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Abstract: This study explores the synthesis, characterization, and antibacterial activity of silver 

nanoparticles (AgNPs) derived from dextran produced by Weissella cibaria. Dextran-capped AgNPs 

(DEX-AgNPs) and physically crosslinked hydrogel composites with polyvinyl alcohol (PVA) were 

prepared and characterized using UV-vis spectroscopy, FTIR, XRD, TGA, tensile strength analysis, 

SEM, and TEM with SAED. Antibacterial efficacy was evaluated against Staphylococcus aureus, and 

molecular docking and inhibition constant analyses were performed against the potential targets, 

staphyloferrin A and B. The synthesized DEX-AgNPs exhibited a spherical morphology with sizes 

ranging from 5 to 7 nm. The PVA/(DEX-AgNPs) hydrogel composite exhibited improved mechanical 

properties, thermal stability, and controlled AgNP distribution compared to DEX-PVA and DEX-

AgNPs alone. The swollen hydrogel patch demonstrated enhanced antibacterial activity owing to the 

sustained release of the DEX-AgNPs. Molecular docking revealed a strong binding affinity of dextran 

with staphyloferrin A and B, suggesting the inhibition of iron acquisition pathways in S. aureus. The 

biodegradable nature of the PVA-dextran hydrogel, combined with the presence of AgNPs, is 

anticipated to effectively curb bacterial exudate production and enhance antibacterial activity. This 

study highlights the potential of the developed DEX-AgNP hydrogel composite as a promising 

nanomedicine for clinical wound-dressing applications, particularly for combating antibiotic-resistant 

S. aureus infection. 

Keywords: Dextran; silver nanoparticles; antibacterial activity; hydrogel; Staphylococcus aureus; 

Staphyloferrin A; Staphyloferrin B. 
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1. Introduction 

Hydrogels, characterized by their three-dimensional polymeric and hydrophilic 

matrices, exhibit an exceptional ability to absorb significant volumes of water [1]. This 

remarkable property, which is essential for their application in  wound dressing materials, is 

attributed to the diverse functional groups present in the polymer network, including amino, 

carboxyl, amide, hydroxyl, and sulfonic groups [2]. Typically, well-defined hydrogel structures 
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can be modified to achieve customizable functionality and release profiles, particularly for 

applications involving antibacterial properties [3]. They have been applied across diverse 

fields, including transdermal patches, drug-delivery devices, wound dressings, tissue-

engineering scaffolds, and contact lenses [4]. In biomedical applications, swollen hydrogels are 

widely used as powerful biomaterials due to their soft, rubbery nature and their ability to induce 

minimal tissue irritation [5]. Hydrogels can be formulated using natural polymers, such as 

collagen, starch, hyaluronate, chitosan, alginate, and dextran, or synthetic polymers, such as 

polyvinyl alcohol (PVA), polyethylene glycol (PEG), and polyhydroxyethyl methacrylate 

(HPMA) [6]. Furthermore, most PVA hydrogels undergo physical crosslinking, thereby 

avoiding the drawbacks of chemical crosslinkers. Additionally, physically crosslinked PVA 

hydrogels are commonly preferred for applications such as tissue engineering and oral 

administration due to their key properties [7,8]. PVA hydrogels prepared by the freeze-thaw 

technique have emerged as a clear preference owing to their remarkable toughness, rubbery 

elasticity, non-toxicity, and ready acceptance by the body [9]. Previously, the cross-linking of 

the carbohydrate polymer dextran (a homopolysaccharide of glucose) with PVA was aimed at 

augmenting the structural components of the PVA matrix, resulting in a lamellar appearance 

and distinct preferential orientation within the matrix [1,10]. Moreover, dextran and its 

derivatives exhibit immunomodulatory and anticoagulant properties [11].  

Nanoparticles measuring 1-100 nm have garnered significant attention across various 

scientific disciplines owing to their unique characteristics and potential applications across 

multiple industries [12]. In particular, metal nanoparticles, such as those made from gold, 

silver, zinc, and copper, are of interest for wound-dressing applications due to their 

antibacterial properties and their ability to promote tissue healing. Silver nanoparticles 

(AgNPs) have unique physicochemical properties and wide-ranging applications in various 

fields. These are highly effective antimicrobial agents [13]. Their ability to target a broad 

spectrum of bacteria, viruses, and fungi makes them suitable for use in wound dressings, 

medical device coating, and drug delivery systems [14,15]. Their contribution to enhancing 

antibiotic efficacy and the low likelihood of inducing resistance further highlights their 

potential in the biomedical field [16]. AgNPs have been synthesized using various chemical 

and physical methods [17]. AgNPs are typically created using reductants such as borohydride, 

citrate, polymeric materials, ascorbate, and other organic reagents in the presence of silver 

nitrate [18]. Polysaccharides are used in green methods to synthesize AgNPs, which show 

promise against bacterial infections and possess a range of medicinal properties [19]. 

Polysaccharides widely used in the production of silver nanoparticles (SNPs) include chitosan 

[20], dextran [21], pullulan [21], and sodium alginate [22]. They have been chemically cross-

linked with AgNPs, comprising PVA and dextran, and are intended for use in wound dressing 

applications [23]. However, the stabilization of AgNPs, regulation of their shape and size, and 

their distribution within the hydrogel matrix impose constraints on achieving optimal 

antibacterial activity and water absorption potential against pathogens [24]. Moreover, 

hydrogel scaffolds composed of dextran are known for their ability to enhance angiogenic 

responses and facilitate comprehensive skin regeneration during the healing of burn wounds 

[25]. 

Furthermore, the capacity of the hydrogels was limited. Given the functional role of 

AgNP-incorporated dextran-PVA hydrogels in antibacterial activity, this study aimed to 

overcome their limitations. Consequently, the incorporation of AgNPs into a dextran-PVA 
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hydrogel has emerged as a promising approach for potent antibacterial activity under high 

exudate conditions. 

This ongoing research is directed toward the development of a physically cross-linked 

PVA/(DEX-AgNP) hydrogel patch tailored for high-exudate pathogens. Hydrogels composed 

of PVA and bacterial polysaccharides are expected to be biodegradable and effectively curb 

antibacterial exudate production. Additionally, the presence of dextran and AgNPs likely 

enhanced the antibacterial activity. 

