stretching 

vibrations, alongside peaks at roughly 1655 cm⁻¹ (amide I) and 1590 cm⁻¹ (–NH₂ bending). [64] After carbox-

ymethylation, the FTIR spectrum of CMC displays a more intense and broadened absorption band around 3400 

cm⁻¹, indicative of enhanced O–H and N–H stretching [110]. In addition, the O-CMC spectra reveal the appear-

ance of additional absorption bands at about 1605–1620 cm⁻¹ and 1415–1430 cm⁻¹, corresponding to the asym-

metric and symmetric stretching vibrations of carboxylate groups (–COO⁻), respectively. The emergence and 

gradual enhancement of these bands, together with a relative reduction in the intensity of the –NH₂ bending 

vibration, validate the successful incorporation of carboxymethyl groups into the chitosan backbone. Further-

more, increased absorption in the 1050–1150 cm⁻¹ range, linked to C–O–C and C–O stretching vibrations, further 

substantiates substitution at the hydroxyl sites, aligning with O-selective carboxymethylation rather than broad 

amine alteration. [111] 

The quantitative study of substitution degree (Table 1) indicates a distinct correlation between the degree 

of substitution (DS) and the quantity of monochloroacetic acid utilised in the synthesis. Augmenting the MCA 

content from 5 to 15 g led to a systematic increase in DS from 0.28 ± 0.03 to 0.96 ± 0.05, illustrating effective 

regulation of functionalisation via reaction stoichiometry. The O-CMC10 sample (DS = 0.58 ± 0.04) exemplifies 

an ideal equilibrium between improved water solubility and the retention of free amino groups, essential for 

biological activity and electrostatic interactions. Conversely, the elevated degree of substitution (DS) noted for 

O-CMC15, although enhancing solubility, may partially hinder the accessibility of protonated –NH₂ groups, 

potentially diminishing intrinsic antibacterial efficacy. A significant enhancement in the carboxyl content (–

COOH) was observed following the etherification process, attributed to the successful introduction of –CH₂–
COOH groups into the chitosan backbone. The –COOH concentration increased from 0.3 mmol/kg in the native 

chitosan to 0.6 mmol/kg in the synthesised carboxymethyl chitosan (CMC), confirming the effectiveness of the 

modification. The integrated spectroscopic and compositional studies definitively validate the successful and 

adjustable synthesis of O-carboxymethyl chitosan, affirming the efficacy of the employed alkalisation–hetero-

geneous carboxymethylation approach. 

 

Scheme 1: Schematic illustration of the carboxymethylation of chitosan 
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Figure 1: FTIR spectra for the chitosan and carboxymethyl chitosan. 

 

Table 1: Degree of Substitution (DS) of O-Carboxymethyl Chitosan 

Sample code 
MCA 

amount (g) 
DS (–) 

Carboxyl con-

tent (mmol/kg) 
Interpretation 

Native chitosan (Cs) 0 0.00 0.3 Insoluble, limited reactivity 

O-CMC5 5 0.28 ± 0.03 0.42 Partial solubility, high NH₂ retention 

O-CMC10 10 0.58 ± 0.04 0.54 Optimal solubility–reactivity balance 

O-CMC15 15 0.96 ± 0.05 0.66 High solubility, reduced antibacterial NH₂ 

 

A degree of substitution (DS) between about 0.55 and 0.65 is considered ideal for O-carboxymethyl chi-

tosan used in wound dressing and hydrogel applications. Multiple investigations indicate that DS values ranging 

from 0.4 to 0.7 achieve an optimal equilibrium between water solubility and functional group accessibility, 

essential for medicinal efficacy. At this amount of substitution, enough carboxymethyl groups are included to 

interrupt inter- and intramolecular hydrogen bonding within the chitosan backbone, therefore markedly improv-

ing water solubility in physiological settings. A significant proportion of primary amino (–NH₂) groups stays 

unaltered, maintaining their crucial functions in antibacterial activity, bioadhesion, and electrostatic interactions. 

This DS family is especially compatible with Schiff-base hydrogel systems, where free –NH₂ groups are neces-

sary to interact with the aldehyde functions of oxidised polysaccharides (e.g., oxidised alginate) to establish 

dynamic imine connections. Prior studies on self-crosslinked chitosan–aldehyde hydrogels indicate that degree 

of substitution (DS) values between 0.5 and 0.6 facilitate effective gel formation, manageable gelation kinetics, 

and advantageous mechanical and biological characteristics [62, 94, 95]. Consequently, the detected degree of 

substitution within this range is both chemically plausible and functionally beneficial for wound healing and 

injectable hydrogel systems. 

 

3.2. Characterisation of Oxidised Alginate  

The successful oxidation of sodium alginate was validated via reaction pathway analysis (Scheme 2), 

FTIR spectroscopy (Figure 2), and quantitative assessment of the oxidation degree (Table 2). Scheme 2 illus-

trates that periodate oxidation selectively cleaves the C2–C3 vicinal diol bonds of the alginate backbone, pro-

ducing reactive dialdehyde functionalities while maintaining the polymeric structure. In the first step, sodium 

metaperiodate reacts with these hydroxyl groups to form a temporary cyclic structure. This intermediate then 

breaks down, leading to the cleavage of the bond between C2 and C3. As a result, two aldehyde groups are 

introduced into each oxidised monomer unit [112]. The utilisation of an ethanol–water reaction medium was 

essential in alleviating excessive chain scission and viscosity-related constraints commonly found in entirely 

aqueous systems, thus facilitating controlled oxidation under mild circumstances. The oxidised alginate, now 

containing dialdehyde groups, becomes more reactive and can be further cross-linked through Schiff base reac-

tions or other covalent interactions. It enhances its potential use in forming hydrogels for biomedical applica-

tions. 
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FTIR spectra furnish substantial evidence for this structural alteration. Native alginate displays distinct 

broad absorption bands at around 3400 cm⁻¹ linked to O–H stretching [113], as well as significant bands near 

1600 and 1410 cm⁻¹ related to the asymmetric and symmetric stretching vibrations of carboxylate groups ( –

COO⁻) [96, 112]. Oxidised alginate (Ox-Alg) exhibits significant spectral alterations upon oxidation, character-

ised by a decrease in the intensity of hydroxyl-related bands and the appearance or amplification of absorption 

in the 1720–1740 cm⁻¹ range, corresponding to the stretching vibration of newly formed aldehyde (–CHO) 

groups [65-68, 96, 112, 114]. Moreover, modifications in the fingerprint region (1000–1200 cm⁻¹) indicate the 

disruption of the pyranose ring structure due to C–C bond cleavage, thereby further validating successful perio-

date oxidation. In the native alginate spectrum, peaks at 815 and 1078 cm⁻¹ — characteristic of symmetrical C–
O–C stretching — were present, but these peaks were significantly diminished in the oxidised form, confirming 

structural alterations [99].   

Quantitative examination (Table 2) reveals a distinct correlation between the degree of oxidation and the 

quantity of sodium periodate utilised, with values rising from 11.2 ± 1% to 44.1 ± 3% as the NaIO₄ concentration 

escalated. This incremental rise correlates with the creation of around 0.23 to 0.86 aldehyde groups per alginate 

repeating unit, signifying efficient and adjustable aldehyde production. Moderate oxidation levels (≈25–45%) 

are particularly beneficial for biomedical applications, since they offer adequate aldehyde functionality for 

Schiff-base crosslinking with amine-containing polymers, such as carboxymethyl chitosan, while preventing 

severe backbone breakdown. The results together affirm that the implemented ethanol-assisted periodate oxida-

tion method facilitates precise regulation of alginate functionalisation, yielding oxidised alginate with a defined 

aldehyde content appropriate for dynamic hydrogel production and wound dressing applications.  

 
Scheme 2: Schematic illustration of the oxidation of  sodium alginate 

 

 

Figure 2: FTIR of sodium alginate and oxidised sodium alginate. 

 

Table 2: Oxidation Degree of Sodium Alginate 

Sample code NaIO4 amount (g) Oxidation Degree (%) Aldehyde Groups per Unit 

Native Alginate (Alg) 0 0 0 

Ox-Alg10 5 11.2 ± 1 0.23 

Ox-Alg15 10 26.4 ± 2 0.54 

Ox-Alg20 15 44.1 ± 3 0.86 
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The degree of oxidation is crucial in determining the structural integrity and mechanical performance of 

alginate-based hydrogels. Reports indicate that oxidation levels of around 30–35% cause substantial deteriora-

tion of the alginate backbone due to widespread cleavage of the C2–C3 bonds, leading to diminished molecular 

weight, impaired chain entanglement, and inadequate mechanical stability. Excessive oxidation compromises 

the natural polysaccharide structure, resulting in brittle or weak hydrogels with diminished load-bearing capacity 

and inadequate handling properties. A moderate oxidation level of 20–30% is universally recognised as suitable 

for injectable and textile-based hydrogel systems. This range produces adequate aldehyde groups for effective 

Schiff-base crosslinking with amine-containing polymers, while preserving the polymer's mechanical integrity, 

elasticity, and cohesive strength. This equilibrium facilitates manageable gelation kinetics, injectability, and 

conformability, which are critical attributes for wound dressings and biomedical textile applications. Thus, sus-

taining the oxidation level within this moderate range is essential for producing functional hydrogels that exhibit 

both chemical reactivity and mechanical strength. 

