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Abstract The co-implantation of alginate (Al) and agarose (Ag) with silver nanoparticles
(AgNPs) is one of the feasible strategies to develop nanocomposite hydrogels for future wound
dressings. Natural hydrogels have emerged as promising materials because of their excellent
biocompatibility; however, they experience poor mechanical strength and infection susceptibility.
This study aims to 3synthesise and optimise AgNP-loaded alginate-agarose composite hydrogel
beads and to comprehensively evaluate their physiochemical, mechanical, antimicrobial, and cell
attachment performance for potential applications in wound dressing. Composite hydrogels were
synthesised using alginate and agarose with different ratios and loaded with silver nanoparticles.
Structural characterisation was carried out by Field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM). Fourier transform infrared (FT-IR)
spectroscopy was used to analyse the chemical interactions. The functional properties were
analysed through swelling ratio measurement, mechanical strength (ASTM D638 Type V), and
antibacterial assay against Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S.
aureus), and Escherichia coli (E. coli). FESEM and TEM images revealed that the nanocomposite
hydrogels have a porous structure and the AQNPs were well dispersed (6.6—22.9 nm, mean

14.1 nm). The FTIR data showed a strong coordination of silver ions with carboxylate groups in
the polymer network. The swelling analysis also showed that the hydrogels are suitable for
exudate management. The mechanical strength analysis of the Al; s—Ag2.s formulation brought the
best compromise between strength (Young's modulus 20.7 kPa) and flexibility. Moreover, the
antibacterial assay confirmed the excellent bactericidal effect against the tested bacteria. The
optimised Al,.s—Agd2.6 Nanocomposite hydrogel beads showed a synergistic improvement in
mechanical strength, antimicrobial activity and cytocompatibility. This study demonstrates that
AgNP-loaded alginate-agarose hydrogel has significant potential as an antimicrobial wound
dressing materials.

Keywords: Alginate—agarose hydrogel, Silver nanoparticles, Nanocomposite wound dressing,
Mechanical properties, Antibacterial activity.

Introduction

As aresult of several decades of profound research effort in the field of biomedical materials science, a
radical paradigm shift has emerged in recent times, with hydrogel being the most trendy biomaterial field
of interest [1-3]. This enthusiasm has been stimulated by their sole manner of biomimicking physical,
chemical, and biological characteristics of the native biological tissues [4]. Hydrogel is a term used to
describe a hydrophilic, porous, three-dimensional polymeric network structure, with the ability to take up
very large quantities of water or biological fluids [5-6]. Hydrogel is also biomimetic in biocompatibility due
to its soft and pliable composition with a high content of water and non-adhesiveness [7]. All these
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characteristics have directed hydrogel to be selected as a biomaterial in wound care, where a moist
wound environment for wound healing is important to accelerate re-epithelialization, lessen scar
formation and pain during dressing changes [8]. Furthermore, the scope to incorporate various bioactive
compounds from drugs to cells and factors gives hydrogel the potential capability to be used not only as
an inert dressing but also as a functional therapeutic system [9,10].

Although these are quite clearly advantageous, a single natural biopolymer normally does not provide
the mechanical strength required for clinical applications [11]. Although materials such as alginate,
collagen, and chitosan are cell-compatible, they are weak and not load-bearing or long-term structural
capable materials [12,13]. For instance, the excellent biocompatibility of alginate is conventionally paid
for with a poor structure, which cannot bear the physiological shear stress associated with a wound bed
[14,15]. Likewise, for a material like agarose, it can provide the necessary stiffness via its thermal
gelation, yet it is brittle and lacks cell-signalling domains and thus has limited utility on its own. In order
to meet these market needs, the field has therefore moved towards composite systems [16,17]. The
combination of several different types of polymers in one system allows us to create “synergistic’
materials [18]. Alginate, a product of brown seaweed, is useful for its elasticity and ability to support the
moist microenvironment associated with the treatment of high-exudate chronic wounds [19]. Agarose,
on the other hand, has a structural architecture which is similar to the natural tissue structure and allows
for the diffusion of oxygen and nutrients for a regenerative scaffold [20]. Through the combination of
these two polymers, we are able to develop a composite with extracellular matrix (ECM)-like mechanical
profile, and therefore a stronger scaffold for functional tissue repair.