2. Materials and Methods 

2.1. Chemicals and Bacterial Strains. 

Polyvinyl alcohol (PVA) was procured from Sigma-Aldrich, Karnataka (India), and 

silver nitrate and all additional chemicals were obtained from Merck India Private Ltd. 

Weissella cibaria NITCSK4 (GenBank accession number KX387868) produces dextran 

polymers exceeding 2000 kDa, which were used as nitrate-reducing agents. S. aureus strains 

were obtained from the National Collection of Industrial Microorganisms (Pune, India). 

Deionized water was used in all the experiments. 

2.2. Synthesis of DEX-AgNPs. 

Dextran, derived from Weissella cibaria NITCSK4, isolated from the Sugarcane 

Extract at the Chemical Engineering Department of the National Institute of Technology 

Calicut, Kerala, India [26], was used to synthesize DEX-AgNPs. Colloids were prepared 

according to a previously described method with slight modifications [27].  DEX-AgNPs were 

formed by mixing 0.01M silver nitrate with varying concentrations of dextran solution (1%, 

2%, 5%, and 10%), and adding 0.001 M sodium hydroxide (NaOH). The solution was 

vigorously stirred at 50°C for 2 h, and the development of a dark yellowish-brown color 

indicated the successful formation of metallic dextran AgNPs (DEX-AgNPs 

 

2.3. Preparation of DEX-PVA hydrogel composite. 

Aqueous solutions of dextran (5% and 10%) in a 1:2 ratio were thoroughly mixed and 

stirred at 50°C for 2 h. The hydrogel, denoted as Dextran and PVA (DEX-PVA), was subjected 

to the freeze-thaw technique, as outlined in [28]. The DEX-PVA solutions were mixed and 

then poured into 90 mm Petri dishes using a 1 mm-thick mold. After the solutions cooled to 

30°C and any bubbles were removed, the clear solutions were poured into molds and subjected 

to 8 freeze-thaw cycles. The cycles involved freezing at -20°C for 8 h and thawing at 37 ± 2°C 

for 5 h. The resulting gel was thoroughly washed with distilled water to remove unbound 

dextran and PVA residues. The films and gels were dehydrated in a desiccator at 37°C for 

several weeks. This cyclic process facilitated the crosslinking of DEX-PVA and hydrogel 

formation.. 

2.4. Preparation of PVA/(DEX-AgNPs) hydrogel composite.  

A solution containing 10% PVA and DEX-AgNPs was thoroughly mixed and stirred at 

50°C for 2 h. The hydrogel, denoted PVA/(DEX-AgNPs), was prepared using the freeze-thaw 
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technique as previously described [29]. The prepared hydrogel was then dried and transformed 

into a film for further analysis. 

2.5. UV–vis spectrophotometer 

UV–visible spectra of Dextran, DEX-PVA, DEX-AgNPs, and PVA/(DEX-AgNPs) 

were obtained using a UV-vis spectrophotometer (Perkin-Elmer UV Win Lab 

6.2.0.0741/1.61.00 Lambda 650) within a wavelength range of 200 nm to 800 nm. 

2.6. Fourier-transform infrared (FTIR) spectroscopy. 

Fourier Transform Infrared (FTIR) spectroscopy analysis was conducted on Dextran, 

DEX-PVA, DEX-AgNPs, and PVA/(DEX-AgNPs) using an FTIR spectroscopy (Agilent 

Carry630 1B Diamond ATR module) over the wavelength range of 400-4000 cm⁻¹. 

2.7. X-ray diffractometer (XRD). 

The structural properties of the dried DEX-PVA, PVA/(DEX-AgNP), and PVA/(DEX-

AgNPs) hydrogels were determined by X-ray diffraction (XRD) using a Rigaku Miniflex 600 

diffractometer. The scans were performed over 3-90° 2θ (Cu-Κα as the X-ray source), and the 

XRD patterns of all samples were recorded using a sodium iodide (NaI) scintillation detector 

with a graphite monochromator. 

2.8. Swelling ratio. 

The swelling properties of the hydrogels were assessed by determining the swelling 

indices. Initially, a pre-weighed small piece of dried hydrogel was introduced into a 50 mL 

vial, followed by the addition of 10 mL of Millipore water as the release medium. The vials 

were maintained under static conditions at 35°C for 12 h. As a characteristic of swelling, the 

mesh size of the swollen gel increased, enabling determination of the swelling index [30]. 

The equilibrium swelling ratio (SR) of the hydrogels was calculated using Equation (1).𝑆𝑅 =

  [
𝑊𝑠−𝑊𝑑

𝑊𝑑
× 100]                        (1) 

 

Where Ws represents the weight of the swollen hydrogel, and Wd indicates the dry 

weight of the hydrogel. 

2.9. Thermogravimetric analysis. 

The mechanical stabilities of the hydrogel films, including PVA (conventional film), 

DEX-PVA, and (PVA/(DEX-AgNPs), were assessed through tensile strength analysis. The 

hydrogel films were cut into dumbbell shapes for analysis, which was conducted using a 

Shimadzu universal testing machine (Autograph AG-S plus 10kN) at a crosshead speed of 10 

mm/min at room temperature. Four measurements were performed for each sample to ensure 

reproducibility of the results. The thermostabilities of dextran, PVA, DEX-PVA, and 

PVA/(DEX-AgNPs) were evaluated using thermogravimetric analysis (TGA). Non-isothermal 

experiments were performed using a TGA STA7200 (SOFTWARE TA7000) module coupled 

with a thermal analyzer. The heating rate was set at 10°C/min in the temperature range of 32–

800°C under a nitrogen atmosphere to obtain the TGA curves.  
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2.10. Scanning electron microscopy. 

Electron micrographs of DEX-PVA, DEX-AgNPs, and PVA/(DEX-AgNPs) were 

captured using a Hitachi SU6600 Scanning Electron Microscope (SEM). A fragment of the 

film/gel mat was affixed to conductive carbon tape, mounted on the support, and subsequently 

coated with an approximately 6-nanometer layer of gold (Au) for 60 s.  

2.11. Transmission electron microscopy (TEM).  

The particle sizes of DEX-AgNPs and PVA/(DEX-AgNPs) were examined using a 

Transmission Electron Microscope (TEM) (Jeol/JEM 2100) operating at an accelerating 

voltage of 200 kV. A drop of the aqueous AgNPs solution was directly deposited onto a carbon-

coated copper grid and allowed to air-dry thoroughly before TEM observations. 