 

3.3. Characterisation of Silver nanoparticles 

The generation and structural properties of silver nanoparticles (AgNPs) synthesised using Hypericin and 

chamomile extracts were validated using UV–Vis spectroscopy (Figure 3) and transmission electron microscopy 

(TEM) (Figure 4). The UV–Vis spectra display clear surface plasmon resonance (SPR) bands, indicative of 

AgNP production due to the collective oscillation of conduction electrons on the nanoparticle surface. Silver 

nanoparticles synthesised with chamomile extract have a distinct surface plasmon resonance peak centred at 

420–440 nm, whilst those made with hypericin extract demonstrate a marginally larger and red-shifted surface 

plasmon resonance band, reaching towards approximately 450 nm. The changes in SPR location and bandwidth 

signify variances in particle size distribution, morphology, and surface chemistry, attributable to the unique 

phytochemical compositions of the plant extracts serving as reducing and stabilising agents. The lack of compa-

rable SPR peaks in the spectra of the pure extracts verifies that the detected plasmonic characteristics stem only 

from nanoparticle production, not from inherent chromophores. The slight broadening of the SPR bands indi-

cates a polydisperse nanoparticle population, frequently observed in biosynthesized AgNP systems due to the 

intricate variety of biomolecules involved in reduction and capping. [86, 115, 116] 

TEM micrographs (Figure 4a,b) offer direct visual validation of nanoparticle production and further clar-

ify the impact of biological reducing agents on nanoparticle morphology. Silver nanoparticles synthesised using 

chamomile extract generally display quasi-spherical morphology with significant aggregation, likely due to par-

tial surface coverage by flavonoids and phenolic chemicals that provide insufficient steric stabilisation. Con-

versely, AgNPs synthesised with hypericin extract exhibit a more uniform size distribution and decreased ag-

glomeration, indicating enhanced capping efficiency linked to hypericin's polyaromatic structure and its numer-

ous functional groups that can coordinate silver ions. The nanoscale dimensions identified in both systems align 

with the SPR characteristics noted in UV–Vis spectra. The synthesis conditions—high temperature (60 °C), 

alkaline pH (≈10), and extended reaction duration—are essential for enhancing Ag⁺ reduction and facilitating 

nanoparticle nucleation, while the plant-derived biomolecules concurrently function as stabilising agents, inhib-

iting excessive particle growth. The results collectively affirm that the implemented eco-friendly synthesis 

method facilitates the effective creation of AgNPs with adjustable optical and morphological characteristics, 

principally influenced by the type of plant extract utilised as the bioreductant and capping agent.  

 

 

 

Figure 3: UV–Vis spectra of silver nanoparticles synthesised using Hypericin and Chamomile extracts 
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Figure 4: TEM images for the synthesis of silver nanoparticles 

a) using chamomile extract, and b) hypericin extract 

 

3.4. Characterisation of O-CMC/Na-Alg Hydrogel  

The synthesis of self-crosslinked O-CMC/Ox-NaAlg hydrogels was validated using reaction mechanism 

analysis (Scheme 3) and FTIR spectroscopy of polymer mixtures generated at various compositional ratios (Fig-

ure 5). Scheme 3 demonstrates that hydrogel formation is facilitated by Schiff-base reactions between aldehyde 

groups produced from oxidised sodium alginate and the free amino groups of O-carboxymethyl chitosan, leading 

to dynamic imine (–C=N–) linkages that serve as covalent crosslinks within the polymer network.  

 

 
Scheme 3: reaction mechanism between Ox-Alg and O-CMC 

 

3.4.1. FTIR 

FTIR spectra offer unequivocal molecular-level evidence of these interactions. In comparison to the spec-

tra of pristine O-CMC and Ox-NaAlg, the hydrogel spectra demonstrate significant attenuation of the aldehyde-

related band typically found around 1720–1740 cm⁻¹ in oxidised alginate, along with alterations in the am-

ide/amine region near 1580–1650 cm⁻¹, signifying the consumption of –CHO and –NH₂ groups during imine 

bond formation [96, 117]. Moreover, the appearance and expansion of absorption bands in the 1620–1640 cm⁻¹ 

range indicate the creation of Schiff-base (C=N) connections, hence affirming successful chemical crosslinking 

as opposed to mere physical blending. The extensive O–H/N–H stretching band in the range of 3200–3500 cm⁻¹ 

c 
d 

B 



Bioactive Hydrogel-Coated Cotton Dressings Based on Chemically Modified Biopolymers and Plant-Derived AgNPs….. 

_____________________________________________________________________________________________________

Egypt. J. Chem. 69, SI: I. M. I. Fakhr (2026)

431 

becomes increasingly prominent and experiences a modest shift with varying O-CMC: Ox-NaAlg ratios, indi-

cating increased hydrogen bonding and network densification within the hydrogel matrix. Fluctuations in spec-

trum intensity at various ratios demonstrate that crosslinking density is significantly influenced by composition, 

with intermediate ratios (e.g., 2:3 and 3:2) showing more marked spectral alterations, indicating a more equitable 

distribution of reactive aldehyde and amine groups. These observations correspond with the synthesis conditions, 

wherein incubation at 37 °C in PBS (pH 7.4) facilitates effective Schiff-base production under physiologically 

relevant conditions. The FTIR results clearly indicate the effective synthesis of chemically crosslinked O-

CMC/Ox-Alg hydrogels, with adjustable network topologies determined by polymer ratios, confirming their 

appropriateness for biomedical hydrogel and wound-dressing applications. 

 

 
Figure 5: FTIR spectra of O-CMC: Ox-Alg mixtures at various ratios 

 

3.4.2. Relationships Among Hydrogel Composition, Structure, and Properties 

Table 3 summarises the compositional dependence of nitrogen concentration, gelation time, and swelling 

behaviour of the synthesised O-CMC/Ox-Alg hydrogels, offering useful insights into the development of net-

work structure and crosslinking efficiency. As anticipated, native O-CMC demonstrated the largest nitrogen 

content (1.821%), indicative of its richness in primary amino groups, whereas oxidised alginate displayed min-

imal nitrogen content (0.091%), corroborating the absence of nitrogen-containing functions in its polysaccharide 

backbone. Following hydrogel formation, a gradual reduction in nitrogen content was noted with an increase in 

Ox-Alg fraction, signifying the systematic utilisation of free amino groups via Schiff-base interactions with 

aldehyde functionalities. This trend offers indirect yet persuasive evidence of effective covalent crosslinking, 

since heightened aldehyde availability facilitates imine bond formation and diminishes the quantity of detectable 

free –NH₂ groups within the hydrogel matrix. 

The gelation period demonstrated a significant influence on the polymer ratio, underscoring the necessity 

of stoichiometric equilibrium among reactive functional groups. The O-CMC/Ox-Alg (3:2) formulation exhib-

ited the quickest gelation time (12 minutes), closely succeeded by the (2:3) formulation (15 minutes), indicating 

that near-equimolar availability of amine and aldehyde groups promotes swift network development. Con-

versely, the (4:1) formulation necessitated a considerably extended gelation period (80 min), due to inadequate 

aldehyde concentration to swiftly crosslink the many amine groups. Excessive oxidised alginate in the (1:4) 

formulation led to extended gelation (45 min), probably due to the dilution of amine sites and diminished chain 

entanglement efficiency. These findings emphasise that optimal gelation kinetics occur at intermediate compo-

sitions, where functional group complementarity and molecular mobility are maximised. 

The swelling behaviour further confirms the impact of crosslink density and network architecture on 

hydrogel performance. Hydrogels with elevated O-CMC content demonstrated enhanced swelling ratios, with 

the (4:1) formulation exhibiting the highest swelling (18.08%), indicative of reduced crosslink density and in-

creased availability of hydrophilic groups for water absorption. In contrast, an increase in Ox-Alg concentration 

resulted in a significant decrease in swelling ratio, attaining a minimum of 9.81% for the (1:4) formulation. This 

decrease is ascribed to elevated crosslink density resulting from enhanced aldehyde–amine interactions, which 
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constrain polymer chain mobility and impede water passage into the network. Intermediate formulations (3:2 

and 2:3) exhibited balanced swelling behaviour (≈16–17%), reflecting well-structured networks that integrate 

adequate mechanical strength with regulated hydration—attributes greatly sought after for wound dressing and 

injectable hydrogel applications. 

The results in Table 3 indicate that the characteristics of hydrogels can be precisely adjusted by manipu-

lating the composition of O-CMC and Ox-Alg. Formulations with intermediate ratios attain an ideal equilibrium 

between swift gelation, moderate swelling, and efficient crosslinking, rendering them especially appropriate for 

biomedical applications where injectability, structural integrity, and moisture regulation are essential.  

 

3.4.3. Quantitative Relationship Between Nitrogen Utilisation and Schiff-Base Crosslink Density 

The study of nitrogen content offers quantitative insight into the degree of Schiff-base formation and, 

therefore, the crosslink density within the O-CMC/Ox-Alg hydrogel network. Table 3 indicates that native O-

CMC contains a nitrogen concentration of 1.821%, reflecting its elevated density of free primary amino groups. 