Recently, in biomaterials science, there has arisen tremendous and increasing attention on developing
nanocomposite hydrogels over conventional hydrogels for wide biomedical applications [21]. A nano-
composite hydrogel referred to as a 3-D hybrid network is produced by loading nanoparticles into polymer
chains. The addition of nanomaterials is a deliberate method to bring beneficial properties that are not
present in the original hydrogel matrix, such as superior mechanical strength and electrical conductivity
and antimicrobial activity [22]. AgQNPs are one of the most investigated for their powerful antibacterial
effect. Incorporated it into different synthetic and natural hydrogels to produce composite hydrogels for
the decrease in bacterial infection in medicinal applications [23,24]. Microbial infection of chronic wounds
is still an unprecedented menace. It can be attributed to the need for wound dressing with inherent
antimicrobial properties to inhibit the development of biofilm or sepsis [25]. Recent reports indicate that
biofilm development is a major cause of delays in wound healing in most chronic wounds. Pseudomonas
aeruginosa, a typical pathogen that is commonly trapped and constrained by its sturdy matrix, has been
at the core of the development of a biofilm no longer responsive to conventional antibiotics [26,27]. The
addition of nanomaterials to cell-laden hydrogels enhances their physicochemical and biological
properties. It is also a versatile approach toward the preparation of a versatile structure for tissue
engineering [28,29].

The development of the nanocomposite hydrogel showed excellent properties and better processability
than the hydrogel in optimal conditions. Moreover, the development of nanocomposite hydrogels also
showed excellent photothermal conversion ability, which is a significant determining factor in their
antibacterial action. This further confirms the advantages of nanocomposite hydrogels compared with
hydrogel [30]. Accordingly, the present study aims to prepare a natural nanocomposite hydrogel with
excellent mechanical and antibacterial properties as a biomaterial. This study aimed to systematically
investigate the concentration of polymer components and precursors of silver to develop the best
composition with optimum performance in terms of swelling ability, mechanical properties, and structure
stabilization and antibacterial properties.

Although silver nanoparticle loaded hydrogels have been widely explored for wound healing, significant
challenges still exist to achieve an optimum compromise in mechanical stability, swelling behavior,
antimicrobial efficacy and cytocompatibility. Most reported studies have focused on either incorporation
of AgNPs into pre-existing hydrogel matrices or evaluation of individual performance parameters.
Moreover, the incorporation of AGNPs often leads to aggregation and non-uniform distribution, which can
negatively impact biological performance. Hence, the novelty of our current study is to develop an
alginate—agarose nanocomposite hydrogel using in-situ AgNP formation coupled with a systematically
optimized formulation approach. By systematically correlating physicochemical properties, mechanical
performance, swelling behavior, antimicrobial efficacy, and cellular compatibility, this study identified an
optimized hydrogel formulation that balances multifunctional performance required for wound dressings.
[31].
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Materials and Methods

All chemicals used in this study were of analytical grade to maintain the experimental rigor and
reproducibility. All reagents, including alginic acid sodium salt powder, Calcium chloride dihydrate
CaCl-2H0, Silver nitrate-ACS reagent (= 99.0%) and Sodium citrate tribasic dihydrate-ACS reagent (=
99.0%), HO-C(COONa)(CH,COONa)-2H,0, were obtained from Sigma-Aldrich. High-grade setting
agarose, HyAgarose™ LE Multi-purpose Agarose was purchased from Hydragene. These choices were
informed by the known purity and biomedical applicability of the materials, to isolate material properties
as the variables of interest.