2.12. In vitro assessment of antibacterial activity.  

The antibacterial activities of dextran, DEX-AgNPs, and PVA/(DEX-AgNPs) were 

assessed using the agar well diffusion method [31,32]. The analysis included testing for 

Staphylococcus aureus. A 0.85% physiological saline solution served as the negative control. 

The antibacterial activities of the prepared Dextran, DEX-AgNPs, and PVA/(DEX-AgNPs), 

and film materials were compared on a Muller-Hinton agar plate. All plates were incubated at 

37°C for 24 h. Following incubation, bacterial activity, zone of inhibition, and statistical 

significance were observed.  

2.13. Molecular docking.  

The interaction between dextran and the target protein was studied using molecular 

docking analysis. The selection of receptors was based on previous studies, and they play a 

significant role in extracting iron from the host of S. aureus [33]. Protein structures were 

retrieved from the Protein Data Bank (PDB ID: 2MLM, 7CBB, 4M54, 3WF, and 3LHS), which 

provides access to the 3D atomic coordinates. The protein structures were prepared for docking 

by removing the ligands and water, followed by the addition of polar hydrogen and Kollman’s 

charges. Dextran was obtained from PubChem (ID: 4125253). AutoDock Vina (PyRx v0.8) 

was used for the docking analysis. The inhibitors were docked into the appropriate binding 

sites with a modified complex grid size of 80 × 60 × 50 Å. The complexes were run and saved 

in pdbqt format, and each complex was analyzed using Schrodinger Maestro 14.0. The 3D and 

2D structures of the protein-ligand complexes were visualized using Maestro 14.0. The docking 

results were interpreted based on the binding sites and inhibition constants. 

2.14. Inhibition constant analysis.  

The inhibition rate of dextran targeting specific proteins was determined by assessing 

their binding affinity. The inhibition constant (Ki) represents the strength of the bond between 

the inhibitor and protein [34]. It is calculated by considering the Gibbs free energy change (ΔG) 

associated with binding, the ideal gas constant (R), which is equal to 8.314 J/mol·K, and the 

absolute temperature (T) in Kelvin. The dextran inhibition constant was determined using 

Equation (2), as follows: 

𝐾𝑖 = 𝑒(
∆G

RT
)
                 (2) 
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2.15. Statistical analysis. 

All experiments were performed independently in triplicate, and the data are expressed 

as the mean ± standard deviation. A value of p < 0.05, calculated using SPSS v27 ANOVA 

with Post Hoc Tests, was considered significant. Graphs were plotted using OriginPro v2022. 

3. Results and Discussion 

3.1. Synthesis of DEX-AgNPs, hydrogel composite, and UV-visual spectrophotometer. 

In this study, dextran-integrated AgNPs were synthesized via an in situ reduction 

process. Different dextran concentrations were used to prepare AgNPs. Initially, the colorless 

and transparent hydrogels became deep yellow, as shown in Figure 1 (a). The size and shape 

the DEX-AgNPs were intricately linked to the concentrations of the metal precursor and 

reducing agent.  

The effect of dextran concentration on the size distribution of AgNPs was investigated 

using UV-Vis spectral responses attributed to Surface Plasmon Resonance (SPR). Figure 1 (b) 

illustrates the size distribution of the AgNPs with varying dextran concentrations and their UV-

Vis spectral responses. The DEX-AgNP solution exhibited radiation absorption in the visible 

range at 420 nm (Figure 1 (c)), confirming the presence of AgNPs via a strong SPR transition. 

As the dextran concentration increased, the peak half-width decreased, and the peak intensity 

increased, indicating a narrower distribution of Ag nanoparticles in dextran solutions with 

higher concentrations. Notably, Figure 1(a) and (b) show that the DEX-AgNPs prepared with 

a 10% dextran solution displayed enhanced absorption intensity, and the absorption peak 

shifted to a lower wavelength. This study demonstrates the effective in situ synthesis of 

dextran-stabilized silver nanoparticles (DEX-AgNPs) by varying dextran levels, yielding 

hydrogel composites with customizable optical and structural properties. The shift from clear 

hydrogels to a rich yellow hue (Figure 1a) serves as a visual indication of AgNP formation, 

which is attributed to surface plasmon resonance (SPR) effects [35]. 

The size and shape distributions of the PVA/(DEX-AgNPs) and DEX-AgNPs hydrogel 

composites can be used to explain the different absorbance peaks at 435 nm observed for 

Dextran and DEX-PVA. The UV-visible spectra are shown in Figures 1 (c) and (d) to illustrate 

the effect of dextran concentration on the size and size distribution of PVA/(DEX-AgNPs) and 

DEX-AgNPs, respectively. When PVA was added, a large number of DEX-AgNPs spread 

throughout the hydrogel network using all the reducing groups. The synthesis of DEX-AgNPs 

within the hydrogel was altered by increasing the concentration, leading to observable 

variations in the UV-Vis spectra of PVA/(DEX-AgNPs). The effects of hydrogels, including a 

cross-linking agent, on the shape and size distribution of PVA/(DEX-AgNPs) are shown in 

Figures S1 (a–f). Owing to the surface plasmon resonance effect, the typical absorption peak 

shifted from 435 nm to 420 nm for AgNPs in each hydrogel sample. Notably, the strongest 

signal at 435 nm was observed in both the presence and absence of PVA, suggesting the 

presence of DEX-AgNP clusters or nanoparticle aggregation. This clearly illustrates the 

distinct appearance of the hydrogel and the hydrogel with embedded Ag nanoparticles. The 

network formation around the DEX-AgNPs is illustrated in Figures S1 (a–f) and exhibited a 

clustered arrangement. This technique improves the effectiveness of dextran, and its films are 

shown in Figures 2 (a) and (b). The Size and shape of AgNPs are significantly influenced by 

the concentrations of the metal precursor (AgNO₃) and the reducing/stabilizing agent (dextran). 
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UV–Vis spectroscopy revealed the plasmonic properties of AgNPs synthesized at varying 

dextran concentrations (Figure 1c). The absorption peak was observed at approximately 420 

nm. This is indicative of spherical AgNPs [36], and the narrowing of the SPR peak (i.e., a 

decrease in full-width at half-maximum) at elevated dextran concentrations suggests improved 

control over the particle size and reduced polydispersity. This is likely attributable to the 

increased presence of hydroxyl groups in dextran, which serve as both reducing and capping 

agents, thereby regulating the nucleation and growth of AgNPs [37]. Notably, a blue shift in 

the SPR peak (from 435 to 420 nm) was observed at higher dextran concentrations, indicating 

the formation of smaller nanoparticles in more concentrated dextran environments (Figures 

1b–c). This observation is consistent with previous studies, which found that increasing 

stabilizer concentration led to finer nanoparticles due to accelerated reduction and enhanced 

surface passivation.  