A systematic decrease in nitrogen content is noted with an increasing proportion of Ox-Alg upon hydrogel for-

mation, indicating the gradual consumption of –NH₂ groups during the formation of imine (–C=N–) bonds with 

aldehyde groups on oxidised alginate. The nitrogen content diminishes from 1.532% in the O-CMC/Ox-Alg 

(4:1) hydrogel to 0.625% in the (1:4) formulation, indicating an overall nitrogen reduction of roughly 66% com-

pared to pristine O-CMC. This substantial depletion validates thorough covalent crosslinking instead of simple 

physical blending. Intermediate compositions, specifically (3:2) and (2:3), exhibit nitrogen concentrations of 

1.111% and 0.935%, respectively, reflecting a regulated utilisation of 39–49% of available amino groups. These 

formulations correspond to the minimal gelation durations and equilibrated swelling ratios, signifying that an 

ideal Schiff-base density is attained when aldehyde and amine functionalities exist in almost stoichiometric 

ratios. Excessive nitrogen retention at elevated O-CMC levels causes reduced crosslink density and extended 

gelation, whereas excessive nitrogen depletion at high Ox-Alg concentrations results in too dense networks with 

limited swelling. Nitrogen consumption acts as a dependable quantitative indicator of Schiff-base crosslink den-

sity, establishing a direct correlation between molecular-scale chemical reactions and macroscopic hydrogel 

characteristics, including gelation kinetics and hydration behaviour. 

 

3.4.4. Crosslink Density of Imine (Schiff-Base) in the Synthesized Hydrogels 

The molar density of imine (Schiff-base) bonds quantitatively assesses the effective crosslink density in 

the O-CMC/Ox-Alg hydrogel network and elucidates structure–property correlations. Pristine O-CMC demon-

strates a low imine density (2.06 × 10⁻⁴ mol·g⁻¹), indicating the lack of aldehyde groups and verifying the absence 

of covalent crosslinking without oxidised alginate. The gradual integration of Ox-Alg significantly enhances 

imine bond density, indicating effective aldehyde–amine coupling during hydrogel synthesis. The O-CMC/Ox-

Alg (4:1) formulation has a modest imine density (5.07 × 10⁻⁴ mol·g⁻¹), suggesting restricted crosslink produc-

tion owing to inadequate aldehyde availability in relation to amine groups. Elevating the Ox-Alg content to 

intermediate ratios markedly improves crosslink density, with the (3:2) and (2:3) formulations demonstrating 

imine densities of 6.32 × 10⁻⁴ and 8.54 × 10⁻⁴ mol·g⁻¹, respectively. These compositions exhibit a near -stoichi-

ometric equilibrium between aldehyde and amine functionalities, facilitating optimal Schiff -base production and 

enhanced network connection. The increased crosslink density is directly associated with the quickest gelation 

periods and balanced swelling ratios seen in experiments, signifying swift network formation and regulated 

water absorption. Conversely, augmenting Ox-Alg concentration beyond this ideal range is anticipated to hinder 

effective crosslinking due to the dilution of amine sites and heightened chain scission, ultimately undermining 

network homogeneity and mechanical performance. The results collectively indicate that intermediate O-

CMC/Ox-Alg compositions achieve the highest effective imine crosslink density, which supports their enhanced 

gelation kinetics, dimensional stability, and mechanical integrity, rendering them especially appropriate for bi-

omedical hydrogel applications. 

The normalisation of imine bond density to the alginate repeating unit offers a molecular -level compre-

hension of crosslink production within the O-CMC/Ox-Alg hydrogel network. Pristine O-CMC demonstrates a 

minimal imine density of roughly 0.04 imine bonds per repeating unit, resulting from the absence of aldehyde 

functionalities and confirming the lack of intrinsic covalent crosslinking. The insertion of oxidised alginate con-

sistently raises the imine concentration with the amount of Ox-Alg, indicating improved aldehyde–amine inter-

action. The O-CMC/Ox-Alg (4:1) formulation demonstrates roughly 0.10 imine bonds per repeating unit, signi-

fying restricted crosslinking due to an insufficiency of aldehydes in relation to the available amine groups. Con-

versely, intermediate compositions exhibit significantly elevated crosslink densities, with the (3:2) and (2:3) 

formulations attaining roughly 0.13 and 0.17 imine bonds per repeating unit, respectively. These figures suggest 

that about one Schiff-base linkage is established for every 6–8 alginate repeat units, signifying a highly efficient 
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and uniform crosslinked network. Significantly, these intermediate formulations correspond with the minimal 

gelation periods, optimal swelling ratios, and enhanced mechanical integrity seen experimentally, validating that 

near-stoichiometric availability of aldehyde and amine groups maximises effective crosslink density. Significant 

divergence from this equilibrium—whether by aldehyde restriction or amine dilution—diminishes the quantity 

of imine bonds generated per repeating unit, resulting in delayed gelation and impaired network efficacy. The 

normalised imine density serves as a reliable quantitative measure connecting molecular-scale chemistry to mac-

roscopic hydrogel characteristics, confirming the superiority of intermediate O-CMC/Ox-Alg compositions for 

biomedical hydrogel applications. 

 

Table 3: Characteristics of synthesised hydrogel 

 N (%) 
nimine

(mol.g−1)

Imine bonds per 

repeating unit 

Gelation time 

(min) 

Swelling ratio 

(%) 

O-CMC 1.821  0.041 -- -- 

O-CMC /Ox-Alg (4:1) 1.532 2.06×10−4  0.1 80 18.08 

O-CMC/Ox-Alg (3:2) 1.111 5.07×10−4  0.13 12 17.49 

O-CMC/Ox-Alg (2:3) 0.935 6.32×10−4  0.17 15 16.52 

O-CMC/ Ox-Alg (1:4) 0.625 8.54×10−4  - 45 9.81 

Ox-Alg 0.091  0 -- -- 

 

3.5. Characterisation of impregnated AgNPs and bioactive compounds in a hydrogel network  

3.5.1. Behaviour of Hydrogels Infused with Silver Nanoparticles and Bioactive Substances 

The physicochemical and biological properties of the O-CMC/Ox-Alg hydrogel were significantly af-

fected by the incorporation of plant-derived bioactive chemicals and silver nanoparticles, as detailed in Table 4. 

In comparison to the unaltered hydrogel, all modified systems demonstrated notable alterations in gelation ki-

netics, swelling characteristics, nitrogen content, antioxidant efficacy, and protein adsorption, illustrating the 

intricate interactions among Schiff-base crosslinking, secondary interactions, and filler integration within the 

polymeric matrix. 

The findings in Table 4 indicate that the incorporation of bioactive chemicals and AgNPs facilitates pre-

cise modulation of hydrogel gelation, swelling, chemical properties, and biological efficacy. Extract -loaded sys-

tems promote quick gelation and enhanced antioxidant and protein adsorption capacities, whereas the inclusion 

of AgNP results in prolonged gelation periods and regulated swelling, potentially benefiting sustained antibac-

terial applications. The findings underscore the adaptability of the O-CMC/Ox-Alg hydrogel platform and its 

appropriateness for multifunctional biomedical and wound-healing applications via strategic compositional de-

sign. 

 

Table 4: characteristics of the impregnated AgNPs and bioactive compounds in a hydrogel network

 Bioactive Conc.

(%)

Gelation 

time(min) 

Swelling ratio 

(%) 
N (%) 

Antioxidant 

Activity (%) 

Protein adsorp-

tion (mg/g) 

Gel only 12 17.49 1.111 18.54 0.115 

Ethanolic Hy-

pericin 

10 15 4.23 0.691 33.55 0.175 

15 11 5.43 1.021 41.59 0.169 

20 7 5.53 1.351 54.57 0.185 

Methanolic 

Chamomile 

10 16 4.08 1.274 18.69 0.225 

15 13 8.38 1.884 25.45 0.229 

20 8 9.56 2.494 37.91 0.175 

Sesam oil 

5 15 13.22 0.317 7.95 0.376 

10 22 9.01 0.468 11.86 0.416 

15 34 4.68 0.619 16.29 0.361 

AgNPs-Aqueous 

Hypericin 

5 30 9.44 0.237 14.11 0.086 

10 50 16.81 0.351 19.14 0.078 

15 90 40.31 0.465 28.67 0.056 

AgNPs-Aqueous 

Chamomile 

5 48 17.61 0.252 4.42 0.369 

10 80 26.33 0.373 15.32 0.335 

15 98 50.21 0.494 26.42 0.295 

AgNPs-Sesame 

oil 

5 9 3.66 0.190 4.82 0.169 

10 15 2.12 0.281 7.39 0.164 

15 47 14.79 0.372 22.10 0.135 
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3.5.2. Nitrogen content 

The study of nitrogen concentration offers direct information on network chemistry and the availability 

of functional groups. Compared to the unmodified hydrogel (1.111% N), extract-loaded systems had markedly 

elevated nitrogen levels, suggesting reduced utilisation of amino groups during Schiff-base formation as a result 

of competitive interactions with bioactive chemicals. The effect was particularly significant for chamomile-

loaded hydrogels, aligning with their greater extract polarity and enhanced affinity for amino functions. AgNP-

impregnated hydrogels exhibited relatively diminished nitrogen levels, especially at reduced nanoparticle con-

centrations, indicating increased amine utilisation and/or nanoparticle interaction with nitrogenous groups, so 

concealing them from elemental analysis. 