Synthesis of Alginate-Agarose (Al-Ag) composite

Three formulations were synthesised for comparative purposes. A control (1.5% alginate—2.3% agarose,
hereafter referred to as Alis—Ag23) and two high-concentration formulations (1.8% alginate—2.6%
agarose, Al;s—Ag26 and 2.1% alginate—2.9% agarose, Al1—Ag2.9). To prepare the control formulation,
1.5% alginate stock solution was made by adding 1.5 g sodium alginate (Sigma-Aldrich) to 100 mL of
distilled water. Simultaneously, 2.3 % agarose solution was prepared by adding 2.3 g of HyAgarose™
LE powder to 100 mL of distilled water. Agarose solution was heated to boiling point 98°¢ then cooled to
41°C. Then, the alginate solution was added, and the set mixture was kept at 41°C. A peristaltic pump
fitted with an 18-G hypodermic needle, positioned 4 cm from a gelling bath consisting of 0.3 M calcium
chloride, was used to dispense the blended solution to form solid beads. Synthesis was repeated for the
Al1 s—Ag26 and Al>1—Ag2 ¢ formulations.

Fourier Transform Infrared Spectroscopy analysis

Surface excess humidity was wiped away using sterile Kim. The sample was transferred immediately to
an FTIR spectrometer with an Attenuated Total Reflectance (ATR) accessory for direct analysis of the
hydrated polymer surfaces without extensive pretreatment. Spectra were recorded between
wavenumber 4000—-400 cm™, resolution 4 cm™1.The ATR crystal was rinsed with ethanol in between
samples. Spectral data were processed, baseline-corrected, and peaks were assigned using Smadwin
(version 1.48) and ChemDraw Professional (version 22.0). The categorization of functional groups was
carried out according to ASTM E1252-98 of infrared spectroscopy.

Field Emission Scanning Electron Microscopy

The investigations were carried out on the samples in their unmixed state without freeze-drying. The
images of the samples were taken on the field emission scanning electron microscope in the low vacuum
mode at an accelerating voltage of 5.0 kV. The images were taken at 500x to 20,000x magnifications to
further elucidate the microstructures that were observed.

Degree of swelling ratio analysis

The initial weight of each hydrogel bead before incubation was measured. To calculate the swelling ratio,
before incubation, the samples were oven-dried at 40°C for 24hrs until the dry weight (Wa). The dried
beads were placed into 300 uL Gibco PBS solution at 37°€ for different times (10, 20, 30, 40, 50, 60, 90,
120, 180, and 360 mins). After different time points, the beads were taken out, and gently picked with
lint-free paper, then the weight (W;g.) of each bead was measured. The water uptake was calculated by
following the equation: Degree of swelling (%) = [(Wp — Wa) | Wa] x 100%. All experiments were performed
in triplicate and results are presented as mean * standard deviation.

Tensile strength test

The mechanical tensile strength of all the alginate—agarose hydrogel formulations was tested by forming
dumbbell-shaped specimens according to ASTM D638 Type V standard dimensions for consistent and
comparable data. The samples were then air-dried in a universal oven at 30 °C for 6 hours. The tensile
property assessment was carried out with a Shimadzu Universal Testing Machine (USA) equipped with
a load cell of precision, in single mode. The samples were stretched at a crosshead speed of 1 mm/min
without preload. The data was continuously measured and subsequently graphed as stress—strain equal
to the force and displacement data, respectively, to obtain the ultimate tensile strength and elongation
at break of the hydrogel formulations.

Preparation of silver nitrate solution

Silver nitrate was diluted in 3 different concentrations: 0.06 M (1.0 g), 0.09 M (1.5 g), and 0.12 M (2.0 g).
The exact mass of silver nitrate (ACS reagent, 299.0%) was weighed for each formulation and dissolved
in 100 mL of distilled water. The solution was heated up to an approximate temperature of 57.6°¢ and
turned slightly pink. The heating process was stopped when the solution was close to boiling. The
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procedure was repeated for all three concentrations.