 

Figure 1. (a) Synthesis of Dextran-Silver nanoparticle (DEX-AgNP) at various concentrations of dextran; (b) 

UV-visible spectra of dextran-capped silver nanoparticle solution prepared at various concentrations of dextran 

(w/v). DEX-concentration of dextran ranges from 01 to 10% (w/v); (c) UV-visual spectra of Dextran and DEX-

PVA; (d) DEX-AgNPs and PVA/(DEX-AgNPs). 

 
Figure 2. (a) Formation and cross-linking patterns of DEX-PVA and PVA/(DEX-AgNPs); (b) Dried hydrogel 

of DEX-PVA. SEM images refer to a matrix-like structure. 

https://doi.org/10.33263/LIANBS144.250
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3.2. Fourier transform infrared spectrophotometer. 

To investigate the molecular interactions and functional group participation in AgNPs 

synthesis and hydrogel formation, FTIR spectra of Dextran, DEX-PVA, DEX-AgNPs, and 

PVA/(DEX-AgNPs) were recorded, and are shown in Figure 3(a) and 3(b). The FTIR spectrum 

of dextran (Figure 3a) exhibits a broad peak at 3265 cm⁻¹, corresponding to O–H stretching 

vibrations, indicative of strong intermolecular hydrogen bonding typical of polysaccharides. 

The band at 2940 cm⁻¹ is due to C–H stretching of aliphatic –CH groups. Further bands appear 

at 1654 cm⁻¹ (likely associated with absorbed water or C=O stretching from aldehydes or 

ketones), and a prominent peak at 1084 cm⁻¹, attributed to C–O stretching vibrations of primary 

alcohols in dextran. The peaks at 834 cm⁻¹ correspond to the skeletal vibrations of the sugar 

rings, confirming the polysaccharide structure. Upon blending dextran with PVA (DEX-PVA), 

all the major bands remained, but some intensity enhancements and minor shifts were observed. 

Notably, the C–O stretching (1084 cm⁻¹) and skeletal region (~834 cm⁻¹) become more defined, 

reflecting intermolecular hydrogen bonding between hydroxyl groups of PVA and dextran, 

consistent with earlier findings [38,39]. 

The FTIR spectrum of DEX-AgNPs (Figure 3b) closely resembled that of DEX-PVA, 

but with distinct spectral changes indicating nanoparticle formation. The intensity of the O–H 

peak (3265 cm⁻¹) was slightly diminished, suggesting the involvement of hydroxyl groups in 

the bioreduction of Ag⁺ ions. The C–H bending peak shifted slightly to 1412 cm⁻¹, and the 

skeletal vibrations remained, but with a modified intensity, implying conformational changes 

in the backbone. In the PVA/(DEX-AgNPs) composite hydrogel spectrum, O–H and C–H 

peaks (3265 cm⁻¹ and 2940 cm⁻¹) are retained, but the peaks in the fingerprint region show 

major shifts and intensity alterations. The C–O peak remains near 1084 cm⁻¹, but with reduced 

intensity. A new peak appears at 670 cm⁻¹, possibly indicating Ag–O bond vibrations or lattice 

bending of the embedded AgNPs [40,41]. The reduction in the intensity of the 1654 cm⁻¹ band 

suggests that C=O groups also contributed to nanoparticle stabilization or hydrogel 

crosslinking. 

The Comparative FTIR spectra confirmed that the hydroxyl, carboxyl, and nitrate-

related groups in dextran and PVA were directly involved in both silver ion reduction and 

nanoparticle stabilization. Shifts in peaks and intensity changes in the 1400–700 cm⁻¹ region 

indicate the formation of Ag–O and possibly Ag–C or Ag–OH interactions, confirming the 

successful embedding of AgNPs in the hydrogel matrix.  

 
Figure 3. (a) FTIR spectrum of Dextran and DEX-PVA; (b) DEX-AgNPs and PVA/(DEX-AgNPs). 
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The observed hydrogen bonding and spectral shifts further support the formation of a 

stable polymeric network, which is consistent with previously reported bio-based AgNP 

systems [42,43]. 

3.4. X-ray diffraction. 

Elemental confirmation and structural elucidation of DEX-AgNPs, DEX-PVA, and 

PVA/(DEX-AgNPs) hydrogels were performed using X-ray diffraction (XRD) analysis. The 

XRD patterns presented in Figure 4 (a–c) provide insights into the crystallinity and phase 

composition of the synthesized materials. The DEX-PVA composite exhibited distinct Bragg 

diffraction peaks at 8.74°, 29.28°, 34.66°, 56.52°, and 62.02°, indicating semicrystalline 

domains within the polymer matrix. Similarly, the synthesized DEX-AgNPs displayed multiple 

sharp peaks at 13.4°, 16.88°, 22.02°, 32.2°, 34.86°, 36.66°, 47.86°, 56.92°, 62.02°, 68.2°, and 

77.12°, confirming the formation of AgNPs within the dextran matrix. These reflections are in 

good agreement with previously reported diffraction patterns for AgNPs synthesized using 

polysaccharides [44]. XRD analysis provides compelling evidence for the structural integrity 

and successful synthesis of the PVA/(DEX-AgNPs) hydrogel system. The distinct Bragg peaks 

observed in the individual components (DEX-PVA and DEX-AgNPs) and their retention in the 

composite confirmed that no phase degradation or disruption occurred during hydrogel 

formation. The presence of sharp, well-defined peaks in the DEX-AgNPs sample indicates the 

crystalline nature of the embedded silver nanoparticles, aligned with the face-centered cubic 

(FCC) structure of metallic silver, as noted in previous studies [44,45]. The XRD profile of the 

PVA/(DEX-AgNPs) hydrogel composite revealed characteristic peaks at 8.66°, 13.56°, 17.06°, 

21.76°, 25.76°, 32.06°, 34.78°, 36.60°, 44.14°, 48.0°, 57.1°, and 63.56°, representing the 

combined crystalline contributions of PVA, dextran, and Ag silver nanoparticles, respectively. 