Figure 6 depicts the fluctuation in nitrogen content (N%), which acts as a quantitative indicator for free 

and used amino groups, in both the pristine hydrogel and hydrogel networks infused with  bioactive chemicals 

and silver nanoparticles. The O-CMC/Ox-Alg hydrogel displays a moderate nitrogen concentration (~1.11%), 

indicating partial utilisation of primary amine groups via Schiff-base formation with the aldehyde groups of 

oxidised alginate. Following impregnation with ethanolic hypericin, a significant and concentration-dependent 

elevation in nitrogen content is noted, peaking at around 2.49% at the highest loading level. This trend signifies 

the effective integration of nitrogen-rich phytochemical components and/or enhanced hydrogen-bonding and 

coordination interactions between hypericin functional groups and the polymer matrix, thereby augmenting the 

total nitrogen contribution without completely compromising the covalent imine crosslinks.  

A comparable yet more prominent impact is observed in methanolic chamomile-loaded hydrogels, where 

nitrogen content significantly increases with higher loading, attaining around 2.49%. This improvement is due 

to the increased polarity of methanolic extracts and their greater abundance of amino- and heterocycle-containing 

bioactives, which are more effectively maintained within the hydrogel matrix. Conversely, sesame oil–infused 

hydrogels exhibit significantly reduced nitrogen levels (≈0.31–0.62%), aligning with the nitrogen-deficient, hy-

drophobic characteristics of the oil. The diluting impact from oil inclusion and the diminished availability of 

hydrophilic domains likely inhibit both nitrogen contribution and effective Schiff-base density. 

Hydrogels infused with AgNPs synthesised from aqueous plant extracts demonstrate a unique nitrogen 

evolution profile. Despite a progressive increase in nitrogen content with AgNP concentration, the absolute val-

ues remain inferior to those of extract-only systems. This behaviour indicates partial masking or consumption 

of amine groups resulting from coordination with AgNP surfaces, along with steric restriction caused by nano-

particle inclusion, which restricts additional imine bond formation. The diminished nitrogen levels noted at ele-

vated AgNP concentrations correspond with extended gelation durations and decreased swelling documented in 

other studies, affirming that excessive nanoparticle integration undermines network flexibility and the availabil-

ity of reactive sites. 

Figure 6 indicates that the chemical composition and concentration of impregnated agents significantly 

influence nitrogen content. Extract-loaded systems augment nitrogen content via additive functional groups and 

secondary interactions, while AgNP-loaded systems exhibit competitive amine consumption and coordination 

effects. These results offer robust quantitative evidence connecting nitrogen balance to Schiff-base density, ge-

lation kinetics, and hydrogel functionality, highlighting the significance of regulated impregnation to maintain 

network integrity while enhancing bioactivity. 

 

Figure 6: Nitrogen content of hydrogels 

3.5.3. Gelation time  

The kind and concentration of the impregnated agent significantly influenced the gelation period. Hydro-

gels infused with ethanolic hypericin and methanolic chamomile extracts exhibited gradually diminished gela-

tion times as extract concentration increased, achieving a minimum of 7–8 minutes at the highest concentrations. 

This characteristic can be ascribed to the existence of polyphenolic and aromatic groups that facilitate enhanced 
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hydrogen bonding and π–π interactions, therefore expediting network development and stabilising imine cross-

links. Conversely, hydrogels containing AgNPs—especially those synthesised with aqueous plant extracts—

demonstrated significantly extended gelation periods, reaching up to 90–98 minutes at elevated nanoparticle 

concentrations. This slowdown is ascribed to steric hindrance and the partial shielding of reactive amino and 

aldehyde groups by nanoparticles, which impedes Schiff-base formation and chain diffusion during gelation. 

Figure 7 illustrates the gelation time profiles of the unmodified O-CMC/Ox-Alg hydrogel and the asso-

ciated networks infused with bioactive extracts, oils, and silver nanoparticles, highlighting significant variations 

in gelation kinetics influenced by network chemistry and additive interactions. The hydrogel demonstrates a 

brief gelation period (about 12 minutes), aligning with the effective Schiff-base synthesis between the aldehyde 

groups of oxidised alginate and the main amine groups of O-CMC at physiological temperature. The fast gelation 

indicates a balanced ratio of reactive functional groups and unfettered molecular mobility, facilitating quick 

imine bond formation and network percolation. 

The use of ethanolic hypericin and methanolic chamomile extracts significantly decreases gelation time 

at higher concentrations, with the lowest values around 7–8 minutes. The acceleration is due to the presence of 

polyphenolic and carbonyl-containing chemicals in the extracts, which enhance hydrogen bonding and second-

ary interactions, thereby pre-organizing polymer chains and expediting crosslink production. Furthermore, the 

moderately polar characteristics of these extracts improve miscibility with the hydrogel matrix, preserving chain 

flexibility while augmenting the local reaction likelihood between aldehyde and amine groups.  

Conversely, sesame oil-infused hydrogels have a non-linear pattern, with gelation time significantly ris-

ing at elevated oil concentrations. The hydrophobic characteristics of the oil create phase heterogeneity and 

diminish reactive functional groups, therefore obstructing polymer–polymer interaction and decelerating Schiff-

base kinetics. This impact is more pronounced at high oil loadings, when gelation periods exceed 30–40 minutes, 

signifying postponed network development and diminished crosslinking effectiveness. 

A significantly distinct behaviour is seen for AgNP-loaded hydrogels. Systems including AgNPs synthe-

sised with aqueous hypericin or chamomile extracts exhibit a significant, concentration-dependent prolongation 

of gelation time, attaining around 90–98 minutes at the maximum nanoparticle concentrations. This significant 

slowdown is ascribed to the robust interaction between silver nanoparticles and the amino groups of O-CMC, 

which competitively depletes or sterically obstructs the amine functions necessary for Schiff-base formation. 

Moreover, the inflexible nanoparticle domains impede chain mobility and diffusion, thereby prolonging the for-

mation of the gel network. AgNPs synthesised using sesame oil have significantly shorter gelation durations, 

indicating diminished nanoparticle–polymer interactions and less disruption of amine availability. 

Figure 7 unequivocally illustrates that the chemical composition and concentration of the impregnated 

substances significantly influence gelation time. Polar plant extracts can expedite gelation by improving inter-

molecular contacts, whereas the inclusion of hydrophobic oils and nanoparticles—especially at elevated con-

centrations—considerably hinders network development. These findings underscore the imperative to equili-

brate bioactive loading with crosslinking chemistry to produce hydrogels with adjustable gelation kinetics ap-

propriate for injectable, in situ forming, or textile-based wound dressing applications. 

In conclusion, the incorporation of natural extracts, silver nanoparticles synthesised via plant-water ex-

tracts, and sesame oil had a notable impact on the gelation time of the hydrogel system. The addition of alcoholic 

extracts of Hypericin and chamomile significantly reduced the gelation time, depending on the added concen-

tration. As the proportion of these extracts increased, the gelation process accelerated, reaching complete gel 

formation within approximately 7 minutes. Conversely, the addition  of silver nanoparticles synthesised using 

aqueous extracts of Hypericum and chamomile markedly prolonged the gelation time, extending it to approxi-

mately 98 minutes. 

 

Figure 7: Gelation time of hydrogels 
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3.5.4. Swelling ratio  

The swelling behaviour further indicated these structural alterations. Extract-impregnated hydrogels often 

show moderate decreases in swelling ratio compared to the gel-only system, aligning with heightened effective 

crosslink density and diminished free volume. In contrast, AgNP-loaded hydrogels exhibited significant swelling 

at elevated nanoparticle concentrations, especially in aqueous systems driven by hypericin and chamomile. This 

abnormal swelling signifies network weakening due to nanoparticle aggregation and the establishment of a het-

erogeneous architecture, resulting in extra voids and disrupting uniform crosslinking. Sesame oil -based systems 

exhibited a clear trend: swelling initially rose with oil content due to plasticization effects, but decreased at 

higher concentrations as hydrophobic domains restricted water absorption. 

Figure 8 depicts the swelling characteristics of the unmodified O-CMC/Ox-Alg hydrogel and the associ-

ated networks infused with bioactive extracts, oils, and silver nanoparticles, emphasising the significant influ-

ence of network structure and additive composition on water absorption. The hydrogel demonstrates a modest 

swelling ratio (~17.5%), indicative of a balanced crosslink density resulting from effective Schiff-base formation 

between the aldehyde groups of oxidised alginate and the amino groups of O-CMC. This intermediate swelling 

is indicative of well-structured covalent networks that maintain enough hydrophilicity while preventing exces-

sive chain relaxation. [96, 118] 

Hydrogels infused with ethanolic hypericin exhibit a significant decrease in swelling ratio at low concen-

trations, succeeded by a steady rise at elevated levels. This behaviour indicates that the integration of the original 

extract enhances intermolecular interactions—such as hydrogen bonding and π–π stacking—resulting in network 

densification and limited water transport. At increased hypericin levels, the extract introduces additional polar 

functional groups that improve hydrophilicity, partially mitigating crosslink tightening and augmenting water 

absorption. A similar tendency is noted for methanolic chamomile-loaded hydrogels, however, with elevated 

swelling values overall, due to the more hydrophilic characteristics of chamomile bioactives and their capacity 

to disturb dense polymer arrangement. [119] 

Conversely, hydrogels infused with sesame oil demonstrate consistently reduced swelling ratios, espe-

cially at elevated oil concentrations. The hydrophobic oil domains decrease the effective water-accessible vol-

ume and restrict polymer–water interactions, leading to reduced swelling. This behaviour validates partial phase 

separation and underscores the function of hydrophobic additives in inhibiting hydrogel hydration, although the 

presence of hydrophilic polysaccharide backbones. 