UV-Visible spectrophotometry Analysis of Silver Nanoparticles

All the solutions were freshly prepared and equilibrated to room temperature before measurements to
maintain similar conditions. The spectra were collected using a Shimadzu UV-Vis spectrophotometer
(USA) with the instrument calibrated according to the manufacturer's guidance. The absorbance spectra
were obtained between 300 and 700 nm with a 1 nm resolution. A baseline correction with deionised
water as a reference was applied. Spectral acquisition was limited to the expected wavelength range of
the surface plasmon resonance peaks, which is a distinctive peak for silver nanoparticles, ranging from
400-450 nm. Spectra were interpreted in terms of peak position, peak intensity, and peak bandwidth as
these are correlated to the size distribution and the aggregate state.

Synthesis of Al-Ag composite incorporated with silver nanoparticles
Two sets of alginate—agarose beads were prepared with three different compositions, Al15-Ag2.3, Alig-
Agz26 and Alz1-Ag2.9. The first set of beads was immersed in characterized silver nitrate solutions (0.06
M, 0.09 M and 0.12 M) for 24 hrs. The second set was treated using a two-step method, first immersed
in silver nitrate solution for 24 hrs and then immersed in 1% trisodium citrate solution for 24 hours. This
allowed the study to compare the treated beads with and without a reducing agent. After the treatment
was completed, all the beads were taken out and washed thoroughly with autoclaved distilled water.
Hydrogel beads with varying concentrations of alginate and agarose, each incorporated with silver
nanoparticles, were subjected to a multi-level characterisation process. This included Fourier Transform
Infrared Spectroscopy (FTIR), Field Emission Scanning Electron Microscopy coupled with Energy
Dispersive X-ray analysis (FESEM-EDX), Transmission Electron Microscopy (TEM), and swelling ratio
analysis. These evaluations were performed to identify the optimal alginate—agarose nanocomposite
concentration.

Antibacterial activity test

Three representative bacterial strains were tested to assess the antibacterial activity of alginate-agarose
hydrogel integrated with silver nanoparticles. The strains included E. coli, a Gram-negative bacterium,
S. aureus, a Gram-positive bacterium, and P. aeruginosa, also Gram-negative. Two antibacterial tests
were conducted: total plate count and agar diffusion test, using an optimized Al s—Ag26 composite with
silver nanopatrticles and trisodium citrate. The hydrogel beads contained varying concentrations of silver
nanoparticles; 0.06 M, 0.09 M and 0.12 M, designated as samples A (Al-Ag-1g), B (Al-Ag-1.5g), and C
(Al-Ag-2g) respectively. A control sample, labelled as sample D, used pure alginate-agarose hydrogel,
referred to as pure Al-Ag. The antibacterial efficacy was then determined using both total plate count
and agar diffusion method. All experiments were performed in triplicate and results are presented as
mean * standard deviation.

Cell Attachment and Morphological Evaluation

Dental Pulp Stem Cells (DPSC) were cultured in a-minimum essential medium (a-MEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin under standard incubation conditions
(37°C' 5% CO3, humidified atmosphere). Hydrogel samples (Al1s—Ag2.), including pristine and AgNP-
loaded variants (0.06 M, 0.09 M, and 0.12 M), were prepared in sterile 6-well culture plates with a uniform
thickness of approximately 1 cm. Prior to cell seeding, the hydrogel samples were sterilized and
equilibrated in culture medium. DPSCs were then seeded onto the hydrogel surfaces and incubated for
48 hours. Following incubation, the samples were gently rinsed with phosphate-buffered saline (PBS).
The adhered cells were subsequently fixed and subjected to freezing at —20°C for 72 hours, followed by
freeze-drying for 48 hours to preserve cellular morphology. The dried samples were sputter-coated with
a thin layer of gold and examined using field emission scanning electron microscopy (FESEM) at an
accelerating voltage of 5 kV. Cell attachment, surface coverage, and morphological characteristics were
analysed at magnifications ranging from 500x to 20,000x.