The presence of overlapping peaks in both individual and composite samples confirms the 

successful integration of all components and the formation of a multiphase hydrogel 

nanocomposite. These findings are corroborated by the similar XRD profiles reported for 

AgNP-loaded biopolymer systems [46,47].  

  

Figure 4. (a) X-ray diffraction pattern of PVA-DEX; (b) DEX-AgNPs; (c) PVA/(DEX-AgNPs); (d) Swelling 

Index of PVA: DEX-AgNPs. 
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In the composite hydrogel, the overlapping diffraction peaks from dextran and PVA 

suggest the formation of a semicrystalline network, which may influence the mechanical 

strength and swelling properties of the hydrogel. Furthermore, the retained crystallinity of the 

AgNPs within the hydrogel matrix suggests that the nanoparticles' antimicrobial efficacy and 

stability are preserved, an essential requirement for biomedical applications [48,49]. 

3.5. Swelling index. 

The prepared DEX-AgNPs were cross-linked with PVA using the freeze–thaw method 

at various PVA-to-DEX-AgNP volume ratios: 9:1, 7:3, 5:5, 3:7, and 1:9. The effects of these 

concentrations on hydrogel rigidity were evaluated manually. After gel formation, the samples 

were desiccated, and the swelling index was calculated according to established procedures 

[50]. As shown in Figure 4(d), the visual images of the dried PVA/(DEX-AgNPs) hydrogel 

composites reveal distinct morphologies. The corresponding swelling indices are 2.03, 2.44, 

3.13, 2.60, and 2.18, respectively. Notably, the hydrogel formed at the 5:5 ratio displayed the 

highest swelling index, suggesting an optimal network structure with enhanced water uptake. 

Upon water immersion, the dried hydrogel films exhibited significant expansion. This behavior 

was attributed to the hydrophilic nature of dextran, a biopolymer known for its high water-

holding capacity and ability to form hydrogen bonds with water molecules [50,51]. The 

swelling facilitated the passive and sustained release of DEX-AgNPs from the hydrogel matrix 

under static aqueous conditions, without requiring an external retrieval process. These 

swelling-controlled release systems are valuable for biomedical and antimicrobial applications 

[52]. 

3.6. Tensile analysis and thermogravimetric analysis.  

The percentage elongation and elastic modulus of PVA, DEX-PVA, and PVA/(DEX-

AgNPs) hydrogel films are presented in Table 1. The mechanical and thermal properties of the 

synthesized PVA-based hydrogel films revealed the effects of dextran and silver nanoparticles 

(AgNPs) on the physicochemical characteristics of polyvinyl alcohol (PVA). The addition of 

dextran (DEX) and DEX-functionalized AgNPs significantly increased the tensile strength of 

pure PVA films, indicating effective crosslinking and reinforcement of the polymer matrix. 

The PVA/(DEX-AgNPs) hydrogel exhibited the greatest elongation at break (158.36%), 

indicating enhanced flexibility, while also achieving better tensile strength (34.708 N/mm²) 

compared to pure PVA (29.323 N/mm²). This improvement is likely due to the interaction 

between the hydroxyl groups of PVA and the DEX-AgNPs, resulting in a stronger, more elastic 

network. The elastic modulus results further confirmed the structural changes caused by the 

additives. The DEX-PVA hydrogel exhibited a higher Young’s modulus (0.256 N/mm²) than 

both pure PVA (0.199 N/mm²) and PVA/(DEX-AgNPs) (0.221 N/mm²), indicating that dextran 

significantly contributes to network rigidity. Although the AgNPs-loaded hydrogel had a 

similar tensile strength, its slightly lower modulus might be attributed to the plasticizing effect 

of AgNPs or to agglomeration, which disrupts the uniform polymer packing [53]. 

Table 1. Tensile strength of PVA, PVA-DEX, and PVA/(DEX-AgNPs) hydrogel composite. 

Materials Elongation (%) 
Tensile strength 

(N/mm2) 

Young’s modules 

(N/mm2) 

PVA 147.69 29.323 0.199 

DEX-PVA 152.00 34.580 0.256 

PVA/(DEX-AgNPs) 158.36 34.708 0.221 
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The thermal stability results presented in Figure 5 demonstrate that the DEX-PVA 

hydrogel film exhibited a higher thermal stability than the PVA/(DEX-AgNPs) hydrogel film. 

Thermal analysis showed that DEX-PVA films had the highest thermal degradation 

temperature (Td = 340°C), followed by PVA/(DEX-AgNPs) (320°C), and pure PVA (300°C). 

This enhancement in thermal stability aligns with the literature, suggesting that dextran 

improves PVA's thermal stability through hydrogen bonding and intermolecular interactions 

[54]. However, the slightly lower Td of the AgNPs-containing films could be due to the 

catalytic behavior of AgNPs, which has been shown to promote thermal degradation at lower 

temperatures [55]. Overall, the synergistic interaction among PVA, dextran, and AgNPs 

enhanced mechanical strength, elasticity, and thermal stability, making them suitable for 

biomedical and packaging applications. Moreover, the presence of AgNPs provides 

antimicrobial properties, further expanding their application potential in wound dressings, food 

preservation, and controlled drug release systems [55]. As shown in Table 1, the degradation 

temperature (Td) of the PVA/(DEX-AgNPs) hydrogel film is 320°C, which is lower than the 

340°C observed for the DEX-PVA film. This suggests a reduction in thermal stability when 

AgNPs were added. Although silver nanoparticles are recognized for their antimicrobial and 

strengthening effects, they can negatively impact the thermal properties of polymer matrices. 

The reduced thermal stability of PVA/(DEX-AgNPs) hydrogels can be attributed to the 

catalytic properties of AgNPs, which facilitate oxidative or pyrolytic degradation reactions. As 

Lewis acid catalysts, silver nanoparticles can accelerate the breakdown of polymer chains at 

high temperatures, leading to chain scission and radical formation during thermal 

decomposition [56]. 

Furthermore, AgNPs might disrupt the hydrogen-bonding network in the PVA-dextran 

matrix, thereby decreasing crystallinity and weakening intermolecular forces. This disruption 

reduces the energy required for thermal degradation of the polymer [57]. The quality of AgNP 

dispersion within the matrix is also crucial; inadequate distribution or nanoparticle clumping 

can create localized defects or hot spots, which may trigger early thermal decomposition [58]. 