A drastically altered swelling profile is seen for AgNP-loaded hydrogels. Systems comprising AgNPs 

synthesised with aqueous hypericin or chamomile extracts exhibit a significant enhancement in swelling ratio, 

with values of 40–50% at elevated nanoparticle concentrations. This improvement results from the breakdown 

of covalent crosslinks caused by amine coordination with AgNP surfaces, leading to a reduction in effective 

Schiff-base density and an increase in network porosity. The existence of stiff nanoparticle domains generates 

microvoids and heterogeneous areas that promote water infiltration and retention. In contrast, AgNPs synthe-

sised in sesame oil demonstrate somewhat diminished swelling, aligning with decreased nanoparticle dispersion 

and weaker hydrophilic interactions. 

Figure 8 illustrates that a nuanced equilibrium of crosslink density, hydrophilicity, and structural hetero-

geneity regulates the swelling behaviour. Moderate extract loading maintains network integrity while facilitating 

regulated hydration, whereas excessive nanoparticle incorporation results in over-swelling owing to crosslink 

breakage. The findings are crucial for optimising hydrogel performance in wound dressings and biomedical 

textiles, where regulated swelling is vital for preserving moisture balance, mechanical stability, and continuous 

bioactive release. 

 

Figure 8: swelling ratio of hydrogels 
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3.5.5. Protein adsorption study  

It is widely recognised that wound dressings with low protein adsorption capacity offer multiple thera-

peutic benefits. By limiting protein accumulation at the dressing interface, they help reduce local inflammation, 

preserve a moist wound environment, and promote more effective interaction between the wound bed and the 

dressing. These characteristics collectively enhance tissue regeneration, minimise the risk of bacterial colonisa-

tion and secondary infections, and improve patient comfort by reducing dressing adherence and pain upon re-

moval. Additionally, such properties often reduce the frequency of dressing changes, thereby supporting a more 

stable healing process[120]. 

To evaluate the protein adsorption behavior of the developed biohybrid hydrogel membranes, a protocol 

adapted from previously reported methodologies [102, 103] was employed. Bovine serum albumin (BSA) was 

selected as the model protein due to its prevalence in wound exudates and its wide application in adsorption 

studies [121]. 

The behaviour of protein adsorption demonstrated further linkages between structure and function. Ex-

tract-impregnated hydrogels, specifically those loaded with chamomile, demonstrated superior protein adsorp-

tion capabilities (up to 0.229 mg g⁻¹), indicating enhanced surface functionality, polarity, and accessibility of 

hydrogen-bonding sites. Conversely, AgNP-loaded hydrogels exhibited significantly decreased protein adsorp-

tion, particularly at elevated nanoparticle concentrations, presumably owing to pore obstruction, surface pas-

sivation by nanoparticles, and electrostatic repulsion phenomena. Hydrogels derived from sesame oil exhibited 

elevated protein adsorption, correlating with enhanced surface roughness and protein affinity mediated by hy-

drophobic interactions. 

Figure 9 illustrates the protein adsorption capabilities of both pure and modified O-CMC/Ox-Alg hydro-

gels, offering significant insight into the relationship among network chemistry, surface functionality, and bio-

active loading. The hydrogel demonstrates a modest protein adsorption capacity (~0.115 mg·g⁻¹), typical of 

moderately crosslinked polysaccharide networks with restricted exposed binding sites. The regulated consump-

tion of amino groups via Schiff-base synthesis diminishes the presence of positively charged sites, therefore 

limiting nonspecific protein-surface interactions. 

The introduction of ethanolic hypericin results in a gradual rise in protein adsorption, exceeding 0.40 

mg·g⁻¹ at moderate loading levels. This improvement is due to the incorporation of aromatic and phenolic 

groups, which facilitate protein adsorption via π–π interactions, hydrogen bonding, and van der Waals forces. 

The adsorption peaks at moderate hypericin levels and diminishes marginally at elevated concentrations, indi-

cating potential pore obstruction or steric hindrance that restricts protein transport into the hydrogel matrix. A 

comparable, however, more significant tendency is noted for methanolic chamomile-loaded hydrogels, which 

exhibit the greatest adsorption capabilities among the extract-based systems. The prevalence of hydroxyl- and 

carboxyl-rich flavonoids in chamomile increases hydrophilicity and offers many binding motifs, hence strength-

ening protein–polymer interactions. 

Conversely, hydrogels infused with sesame oil have markedly reduced protein adsorption capabilities, 

especially at elevated oil concentrations. The hydrophobic domains created by the oil diminish surface wettabil-

ity and obscure polar functional groups, thereby inhibiting protein interaction. This behaviour aligns with the 

reduced swelling ratios and suggests restricted protein access to the hydrogel interior.  

AgNP-impregnated hydrogels exhibit a unique adsorption characteristic. Systems comprising AgNPs 

synthesised with aqueous plant extracts exhibit significant protein adsorption at low nanoparticle concentrations, 

which thereafter decreases progressively with increasing AgNP concentration. This decrease is ascribed to the 

interaction of proteins with amine groups at the nanoparticle surface, together with steric hindrance effects re-

sulting from nanoparticle aggregation inside the hydrogel matrix. Furthermore, AgNPs can confer localised 

stiffness, restricting chain mobility and diminishing the effective surface area accessible for protein adsorption. 

AgNPs synthesised using sesame oil demonstrate reduced adsorption, indicating decreased nanoparticle disper-

sion and poorer interactions with protein molecules. 

Figure 9 illustrates that a nuanced interplay of hydrophilicity, surface charge, porosity, and additive chem-

istry regulates protein adsorption. Hydrogels infused with extracts, especially chamomile, exhibit increased pro-

tein affinity, beneficial for wound healing applications, as protein adsorption facilitates cell adhesion and tissue 

regeneration. On the contrary, the regulated decrease of protein adsorption in AgNP-rich systems may be advan-

tageous for mitigating biofouling and inflammatory reactions. The results underscore the adaptability of the 

hydrogel substrate for customised biological interactions by deliberate modification of network composition and 

functional additives. 
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Figure 9: Protein adsorption capacity of the hydrogel formulations 

 

3.5.6. Antioxidant Activity of Hydrogels  

Delayed wound healing is strongly linked to oxidative stress caused by the excessive production of reac-

tive oxygen species (ROS). At low levels, ROS support normal healing by promoting cell movement and the 

formation of new blood vessels. However, high levels of ROS can harm cells, interfere with cell signaling, 

extend inflammation, and reduce blood vessel formation. In pressure ulcer wounds, large amounts of ROS—

produced by inflammatory cells through NADPH oxidase—can worsen tissue damage. Antioxidants help reduce 

this damage by neutralising ROS, which supports proper wound healing and tissue recovery [122, 123]. There-

fore, modulating the inflammatory response is essential to minimising oxidative damage and subsequent scar 

formation [101, 124]. 

Hydrogels are widely recognised as ideal wound dressings due to their biocompatibility, permeability, 

and ability to maintain a moist environment conducive to healing. Moreover, specific hydrogel formulations can 

exhibit intrinsic antioxidant properties, further enhancing their therapeutic effect by reducing oxidative stress. 

The antioxidant capacity of the hydrogel formulations was determined using the DPPH radical scavenging 

method. As presented in Figure 10, all samples exhibited significant activity in reducing DPPH radicals, con-

firming their efficiency as free radical scavengers. The findings indicate that the concentration of the incorpo-

rated bioactive compounds directly influences the antioxidant activity of the hydrogels. Specifically, higher 

concentrations of the extracts resulted in hydrogels with significantly enhanced antioxidant potential.  

Functionally, impregnation significantly improved antioxidant activity compared to the gel-only ap-

proach (18.54%). Ethanolic hypericin-loaded hydrogels exhibited superior antioxidant efficiency, achieving up 

to 54.57%, due to hypericin's significant radical-scavenging ability and its efficient retention inside the hydrogel 

matrix. Methanolic chamomile systems demonstrated concentration-dependent antioxidant improvement, albeit 

to a lesser degree, indicating variations in phenolic content and extract efficacy. Hydrogels containing AgNP 

exhibited moderate antioxidant activity, which intensified with increased nanoparticle concentration, owing to 

the synergistic interactions between metallic silver and plant-derived capping agents; nonetheless, these values 

were inferior to those of extract-only systems due to the restricted accessibility of active phytochemicals when 

adhered to nanoparticle surfaces. 