In Vitro Cytotoxicity Assay

Human Dermal Fibroblast cell lines (HDF) PCS-201-012 ™ was purchased from American Type Culture
Collection (ATCC), USA. Cell lines were cultured in complete Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (1% pen-
strep) at 37°Cin a humidified 95% air and 5% CO- atmosphere. A preliminary Alamar Blue screening
was conducted to optimise the silver loading in the hydrogel formulation. The initial lowest concentration
of 0.06 M AgNO3, showed reduced HDF cell viability. Therefore, the silver precursor concentration was
reduced to 0.015M and this formulation was selected for further cytocompatibility evaluation. An extract-
based method ISO 10993-12 with reference to ISO 10993-5 was used to prepare the extract of Alyg-
Ag2.6 Nnanocomposite beads. This method was slightly modified from earlier hydrogel cytocompatibility
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studies. Briefly, 0.1g of sterile Al1s-Ag. & hanocomposite beads containing 0.015 M AgNPs was
immersed in 1 mL of complete DMEM and incubated at 37°C in a humidified 5% CO,, incubator for 24
hours. The conditioned medium was then collected and filtered using a sterile 0.22 pm membrane filter.
This undiluted conditioned medium was designated as the 100% hydrogel extract. Serial dilutions of the
nanocomposite extract were prepared using complete DMEM to obtain 50%, 25%, 12.5%, and 6.25%
extract concentrations. HDF cells were seeded into 96-well plates at 1 x 10* cells/well and incubated for
24 hours to allow cell attachment. The culture medium was then replaced with 100 pL of the respective
conditioned medium and incubated for another 24 hours. Cells cultured in complete DMEM without
hydrogel extract served as the untreated control and were considered as 100% viability.

Cell viability was determined using Alamar Blue reagent. Briefly, Alamar Blue was added at 10% (v/v) of
the culture volume and incubated for 4 hours at 37°C. Fluorescence intensity was measured at 560 nm
excitation and 590 nm emission using Thermoskan Lux multimode microplate reader. The percentage
of cell viability was calculated relative to the untreated control. Statistical analysis of cell viability data
was performed using repeated-measures one-way ANOVA followed by Tukey's post hoc test to
determine significant differences between groups (p<0.05 considered statistically significant).

Results and Discussion

The present work clearly demonstrates that hybridization of agarose and alginate into a composite
hydrogel improves structural stability and functional properties as compared with the individual single
polymer systems. The hybridization overcomes the limitation of natural hydrogels, which is their typically
very low tensile strength. The hybrid beads were significantly firmer and more mechanically robust
compared to the individual alginate beads or agarose beads, a characteristic that is pivotal to many
expected biomedical applications.

Macroscopic and Morphological Properties of Alginate—Agarose
Composite Beads

The bead formation process was able to achieve an ideal spherical morphology. Visual and palpation
tests showed that beads with higher percentages of each polymer were presumably more rigid and more
difficult to deform. Hence, a higher percentage of polymer would impart a higher cross-linking density
that would result in higher mechanical strength. The hydrogel exhibited a yellow hue, the intensity of
which was directly correlated to the concentration of alginate in the matrix. This could be due to the
natural colour of the alginate or the interaction of calcium ions with the alginate during the gelation
process. The physical properties indicate that a successful interaction has occurred between the two
biopolymers, with the agarose forming a rigid, tightly cross-linked skeleton around the more malleable
alginate as can be seen in figure 1.