 
Figure 5. Thermogravimetric analysis of (a) PVA/(DEX-AgNPs) film, (b) PVA/(DEX-AgNPs), (c) PVA-DEX 

and (d) PVA  
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3.7. Scanning electron microscopy. 

Scanning electron microscopy (SEM) was used to evaluate the surface structure and 

nanoparticle distribution in the synthesized hydrogels and composites. Figure 6a-e illustrates 

the DEX-PVA matrix, revealing a coarse fibrous texture with lamellar sheets and noticeable 

clusters of unreacted dextran (highlighted with yellow circles and red arrows). The incomplete 

integration of dextran within the PVA matrix led to phase separation, suggesting weak physical 

interactions or inadequate crosslinking under the synthesis conditions. This morphology 

indicates a heterogeneous structure, which potentially diminishes the mechanical strength and 

uniformity of the encapsulated nanoparticles. The SEM image in Figure 6b shows dense 

spherical nanoparticle aggregates within a dextran matrix. The relatively consistent cluster size 

confirmed the successful reduction of Ag+ ions by dextran, resulting in the formation of AgNPs. 

However, the limited stabilization capability of dextran alone likely contributes to particle 

aggregation, as observed in similar carbohydrate-based nanoparticle systems [59]. The absence 

of steric or electrostatic stabilization beyond the dextran coating may have facilitated the 

formation of clusters. The composite hydrogel depicted in Figure 6c exhibited a more compact, 

porous morphology with embedded nanoparticle clusters approximately 50 nm in size. The 

smoother surface and interconnected porous structure suggest improved cross-linking between 

PVA and the DEX-AgNPs, facilitating enhanced nanoparticle immobilization. The hydrogel 

matrix likely acts as a scaffold, minimizing aggregation and enabling controlled spatial 

distribution, as supported by studies of PVA-based nanocomposites [60]. At a higher 

magnification, Figures 6(d -e) provide detailed views of the nanoparticle morphology and size 

distribution. In Figure 6d (DEX-AgNPs), spherical AgNPs range from 19.39 nm to 74.90 nm, 

with evident aggregation. This wide size variation suggests that, although dextran acts as a 

reducing agent, its capacity to prevent nanoparticle coalescence is limited. 

In contrast, Figure 6e (PVA/(DEX-AgNPs)) shows more uniform and smaller 

nanoparticles, ranging from 19.53 nm to 43.27 nm, evenly dispersed in the matrix. This 

confirms that incorporating PVA not only supports mechanical integrity but also contributes to 

the stabilization and size control of AgNPs. PVA contains multiple hydroxyl groups that are 

likely to coordinate with AgNPs and dextran, forming a semi-interpenetrating network that 

restricts nanoparticle mobility and aggregation [61].  

 
Figure 6.  SEM micrographs of synthesized Dextran form (a) DEX-PVA;(b&c) DEX-AgNPs;  

 (d&e)PVA/(DEX-AgNPs). 

The morphological differences among the three systems (DEX-PVA, DEX-AgNPs, and 

PVA/(DEX-AgNPs)) highlight the synergistic roles of dextran and PVA in nanoparticle 

synthesis and stabilization. Although dextran facilitates the bio-reduction of silver ions, it lacks 
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sufficient steric hindrance to prevent aggregation. The addition of PVA introduced hydrogen 

bonding and crosslinking, enhancing nanoparticle dispersion and reducing size variability. 

These findings align with previous reports showing that polysaccharide-assisted AgNPs 

synthesis yielded effective reduction but required secondary polymers such as PVA or chitosan 

to achieve uniform stabilization and biomedical functionality [62,63]. The smaller and more 

homogeneously distributed AgNPs observed in the PVA/(DEX-AgNPs) composite are 

particularly advantageous for biomedical applications, such as antimicrobial hydrogels, wound 

dressings, and drug delivery systems. 

3.8. Transmission electron microscope. 

The size and shape of the synthesized DEX-AgNPs and the PVA/(DEX-AgNPs) 

hydrogel composite were determined. The synthesized dark-brown colloids were dried onto a 

carbon-coated 200-mesh copper grid for TEM examination. Figure 7 (a-f) present the TEM 

images of DEX-AgNPs and the PVA/(DEX-AgNPs) hydrogel composite, with the size 

distribution shown in Figure 7. (a, c, e, and f) Typical TEM images are depicted in Figure 7 (c 

& f), indicating that TEM analysis (Figure 7) verifies that both DEX-AgNPs and the 

PVA/(DEX-AgNPs) composites formed small, well-defined spherical nanoparticles, averaging 

5–7 nm and 6–8 nm, respectively. This finding is consistent with those of earlier studies on 

dextran-mediated AgNPs synthesis. For instance, Carré-Rangel et al. demonstrated that dextran 

functions as both a reducing and stabilizing agent, producing nearly spherical AgNPs in the 1–

10 nm range [64]. Our results highlight the role of polysaccharide matrices in limiting 

nanoparticle growth. Similar sizes (<10 nm) have been reported for dextran-capped AgNPs, 

supported by TEM images showing spheres between 5 and 8 nm[65]. The polymer network 

provides a confined environment that restricts aggregation and allows controlled nucleation, 

resulting in a narrow size distribution. 

 

Figure 7. TEM micrographs of synthesized Dextran form (a, b, c)  DEX-AgNPs; (d, e, f) PVA/(DEX-AgNPs). 