Figure 10 depicts the DPPH radical scavenging activity of both pure and functionalised O-CMC/Ox-Alg 

hydrogels, clearly indicating the significant impact of integrated bioactive chemicals and silver nanoparticles on 

antioxidant efficacy. The hydrogel has a moderate scavenging activity (~18.5%), attributable to the inherent 

antioxidant properties of chitosan-derived amino groups and residual hydroxyl functionalities. The partial utili-

sation of –NH₂ groups during Schiff-base crosslinking restricts the intrinsic radical-quenching ability of the 

native network. 

The inclusion of ethanolic hypericin results in a significant, concentration-dependent increase in antiox-

idant activity, surpassing 50%. This notable rise correlates with the elevated presence of phenolic hydroxyl 

groups and conjugated aromatic systems in hypericin, which serve as potent hydrogen and electron donors, 

effectively stabilising DPPH radicals. The gradual rise during loading signifies effective trapping and preserva-

tion of hypericin inside the hydrogel matrix, without significant deterioration of its antioxidant properties. Like-

wise, methanolic chamomile-loaded hydrogels have improved radical scavenging action, albeit to a lesser degree 

than hypericin-based systems. This behaviour indicates the presence of flavonoids and phenolic acids in cham-

omile extracts, which enhance antioxidant activity via hydrogen atom transfer and metal chelation pathways. 
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Conversely, hydrogels infused with sesame oil demonstrate relatively less antioxidant activity, especially 

at reduced oil concentrations. The restricted radical scavenging seen aligns with the decreased quantity of phe-

nolic antioxidants in the oil phase and the hydrophobic characteristics of the oil, which impede effective inter-

action between antioxidant moieties and DPPH radicals in the test medium. Nonetheless, a minor rise at elevated 

loadings indicates a partial contribution from lipid-soluble antioxidant constituents, including sesamol and ses-

amin. 

Hydrogels, including AgNPs synthesised with aqueous plant extracts, exhibit a moderate antioxidant ac-

tivity. At minimal nanoparticle concentrations, antioxidant activity is constrained, presumably due to the partial 

occlusion of phenolic groups by coordination with the silver surface and reduced mobility within the matrix. 

Increased AgNP concentrations result in a significant boost in scavenging activity, likely due to synergistic 

interactions between residual phytochemicals capping the nanoparticles and the augmented surface area acces-

sible for radical interactions. Nonetheless, these values are inferior to those of extract-only systems, suggesting 

that nanoparticle production partially diminishes free antioxidant efficacy. 

Figure 10 illustrates that antioxidant activity is predominantly influenced by the characteristics and ac-

cessibility of phenolic bioactives rather than just by the polymeric matrix. Hydrogels infused with extracts, 

especially those containing hypericin, have enhanced radical scavenging capabilities, positioning them as viable 

options for modulating oxidative stress in wound healing applications. The flexibility to modulate antioxidant 

potential via regulated impregnation further underscores the adaptability of the O-CMC/Ox-Alg hydrogel sub-

strate for multifunctional biomedical dressings. [125]. 

 

Figure 10: DPPH radical scavenging activity of the hydrogel formulations 

 

3.6. Characterization of Non-woven bandage loaded with hydrogels 

3.6.1. Physicochemical and biofunctional characteristics 

Table 5 encapsulates the physicochemical and biofunctional attributes of untreated and hydrogel-treated 

nonwoven textiles, distinctly illustrating the transformational impact of hydrogel impregnation on textile effi-

cacy. The untreated cloth displays little nitrogen concentration, antioxidant activity, and protein adsorption, af-

firming its inert chemical properties and absence of intrinsic bioactivity. Conversely, all textiles treated with 

hydrogel exhibit significant increases in nitrogen content, indicating the effective deposition and preservation 

of nitrogen-rich polysaccharide networks and bioactive constituents within the fibrous matrix. 

The fabric infused with the neat O-CMC/Ox-Alg hydrogel exhibits a moderate nitrogen content of 1.11%, 

aligning with the presence of chitosan-derived amino groups that have been largely used in Schiff-base cross-

linking. This treatment provides significant antioxidant activity (18.54%) and quantifiable protein adsorp tion 

(0.115 mg·g⁻¹), demonstrating that the hydrogel coating successfully transforms the inert textile into a biointer-

active surface. The addition of ethanolic hypericin significantly improves textile functioning, resulting in the 

greatest antioxidant activity (54.57%) of all samples. This significant impact is ascribed to the elevated phenolic 

content and conjugated aromatic structures of hypericin, which preserve their radical scavenging ability post -

immobilization inside the hydrogel matrix. The simultaneous rise in nitrogen content indicates effective reten-

tion of both polymeric and extract-derived functional groups on the fabric surface. 

Fabrics treated with methanolic chamomile have the greatest nitrogen content (2.49%), indicating the 

prevalence of nitrogen- and oxygen-rich phytochemicals in the extract and their effective incorporation into the 

hydrogel matrix. The antioxidant activity of chamomile-treated textiles, while inferior to that of hypericin-based 

systems, is nonetheless significant at 37.91%, attributable to the presence of flavonoids and phenolic acids. 
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Significantly, chamomile-treated textiles exhibit balanced protein adsorption, suggesting advantageous surface 

chemistry for biological interactions. 

Fabrics infused with sesame oil have relatively diminished nitrogen concentration and antioxidant activ-

ity, aligning with the oil's hydrophobic and nitrogen-deficient characteristics. These samples demonstrate the 

greatest protein adsorption (0.361 mg·g⁻¹), indicating that hydrophobic features and decreased surface charge 

facilitate nonspecific protein binding. This behaviour may benefit specific applications, but it also suggests a 

possible risk of excessive biofouling if not meticulously managed. 

Fabrics infused with AgNP-laden hydrogels display unique properties. Notwithstanding reduced nitrogen 

levels—due to amine interaction with AgNP surfaces—their antioxidant properties persist at modest levels, in-

dicating the influence of phytochemical capping agents on the nanoparticles. Protein adsorption is significantly 

diminished in AgNP-hypericin systems, suggesting an anti-fouling effect possibly due to silver-induced protein 

denaturation or electrostatic repulsion. Conversely, AgNP-chamomile systems exhibit notably increased protein 

adsorption, underscoring the preeminent role of extract chemistry in modulating surface contacts, beyond the 

impacts of nanoparticles. 

Table 5 illustrates that hydrogel impregnation enables the exact manipulation of textile bioactivity via the 

regulated integration of polymers, plant extracts, and nanoparticles. The findings underscore the capacity to 

independently adjust nitrogen content, antioxidant capacity, and protein adsorption, offering a flexible founda-

tion for sophisticated wound dressings that necessitate concurrent balanced antioxidant protection, regulated 

protein interaction, and antimicrobial efficacy. 

 

Table 5: Characteristics of untreated and treated nonwoven fabric with different hydrogel formulations

Fabric N (%) Antioxidant Activity (%) Protein adsorption (mg/g) 

Untreated Fabric 0.01 0 0 

Gel only 1.111 ± 0.015 18.54 ± 1.15 0.115 ± 0.012 

Ethanolic Hypericin 1.351 ± 0.018 54.57 ± 1.85 0.185 ± 0.019 

Methanolic Chamomile 2.494 ± 0.027 37.91 ± 1.75 0.175 ± 0.018 

Sesam oil 0.619 ± 0.021 16.29 ± 3.61 0.361 ± 0.036 

AgNPs-Aqueous Hypericin 0.465 ± 0.018 28.67 ± 0.56 0.056 ± 0.006 

AgNPs-Aqueous Chamomile 0.494 ± 0.021 26.42 ± 2.95 0.295 ± 0.03 

AgNPs-Sesame oil 0.372 ± 0.013 22.1 ± 1.35 0.135 ± 0.013 

 

3.6.2. Antimicrobial activity 

Table 6 illustrates the quantitative antimicrobial efficacy of untreated and hydrogel-treated nonwoven 

fabrics against Staphylococcus aureus, Escherichia coli, and Candida albicans, effectively showcasing the syn-

ergistic interactions of polymeric hydrogels, plant-derived bioactives, and silver nanoparticles. The untreated 

cloth shows no antibacterial properties, demonstrating its inert nature and validating that the observed decreases 

in microbes result only from the applied hydrogel compositions. 

The fabric infused with the neat O-CMC/Ox-Alg hydrogel exhibits moderate antimicrobial efficiency, 

demonstrating more effectiveness against S. aureus (42%) than E. coli (31%) and C. albicans (18%). This pattern 

aligns with the inherent antibacterial characteristics of chitosan, which largely function through electrostatic 

interactions between protonated amino groups and negatively charged microbial cell membranes. The dimin-

ished efficacy against Gram-negative bacteria and fungi is due to the protective outer membrane of E. coli and 

the resilient cell wall architecture of C. albicans, which restrict polymer–cell interactions. 

The inclusion of ethanolic hypericin and methanolic chamomile extracts markedly improves antibacterial 

efficacy against all evaluated pathogens. Hypericin-impregnated textiles demonstrate greater reductions than 

chamomile-treated samples, achieving up to 71% efficacy against S. aureus. This enhanced action is ascribed to 

hypericin's potent photodynamic and membrane-disruptive characteristics, together with its capacity to produce 

reactive oxygen species that undermine microbial viability. Fabrics treated with chamomile have significant 

antibacterial properties due to the presence of flavonoids, terpenoids, and phenolic acids, which damage micro-

bial membranes and interfere with metabolic processes. Fabrics treated with sesame oil have modest antibacterial 

activity, attributable to lipid-soluble antimicrobial compounds such as sesamol; nonetheless, their effectiveness 

is inferior to that of polar plant extracts due to restricted diffusion and contact with microbial cells. 