Figure 1. Morphological characteristics of alginate—agarose hydrogel beads. Panels showed (A) pure alginate and (B) pure agarose
beads, alongside composite beads with progressively higher polymer concentrations: (C) Al1 5—Ag2.3, (D) Al1.s—Agdz.6, and (E) Al2.1—Ag2..
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Physicochemical and Mechanical Characterisations of Alginate—

Agarose Composite Beads

Mechanical testing (Table 1; Figure 2H) also demonstrated the expected increase in rigidity and strength
with polymer concentration, with the lowest modulus being 15.2 kPa for Al; s—Ag2.3, 20.7 kPa for Aly g—
Agz6, and 32.8kPa for Al,1—Ag29. For comparison, modulus values measured under comparable
conditions for pure agarose hydrogels in the 0.3 to 2.0% w/w range are 0.646 to 1.298 kPa [32]. The
tensile strength for Al;5—Ag2.3, Al1.s—Ag2.6, and Alz1—Ag2.9 were 0.0152 + 0.0012 MPa, 0.0207 + 0.0015
MPa, and 0.0328 + 0.0028 MPa, respectively. The Al 1—Ag. g ratio was significantly stronger than both
other groups proving the reinforcing effect of the agarose-alginate interpenetrating network. This
suggests the desired reinforcing behavior of alginate, which makes this hybrid hydrogel more clinically
relevant with flexibility and strength. This would probably occur through ionic association of Ca?* to the
carboxylate (-COO") functional groups along the alginate chain, creating greater cross-link density and
forces in the polymer network [34]. The agarose network amongst the double network dissipates energy
while the soft nature of alginate preserves credibility of the macroscale structure [35-37].

Table 1. Comparison of Young’s modulus values of alginate-agarose with related hydrogel systems reported in literature

Hydrogel System Young's Modulus (kPa) Reference

Pure Agarose Hydrogel (0.3—2.0% w/w) 0.646-1.298 Jayashankar et al., 2021 [33]
Alginate Hydrogel (Caz*-crosslinked) 185+3.4 Malektaj et al., 2023 [34]

Al1 5—Ag23(1.5% Alginate / 2.3% Agarose) 15.2 Present study

Al1 s—Ag26(1.8% Alginate / 2.6% Agarose) 20.7 Present study

Alz 1—Ag2.9 (2.1% Alginate / 2.9% Agarose) 32.8 Present study
Agarose—Collagen Composite Hydrogel 78+12 Cambria et al., 2020 [16]
Agarose—Collagen Composite Hydrogel 124+2.1 Zigan et al., 2025 [17]

In the present study, the values of the Young’s modulus (15.2-32.8 kPa) were significantly higher than
those reported for pure agarose hydrogels (0.646—1.298 kPa) [33], confirming the reinforcing effect of
alginate incorporation and calcium-mediated crosslinking. The modulus values were also comparable to
those reported for other polysaccharide-based hydrogel systems, such as agarose-collagen composite
hydrogels and calcium-crosslinked alginate hydrogels [16, 17, 34]. The observed increase in stiffness
with increasing polymer concentration is in consistent with previous studies that reported that increased
crosslink density and polymer network interconnectivity lead to improved mechanical performance of
hydrogels. The results suggest that the developed alginate-agarose hydrogels have mechanical
properties suitable for potential wound dressing and tissue engineering applications.

The FT-IR of alginate agarose nanocomposite hydrogel (Figure 2A-C) show broad O-H stretching peaks
in the 3000 to 3500 cm™ region and characteristic peaks in the 1500 to 2000 cm™ region and bands
below 1000 cm, which are typical for polysaccharide backbone vibrations. The broad O-H band
suggests significant H-bonding, which is consistent with the alginate—agarose systems reported by
Jayashankar et al. (2021) to be due to intermolecular H-bonding and a major factor of miscibility and
structural homogeneity in the blended biopolymer [33]. In addition, the peaks observed at 1638-
1642 cm™, is attributed to the asymmetric stretching vibration of carboxylate (COO-) groups. The position
and intensity of this band suggest intermolecular interactions within the polymeric network which also
show in the observations of Pragya et al. (2021) on the created engineered scaffolds of agarose-based
biopolymers [38]. It is also shown that the C-C stretching band of 1200 to 1370 cm™ apparent in the FTIR
spectra of individual polymers is absent in the composite and is a clear indication of integrated
crosslinked network formation instead of simple physical mixing. In short, the spectrum consolidation
indicates chemical compatibility and structural blending or crosslinking leading to uniform material
properties in the hydrated state has also been reported in the case of agarose-collagen composites
reported by Jayashankar et al. (2021) and Cambria et al. (2020) where FTIR analysis indicated full
structural blending with improvement in biofunctionality and applicability of the composites for bone
tissue engineering applications [16,33].