3.9. In vitro assessment of antibacterial activity. 

The agar well diffusion method was used to assess the biological activity of dextran 

against Staphylococcus aureus. DEX-PVA, DEX-AgNPs, and PVA/(DEX-AgNPs) 

demonstrated inhibition zones against bacteria, as illustrated in Tabe 2. These results 

underscore the functional role of dextran from Weissella cibaria (NITCSK4) in clinical 
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applications. The study revealed that the hydrogel composite of swollen PVA crosslinked with 

dextran and AgNPs exhibited an enhanced inhibition zone compared to DEX-PVA and DEX-

AgNPs. This remarkable improvement can be attributed to the release of the DEX-AgNPs from 

the swollen gel. The substantial diameter of the zone of inhibition observed for PVA/(DEX-

AgNPs) suggested its potential use against pathogens. Furthermore, dextran exerts 

immunomodulatory effects [32]. Moreover, DEX-PVA, DEX-AgNPs, and PVA/(DEX-

AgNPs) in the dried film of the hydrogel composite form displayed enlarged sizes after 24 h 

of inhibition, indicating a significant impact on the bacterial colonies. Hydrogels have a high 

water-holding capacity and can bind hydrogen molecules, which are crucial for bacterial colony 

formation, thereby contributing to their superior antibacterial activity. The DEX-AgNPs 

retrieved from the swollen gel also exhibited better activity than that of the PVA/(DEX-AgNPs) 

solution, as shown in Table 2. This difference could be attributed to the size of the AgNPs, a 

conclusion supported by the in silico results of the present study. The zone of inhibition was 

highest (28.33 ± 0.5c) in PVA/(DEX-AgNPs) and (12 ± 1.7a) in DEX-PVA. Table 2 presents 

the antibacterial activities of DEX-PVA, DEX-AgNPs, and PVA/(DEX-AgNPs), with values 

presented as mean ± standard deviation (SD) (n = 3). Different letters (a, b, c, d, e) indicate 

significant differences at α = 0.01 and p < 0.05, as indicated by Tukey’s HSD. The means 

differed significantly, F (5,12) = 48.670, p<0.001, η2 = 0.95, demonstrating a substantial effect. 

PVA/(DEX-AgNPs) resulted in significantly different mean depression scores. 

Table 2. Antibacterial activity of DEX-PVA, DEX-AgNP, and PVA/(DEX-AgNPs).  

Pathogen Drug 
Zone of Inhibition 

(Mean ± SD 

Staphylococcus aureus 

DEX-PVA 15.66 ± 0.57a 

DEX-PVA Flim 12 ± 1.7a 

DEX-AgNPs 20.66 ± 2.3b 

DEX-AgNPs Flim 15 ± 1a 

PVA/(DEX-AgNPs) 24.33 ± 2.0 b, c 

PVA/(DEX-AgNPs) Flim 28.33 ± 0.5c 

Values are presented as means ± SD (n = 3). For each result, values followed by different letters (a, b, c, d, e) 

are significantly different at p < 0.05. 

3.10. Molecular docking and inhibition constant analysis. 

Molecular docking studies were performed using PyRx v0.8 to investigate the 

biological interactions between dextran and selected functional targets of Staphylococcus 

aureus, as identified based on their roles outlined in Table 3. The binding of Dextran with 

Staphyloferrin A and B yielded binding energies during the docking images and scores, as 

shown in Figure 8 (a) and (b) and Table 4. Nine docking poses were generated, indicating a 

high affinity for the dextran-specific binding sites in each protein. Interaction analysis 

demonstrated that dextran interacted with residues ARG104 and ARG60 of Staphyloferrin A 

and B through metal chelation. Among the 20 amino acids, leucine and tryptophan exhibited 

the highest binding energies to dextran. This study revealed that dextran interacts with specific 

amino acid residues (arginine and serine) in staphyloferrin A and B. The search algorithm 

analyzed and generated ligand positions at the binding sites, considering intermolecular energy, 

van der Waals interaction energy, hydrogen bond energy, dissolution energy, electrostatic 

energy, and various ligand degrees of freedom. Despite dextran showing binding affinities of -

9.2 and -7.5 kcal/mol with Staphyloferrin A and B, respectively, the molecular docking analysis 

revealed effective interactions between dextran and Staphyloferrin A and B, resulting in 

reduced activity. Dextran was used to inhibit Staphyloferrin A and B enzymes at minimum 
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concentrations of 0.177 and 3.13 μmol, respectively, demonstrating its strong inhibition of the 

S. aureus pathogen. This was confirmed by both in vitro and in silico analyses, which 

demonstrated a strong antibacterial activity. 

 

Figure 8. Molecular docking and interaction between dextran and the amino acid residues of (a) Stephyloferrin 

A; (b) Stephyloferrin B. (The left side illustrates the binding of dextran with the protein, while the right side 

displays the interactions between the amino acid residues and dextran, and also the 2D structure of the amino 

acid residues is mentioned in the figures. 

Table 3. Molecular targets of Dextran in Staphylococcus aureus: structural and functional insights. 

Pub Chem ID 

and Name 
Target name Role of Target 

Dextran 

(4125253) 

Solution structure of sortase A from S. aureus in 

complex with benzo[d] isothiazol-3-one-based 

inhibitor 

Sortase A is a membrane-anchored cysteine 

transpeptidase in S. aureus that anchors virulence-related 

surface proteins to the bacterial cell wall. 

Crystal structure of SbnC in the biosynthesis of 

staphyloferrin B 

Staphyloferrin B helps the bacteria scavenge iron from 

the host — essential for survival and virulence. 

Open Conformation of HtsA Complexed with 

Staphyloferrin A 

HtsA is a lipoprotein receptor component of the HtsABC 

ATP-binding cassette (ABC) transporter in 

Staphylococcus aureus. It is responsible for binding and 

importing staphyloferrin A (SA), a citrate-based 

siderophore that helps the bacterium scavenge iron under 

nutrient-limited conditions. 

The structure of the staphyloferrin B precursor 

biosynthetic enzyme SbnB bound to N-(1-amino-1-

carboxyl-2-ethyl)-glutamic acid and NADH 

The structure of SbnB bound to ACEGA and NADH 

provides mechanistic insight into staphyloferrin B 

biosynthesis, highlighting its dual catalytic roles in 

precursor formation. 

Crystal structure of Staphylococcus aureus SirA 

complexed with staphyloferrin B 

SirA is the substrate-binding lipoprotein component of 

the SirABC ABC transporter system in Staphylococcus 

aureus. It plays a critical role in iron acquisition by 

binding staphyloferrin B (SB), a citrate-based 

siderophore. SirA captures ferric-staphyloferrin B (Fe-

SB) in the extracellular environment and delivers it to the 

SirBC transporter for internalization. 

Table 4. Binding affinity and interaction profile of dextran with selected Staphylococcus aurei target. 