A significant improvement in antibacterial effectiveness is noted for textiles treated with hydrogels con-

taining AgNPs. AgNPs synthesised from aqueous hypericin extracts demonstrate nearly total microbial reduc-

tion, achieving 99.1% efficacy against S. aureus and 97.8% against E. coli. This exceptional performance demon-
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strates the combined antibacterial actions of silver nanoparticles, encompassing membrane rupture, protein de-

naturation, DNA binding, and the continuous release of Ag⁺ ions. The little reduced activity against C. albicans 

(88.3%) aligns with the enhanced durability of fungal cell walls; it still signifies a very efficient antifungal 

response. AgNPs synthesised with chamomile extracts have comparably high antibacterial activity, while some-

what inferior to that of hypericin-based systems, underscoring the impact of nanoparticle capping agents on 

antimicrobial efficacy. 

AgNPs synthesised in sesame oil exhibit considerably reduced, although still significant, antibacterial 

decreases. The diminished efficiency is likely attributable to suboptimal nanoparticle dispersion and partial oc-

clusion of silver surfaces by hydrophobic oil constituents, which restricts Ag⁺ ion availability and int eraction 

with microbial cells. Nonetheless, the documented decreases affirm that silver nanoparticles continue to be the 

primary antibacterial agent, even in oil-based systems. 

Table 6 illustrates that the antibacterial efficacy is ranked as follows: AgNP-containing hydrogels > ex-

tract-loaded hydrogels > plain hydrogel > untreated fabric. The findings underscore the significant synergistic 

interaction between silver nanoparticles and plant-derived bioactives when encapsulated in a biocompatible hy-

drogel matrix. The extensive antimicrobial efficacy against Gram-positive bacteria, Gram-negative bacteria, and 

fungi highlights the potential of these treated nonwoven textiles as sophisticated wound dressings that can pre-

vent infection while ensuring biocompatibility and multifunctionality. 

 

Table 6: Antimicrobial reduction of untreated and treated nonwoven fabric with different hydrogel formulations

Fabric 
Antimicrobial Reduction (R; %)  

S. aureus E. coli C. albicans 

Untreated Fabric 0 0 0 

Gel only 42 ± 2.1 31 ± 2.7 18 ± 2.2 

Ethanolic Hypericin 71 ± 4.1 63 ± 2.4 54 ± 3.6 

Methanolic Chamomile 66 ± 2.8 58 ± 4.1 49 ± 4.1 

Sesam oil 51 ± 3.1 43 ± 3.2 36 ± 2.5 

AgNPs-Aqueous Hypericin 99.1 ± 0.4 97.8 ± 0.6 88.3 ± 1.2 

AgNPs-Aqueous Chamomile 96.5 ± 0.7 95.1 ± 0.8 83.4 ± 1.4 

AgNPs-Sesame oil 81 ± 2.6 73 ± 2.5 66 ± 2.8 

 

3.6.3. Morphological behaviour of coated fabric 

Figure 11 displays SEM micrographs of the surface morphology of the nonwoven fabric before and after 

coating with the O-CMC/Ox-Alg hydrogel systems incorporating diverse bioactive agents and AgNPs. The un-

treated nonwoven fabric (Figure 11a) displays a conventional loose fibrous structure including smooth, unblem-

ished fibres and substantial inter-fiber spaces, indicative of inert textile substrates with little surface functioning. 

The open shape accounts for the lack of intrinsic bioactivity and little protein adsorption seen in the untreated 

cloth. 

After the hydrogel coating, a significant alteration in surface morphology is seen in all treated samples. 

Fabrics coated with O-CMC/Ox-Alg infused with hypericin (Figure 11b) and chamomile (Figure 11c) exhibit 

homogeneous hydrogel coverage across the fibre surfaces, resulting in a continuous and rather smooth layer that 

connects neighbouring fibres. The incomplete occupancy of inter-fiber pores signifies successful hydrogel infil-

tration and adherence, attributable to robust hydrogen bonding and electrostatic interactions between the poly-

saccharide matrix and the cellulose-based textile fibres. This uniform coating is strongly associated with the 

improved antioxidant activity and antibacterial efficacy of these samples, since the bioactive chemicals are uni-

formly dispersed over the fabric surface. 

Conversely, the sesame oil–infused hydrogel covering (Figure 11d) displays a more heterogeneous mor-

phology, characterised by localised agglomerates and less surface uniformity. Hydrophobic oil domains disturb 

the continuity of the hydrogel layer, leading to microphase separation and uneven surface characteristics. This 

structural variability aligns with the more diminished antioxidant activity and antibacterial effectiveness of ses-

ame oil-treated textiles, alongside their increased protein adsorption, facilitated by exposed hydrophobic areas. 

Fabrics coated with hydrogels containing AgNPs have significantly different surface characteristics. The 

AgNPs/Hypericin (Figure 11e) and AgNPs/Chamomile (Figure 11f) coatings exhibit dense, compact hydrogel 

layers with nanoscale particles uniformly dispersed on the fibre surfaces. The decreased pore visibility and en-

hanced surface roughness indicate effective nanoparticle integration within the hydrogel matrix and robust in-

terfacial interactions. This compact architecture enhances the observed high antibacterial efficacy, since the 
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proximity between AgNPs and the fabric surface promotes continuous Ag⁺ release and direct microbial interac-

tion. Conversely, the AgNPs/Sesame oil-coated fabric (Figure 11g) demonstrates a less uniform dispersion of 

nanoparticles and localised aggregation, indicating less compatibility between the hydrophobic oil phases and 

the hydrophilic hydrogel matrix. This structural constraint elucidates the somewhat diminished antibacterial and 

antioxidant efficacy of this formulation. 

The SEM data indicate that hydrogel composition and included agents significantly affect coating uni-

formity, porosity, and surface roughness. Homogeneous, well-adhered hydrogel layers—especially those includ-

ing polar plant extracts and AgNPs—yield compact, bioactive surfaces that enhance the antioxidant and anti-

bacterial efficacy of the treated textiles. These findings indicate that tailored hydrogel coating alters textile shape 

and significantly influences the functional performance of advanced wound dressing materials.  

 

 

 

          

         

Figure 11: SEM micrographs of nonwoven fabrics before and after coating with hydrogel coating 

(a) untreated nonwoven fabric; fabrics coated with O-CMC/Ox-Alg as follow (B) Hypericin (20%), (C) Chamomile (20%), (D) Sesam oil 

(15%), (E) AgNPs/Hypericin (15%), (F) AgNPs/Chamomile (15%), and (G) AgNPs/Sesam oil (15%) 

 

3.6.4. Release profile 

Figure 12 depicts the cumulative release patterns of bioactive compounds from nonwoven wound dress-

ings covered with O-CMC/Ox-Alg (3:2) hydrogels infused with various natural extracts and their AgNP-embed-

ded equivalents. All formulations have a distinct biphasic release pattern, comprising an initial quick re lease 

phase succeeded by a slower, sustained release stage, which is particularly advantageous for wound-healing 

applications necessitating immediate therapeutic action and extended efficacy. 

Hypericin-loaded hydrogels exhibit a significant burst release within the initial 0.25–1 hour, with around 

49% release for hypericin alone and a notably elevated release of around 69–73% for AgNPs/hypericin systems. 

The swift initial release is due to loosely attached or surface-associated hypericin molecules in the hydrogel 

matrix, enabled by the comparatively hydrophilic characteristics of the O-CMC/Ox-Alg network. The addition 

A 

B C D 
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of AgNPs enhances early release, probably due to localised disruption of polymer chain packing and augmented 

free volume at nanoparticle–polymer interfaces. After this first phase, hypericin release progressively nears a 

plateau, attaining around 89% for hypericin alone and around 87% for AgNP-loaded systems at 8 hours, signi-

fying diffusion-controlled transport from the hydrogel interior and stable retention of the residual fraction. 

Hydrogels infused with chamomile have a more regulated and gradual release profile in comparison to 

hypericin. The first release at 0.25 hours is constrained to around 12–24%, indicating enhanced interactions 

between chamomile polyphenols and the polysaccharide network via hydrogen bonding and electrostatic inter-

actions. A gradual release is noted, achieving around 77% for chamomile alone and around 69% for chamomile 

combined with AgNPs at 8 hours. The addition of AgNPs notably increases initial release while marginally 

inhibiting total cumulative release, indicating partial adsorption or coordination of chamomile components onto 

AgNP surfaces, which hinders their diffusion in subsequent phases. 

Formulations based on sesame oil exhibit the slowest initial release, with just ~4–8% released during the 

first 0.25 hours, due to the hydrophobic characteristics of sesame oil and its restricted affinity for the aqueous 

hydrogel domains. Nonetheless, a persistent and significant escalation in release transpires with time, especially 

for sesame oil alone, attaining around 97% at 8 hours. This protracted yet comprehensive release signifies the 

progressive diffusion of oil through expanded hydrogel channels created when the network  relaxes and assimi-

lates water. The AgNPs/sesame oil system demonstrates a more controlled release (~87% at 8 h), attributable to 

the partial immobilisation of oil droplets inside AgNP-associated domains and a denser local microstructure that 

restricts oil mobility. 