The evident reorganization of carboxylate band (1633 to 1642 cm!) and almost diminished O—H signals
in non-citrate paths in silver-incorporated composites approaching silver-carboxylate (Ag-COO")
coordination and stronger metal-polymer interactions. Similar trends were observed in the AgNP-loaded
hydrogels by Kumar et al. (2021), in which FTIR analysis indicated the formation of metal-carboxylate
coordinated interaction as an essential factor of antimicrobial performance [39]. The developed
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molecular features are in a very close association with the mechanical and hydraulic behaviors: the
increased values of cross-linking density and detailed coordinated interactions to the high modulus
(Figure 2H) and decreased swelling (Figure 2G), which agree with the data manifested by Bardajee et al.
(2024), that the enhanced nanocomposite hydrogels were much better mechanical strength and
processability over the regular hydrogel material [40]. The swelling capacity of the bionanocomposites
was found to be significantly influenced by the Al:Ag ratio. The Al1s.Ag26 group showed an optimized
swelling of 12.8% + 0.9%, which was statistically higher than the Al;5.Ag2.3. The Alz1.Ag2.9 sShowed the
lowest degree in swelling compared to other two percentages of composite hydrogel beads. According
to the findings, The reduction in the swelling capacity of the Al;1-Ag 2.9 formulation is related to the
increased density of the polymer network. Agarose is a stiff non-swelling double helix which is inherently
water-resistant. Meanwhile, the increasing alginate concentration increases the density of carboxylate (-
COO-) groups, which results in the stronger ionic coordination and physical cross-linking. The combined
effects lead to a tighter more rigid hydrogel matrix that prevents hydraulic expansion. The inclusion of
agarose successfully stabilized the alginate network, preventing premature disintegration while
maintaining high hydration level. All the data in Figure 2 support the chemical nanoscale regulation of
ionic coordination, hydrogen bond interactions, and nanoparticles.

Ali.s—Ag2.3 B Ali.s—Age.s C Al2.i—Ag2.0
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Figure 2.Characterization of alginate—agarose composite hydrogels. (A—C) FT-IR spectra for Alis—Ag23, Alig—Ag26 and Al 1—Ag2.9
showing O—H stretching (3000 to 3500 cm™) and asymmetric carboxylate (COO") stretching vibrations at 1638 to 1642 cm™ bands. (D—
F) SEM images reveal porous structures with decreasing porosity as polymer concentration increases. Scale bars: D and E = 100 ym; F
= 30 ym. (G) Swelling ratio in 0.3 M phosphate-buffered saline (PBS).

UV-Vis Spectroscopy Analysis of Silver Nitrate Solution

Figure 3 shows the UV-Vis absorption spectra of silver nitrate solutions with and without trisodium
citrate (TSC) as a reducing and stabilizing agent. All samples presented a characteristic surface
plasmon resonance (SPR) peak between 370 and 410 nm, which confirms AgNP formation. Additional
bands between 200 and 350 nm correspond to ligand-centered transitions. Minor peaks around 300
nm are due to nitrate ions. Solving 0.06 M (black), 0.09 M (red) and 0.12 M (blue) silver nitrate are
plotted, where solid lines are solutions without trisodium citrate and dashed lines are solutions with
trisodium citrate. The broad SPR peak is due to scattering from larger particles. The spectra of no
trisodium citrate solutions after the immersion of alginate—agarose beads for 24 hours are similar to
the trisodium citrate spectra with the general decrease in the region around 300 nm and an increase
in absorbance in the region of 350 and 400 nm, indicating AgNP formation in-situ. It confirms that
sodium alginate was able to act as a reducing agent and reduce Ag* to AgNPs even in the case of no

e-ISSN 2289-599X | https://doi.org/10.11113/mjfas.v22n4.5542 676



MJ FAS Mogan et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 670-689

trisodium citrate as reducing agent present.