Pub Chem 

ID and 

Name 

Target name PDB ID 
Binding affinity 

kCal/mol 

Inhibition constant 

μmol 
Binding Sites 

Dextran 

(4125253) 

Solution structure of 

sortase A from S. aureus 

in complex with 

benzo[d] isothiazol-3-

one-based inhibitor 

2mlm -6.4 20.1 

Glu A:47, Asn A:56, Ser A:58, 

Val A: 103, Val A:108, Val A: 

110, Leu A:111, Asp A:112, Glu 

A:113, Gln A:114, Lys A:117, 

Gln A: 120, Thr A: 122, Ile 

A:124, Arg A:139, Ile A: 141, Val 

A: 143 
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Pub Chem 

ID and 

Name 

Target name PDB ID 
Binding affinity 

kCal/mol 

Inhibition constant 

μmol 
Binding Sites 

Crystal structure of 

SbnC in the biosynthesis 

of staphyloferrin B 

7cbb -8.2 0.96 

Ser A: 143, Asp A:146, Arg A: 

147, Lys A: 156, Ile A: 159, Tyr 

A: 167, Gln A: 44r168, Ala A: 

169, Ser A: 262, Ser A: 264, Ser 

A: 265, Arg A: 267, Lys A: 280, 

Phe A: 283,Ser A: 287, Leu A: 

288, Arg A: 292, Thr A: 294, Gln 

A: 426, Glu A: 422, Asp A: 444, 

Asp A: 446, Thr A: 447, 

Open Conformation of 

HtsA Complexed with 

Staphyloferrin A 

3lhs -9.2 0.177 

Val A: 59, Leu A: 60, Ser A: 63, 

Phe A: 64, Ala A: 65, Ile A: 78, 

Ala A: 79, Asp A: 80, Lys A: 84, 

Lys A: 85, Arg A: 86, Ile A: 88, 

Lys A: 89, Val A: 91, Glu A:93, 

Ile A: 95, Tyr A: 98, Arg A: 104,, 

Asp A: 123, Arg A: 126 His A: 

127, Ser A: 145, Phe A: 146, Arg 

A: 304, Ser A: 305, Arg A: 306, 

The structure of the 

staphyloferrin B 

precursor biosynthetic 

enzyme SbnB bound to 

N-(1-amino-1-carboxyl-

2-ethyl)-glutamic acid 

and NADH 

4m54 -7.5 3.13 

Ile A: 57, Ala A: 58, Lys A: 78, 

Ile A: 80, Arg A: 94, Ala A: 95, 

Arg A: 60, Ser A: 119, Ser A: 

120, Arg A: 122, Thr A: 123, Gly 

A: 148, Leu A: 149, Ile A: 150, 

Gly A: 151, Cys A: 213, Thr A: 

214, Val A: 215, Thr A: 216, Ile 

A: 235, Ser A: 236, Ile A: 237, 

Met A: 238, 

Crystal structure of 

Staphylococcus aureus 

SirA complexed with 

staphyloferrin B 

3mwf -6.4 20.1 

Gln A: 61, Trp A: 81, Val A: 124, 

Arg A: 125, Val A: 145, Phe 

A:146, Arg A: 201, His A: 204, 

Arg A: 206, Tyr A: 208, Tyr A: 

212, Ile A: 238, Gln A: 240, Asn 

A:304, Leu A: 305, 

Staphyloferrin A and B are vital siderophores produced by S. aureus that play crucial 

roles in sequestering ferric ions during infection. Understanding the biosynthetic pathways of 

these compounds is essential for developing effective antibacterial agents. Fur regulates iron-

scavenging molecules under iron-limited conditions.  

 

Figure 9. Regulation of Fe by Staphylococcus aureus at Iron Aquations. FtnA - ferritin gene; Fur - ferric uptake 

regulator; HrtAB - heme regulator transporter efflux pump; HtsABC - heme transport system involved in Fe-SA 

uptake; SA - Staphyloferrin A; SB - Staphyloferrin B. 
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FhuC acts as an ATPase that is essential for transporting staphyloferrin A and B [66]. 

During infection, S. aureus extracts iron from erythrocyte heme using enzymes, such as 

staphyloferrin A and B. Iron plays a key role in regulating the expression of ferritin (FtnA) in 

S. aureus. Elevated iron levels induce FtnA transcription, and the presence of iron can lead to 

increased ferritin expression in the liver. This regulation occurred at the transcriptional level, 

highlighting the significant role of iron in regulating FtnA expression. Thus, iron is crucial for 

the proper functioning of FtnA and for its involvement in iron storage and homeostasis in 

bacterial cells. Staphyloferrin A and B capture iron and transport it into the S. aureus 

cytoplasm, where it is reduced to the ferrous form, supporting protein and enzyme synthesis 

and promoting increased bacterial colonization [67,68]. Dextran neutralizes Staphyloferrin A 

and B during iron acquisition (Figure 9). 

4. Conclusions 

In this study, silver nanoparticles (AgNPs) were successfully synthesized using dextran, 

DEX-PVA, and PVA/(DEX-AgNPs), and comprehensively characterized to confirm their 

spherical morphology, uniform dispersion, and nanoscale dimensions. FTIR analysis revealed 

the presence of key functional groups, including alkanes, sulfates, aromatics, and alcohols, 

within the biosynthesized materials, highlighting the chemical complexity and stability of 

hydrogel systems. Importantly, these nanocomposites exhibited potent antibacterial activity, 

particularly against Staphylococcus aureus, and effectively disrupted bacterial growth by 

inhibiting iron acquisition systems, specifically staphyloferrin A and B enzymes, which are 

essential for S. aureus survival under iron-limited conditions. The hydrogel films derived from 

these materials not only enhanced antimicrobial efficacy but also acted synergistically to inhibit 

key virulence pathways. Molecular docking analysis further corroborated these findings, 

demonstrating that dextran-associated AgNPs form stable interactions with the active sites of 

Staphyloferrin A and B, potentially blocking their function and thereby suppressing iron uptake 

and bacterial colonization. Taken together, the synthesized DEX-PVA, DEX-AgNPs, and 

PVA/(DEX-AgNPs) hydrogels present a promising nanomedicine platform with significant 

therapeutic potential for combating S. aureus infections, especially in clinical settings where 

antibiotic resistance is a growing concern. 
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Supplementary materials 

 
Figure S1. (a) The Prepared hydrogel composites of DEX-PVA, (b) hydrogel of PVA/(DEX-AgNPs), (c) dried 

hydrogel of DEX-PVA, (d) dried hydrogel of PVA/(DEX-AgNPs), (e) Film of dried hydrogel of DEX-PVA, (f) 

Film of hydrogel of PVA/(DEX-AgNPs).  
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