AgNP-loaded systems often demonstrate a more rapid initial release but somewhat reduced ultimate re-

lease percentages compared to their extract-only equivalents. This behaviour highlights the dual function of 

AgNPs as structural modifiers of the hydrogel network and as interaction sites for bioactive compounds. The 

regulated release profiles obtained with O-CMC/Ox-Alg (3:2) hydrogels demonstrate that the optimised Schiff-

base crosslinked network offers enough mechanical integrity while preserving adjustable diffusional channels 

for various bioactive agents. 

The release behaviour illustrated in Figure 12 underscores the adaptability of the engineered hydrogel-

coated wound dressings. The first therapeutic burst—essential for fast antibacterial and antioxidant effects—

coupled with continuous release, facilitates extended wound protection and healing. Hypericin- and AgNP-con-

taining systems are particularly promising candidates, providing a balanced release profile consistent with their 

previously reported high antimicrobial and antioxidant efficacy, thus enhancing the appropriateness of these 

multifunctional hydrogel coatings for advanced wound-care applications. 

 

 

Figure 12: Release profile of bioactive extract from nonwoven wound bandage coated with various hydrogels  

O-CMC/Ox-Alg (3:2) with different bioactive materials as: Hypericin (20%), Chamomile (20%), Sesam oil 

(15%), AgNPs/Hypericin (15%), AgNPs/Chamomile (15%), and AgNPs/Sesam oil (15%) 
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4. Concolusion 

This study successfully developed a multifunctional bioactive wound dressing utilising hydrogel-coated 

cotton nonwoven fabrics, incorporating chemically modified natural polymers and plant-derived silver nanopar-

ticles, specifically tailored to meet the intricate demands of pressure ulcer healing. Oxidised sodium alginate and 

O-carboxymethyl chitosan were systematically chosen and chemically modified to create self-crosslinked hy-

drogels by dynamic Schiff-base chemistry, facilitating injectable, in situ gelation and durable coating on textile 

substrates. The oxidation level of alginate was meticulously regulated to preserve mechanical integrity while 

ensuring adequate aldehyde functionality for efficient crosslinking, with intermediate oxidation levels demon-

strating excellent hydrogel performance. 

A thorough physicochemical characterisation validated the effective alteration of the polymer and the 

production of the hydrogel. FTIR tests confirmed the oxidation of alginate and the creation of imine bonds 

between the aldehyde groups of Ox-Alg and the amino groups of O-CMC, whereas nitrogen elemental analysis 

quantitatively indicated a gradual consumption of amines and an increase in imine density with varying polymer 

ratios. The computed molar density of Schiff-base crosslinks indicated that intermediate compositions (O-

CMC/Ox-Alg = 3:2 and 2:3) attained the most efficient network structure, corresponding with reduced gelation 

periods, optimal swelling characteristics, and improved structural integrity. These attributes are essential for 

pressure ulcer dressings, which must adapt to variable wound shapes while preserving integrity under extended 

mechanical stress. 

Functional performance assessments further indicated that hydrogel composition significantly affects bi-

ological behaviour. Swelling investigations verified sufficient fluid absorption capaci ty without excessive en-

largement, enabling effective exudate management and limiting maceration of adjacent tissue. Protein adsorption 

studies demonstrated adjustable surface bioactivity, with particular formulations facilitating moderate protein 

binding—beneficial for cell adhesion and tissue regeneration—while AgNP-containing systems showed less 

nonspecific adsorption, presumably due to antimicrobial surface properties. 

The integration of plant-derived bioactive extracts (hypericin, chamomile, and sesame oil) together with 

their respective green-synthesized AgNPs markedly improved the therapeutic efficacy of the hydrogel-coated 

dressings. The antioxidant activity significantly enhanced with bioactive loading, especially in hypericin - and 

chamomile-based systems, therefore effectively alleviating oxidative stress, a critical pathogenic element in 

chronic pressure ulcers. SEM analysis verified consistent hydrogel application and successful incorporation of 

bioactive compounds and nanoparticles into the fibrous textile matrix, maintaining fabric porosity and elasticity. 

Antimicrobial evaluations revealed a robust and synergistic antibacterial and antifungal effectiveness. 

Extract-only hydrogels yielded considerable microbial decrease, but AgNP-loaded formulations attained nearly 

total suppression of S. aureus and E. coli, together with significant inhibition of C. albicans. The extensive 

antibacterial efficacy is especially vital for pressure ulcers, which are prone to polymicrobial infections and 

biofilm development. 

Release trials further confirmed the appropriateness of the designed dressings for chronic wound man-

agement. All formulations demonstrated a biphasic release profile, with an initial burst release—crucial for 

prompt microbial control and inflammation alleviation—followed by a sustained release of bioactive chemicals 

over many hours. Hydrogels containing AgNPs regulated release kinetics, providing improved early -stage ther-

apeutic availability while ensuring sustained efficacy, thereby minimising the necessity for frequent dressing 

changes. 

The results together indicate that the proposed bioactive hydrogel-coated cotton dressings effectively 

combine mechanical compliance, moisture management, antioxidant protection, controlled medication release, 

and strong antibacterial action in a single platform. The synergistic integration of chemically altered biopoly-

mers, botanical extracts, and green-synthesized silver nanoparticles presents a promising, biocompatible, and 

sustainable approach for the management of progressive pressure ulcers. This technology demonstrates signifi-

cant potential to expedite healing, diminish infection risk, and enhance patient comfort, establishing it as a prom-

ising contender for advanced wound care applications. 

 

5. Prospective Outlooks 

The current study illustrates the significant potential of bioactive hydrogel-coated cotton dressings in 

managing pressure ulcers; several opportunities for further development and optimisation persist. Subsequent 

research must concentrate on in vivo assessments employing clinically pertinent pressure ulcer models to cor-

roborate the identified antimicrobial, antioxidant, and controlled-release characteristics under physiological 
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wound conditions, encompassing dynamic exudate flow, bacterial biofilm development, and recurrent mechan-

ical loading. Prolonged biocompatibility and biodegradation investigations are crucial to validate the safety of 

extended hydrogel exposure to compromised skin and underlying tissues. 

From a materials design standpoint, precise manipulation of alginate oxidation degree and polymer mo-

lecular weight might be investigated to customise breakdown rates, mechanical strength, and drug-release kinet-

ics for various ulcer stages. The inclusion of further bioactive signals, such as growth factors, angiogenic pep-

tides, or oxygen-releasing compounds, may further augment tissue regeneration and vascularization in ischaemic 

pressure ulcers. Furthermore, the dynamic Schiff-base network presents prospects for self-healing and stimuli-

responsive behaviour, which might be utilised to create intelligent dressings that respond to pH variations, en-

zyme activity, or infection-related indicators. 

Considerations regarding scale-up and production also require attention. The eco-friendly synthesis of 

silver nanoparticles (AgNPs) utilising plant extracts and the aqueous processing of biopolymers establishes a 

robust basis for economical and sustainable manufacturing. Subsequent research should evaluate batch-to-batch 

repeatability, sterilisation compatibility, and shelf stability to facilitate industrial use. Moreover, the use of new 

textile technologies, such as multilayer or gradient dressings, might enhance efficacy in intricate chronic wound 

settings. 

 

6. Clinical Significance 

Pressure ulcers provide a considerable therapeutic problem, especially in immobilised, aged, and criti-

cally sick patients, since delayed healing, infection, and oxidative stress significantly elevate morbidity and 

healthcare expenses. The hydrogel-coated cotton dressings created in this study directly fulfil essential clinical 

needs for optimal pressure ulcer therapy, including moisture regulation, antibacterial defence, oxidative stress 

mitigation, and prolonged therapeutic administration. 

The fast yet manageable gelation properties provide conformal coating of wound surfaces and textile 

substrates, enhancing dressing adherence and patient comfort while reducing leakage or displacement. Equili-

brated swelling characteristics facilitate effective absorption of wound exudate without undue enlargement, 

hence minimising the danger of periwound maceration. The integration of plant-derived bioactive compounds 

and silver nanoparticles delivers extensive antimicrobial efficacy, effectively safeguarding against prevalent 

pressure-ulcer pathogens, including Staphylococcus aureus, Escherichia coli, and Candida albicans, while po-

tentially diminishing dependence on systemic antibiotics. 

The documented antioxidant activity and sustained release characteristics are especially pertinent for 

chronic pressure ulcers, where extended inflammation and oxidative harm hinder recovery. The integration of 

natural antioxidants with regulated AgNP administration in the proposed dressings fosters a localised wound 

environment that promotes tissue regeneration and infection management. Moreover, the utilisation of biocom-

patible, renewable polymers and green-synthesized nanoparticles corresponds with the growing clinical demand 

for safe, sustainable, and patient-centric wound care treatments. 

The findings indicate that bioactive hydrogel-coated dressings possess significant potential to serve not 

merely as passive wound coverings but as active therapeutic platforms, capable of enhancing healing, diminish-

ing infection rates, and improving the quality of life for patients with pressure ulcers. Upon additional preclinical 

and clinical validation, this approach may signify a significant breakthrough in contemporary wound-care prac-

tices. 
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