Absorbance (a.u.)

o 1
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Figure 3.UV-Vis spectra of Ag* solutions with and without trisodium citrate. Spectra for 0.06 M (black), 0.09 M (red), and 0.12 M (blue)
silver nitrate solutions are shown; solid lines indicate samples without trisodium citrate, dashed lines with TSC. SPR peaks at 370 to 410
nm confirm AgNP formation, while additional peaks near 300 nm correspond to nitrate ions. Similar spectra after hydrogel immersion
indicate alginate reduced Ag* to AgNPs.

Morphological Features of Alginate—Agarose Beads with and without

Silver Nanoparticle Incorporation

Another Colorimetric behavior of alginate—agarose composite hydrogel beads loaded with silver
performed differently from the silver-free beads (Figure 4A-C). The transparent beads, after being
exposed to the silver nitrate solution, became pale white (Figure 4B) in a very short time, which was
common to all formulations. This behavior could be used as an indication of Ag* ions reduction into
their metal oxides or AgNPs, which are typically known for their characteristic color. Further, while
being stored under ambient conditions, the beads turned from white to brownish black to deep black
(Figure 4C). This process also indicated the formation of nanoparticles continuously in the hydrogel
matrix over time. These observations are evidence of the inclusion of silver in the polymer matrix and
the subsequent physicochemical interactions amongst the ionic and polymeric species.

Figure 4. Physical appearance of alginate—agarose composite hydrogel beads before and after silver incorporation. (A) Pure alginate—
agarose beads exhibiting a transparent to slightly yellowish hue. (B) Beads after immersion in silver nitrate solution, showing a uniform
pale white coloration indicative of initial silver ion interaction. (C) Bead embedded with silver nanoparticles after ambient storage,
displaying a deep black colour due to progressive reduction of Ag* ions and nanoparticle formation.

Characterisation of Alginate-Agarose embedded with Ag-NPs

with/without Trisodium Citrate
Alginate-Agarose embedded with AgNPs prepared without trisodium citrate shown in Figure 5A-C has
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FESEM micrographs of alginate—agarose composite hydrogel beads containing silver nanoparticles at
the concentrations of AQNO; at 0.06 M, 0.09 M and 0.12 M. In all samples, well-defined interconnected
porous structures were observed, indicating that the presence of silver did not affect the architecture
of the hydrogel. The silver nanoparticles were homogenously dispersed in the matrix, and a spherical
-like shape was observed at higher magnifications. With increasing AQNO; concentration from 0.06 M
to 0.09 M, particle density and size increased, and 0.12 M gave rise to the highest particle density, and
particles could be seen even at lower magnification. Overall, these observations demonstrate that
higher Ag* concentrations facilitate the formation of larger particles and loss of size control at higher
precursor concentrations.

Figure 5.FESEM images at x5,000 magnifications of alginate—agarose composite hydrogel beads embedded with silver nanoparticles
synthesized without trisodium citrate. The rows represents the hydrogel formations Al1s—Ag23 (A-C) , Al1g—Ag26 (D-F), and Al 1—Ag2.9
(G-1), while the columns corresponds to the AgNO; concentrations used during silver nanoparticle synthesis (0.06, 0.09 and 0.12 M).
Scale bars = 20um.

Meanwhile, FESEM images shown in Figure 6 of alginate—agarose composite hydrogel beads,
prepared with trisodium citrate, show that all formulations Al; 5—Ag2.3 (6A-6C); Al1.g—Ag2.6 (6D-6F); Alz.1—
Agz29 (6G-61) maintained highly interconnected porous structures. This indicates that immersion in
silver nitrate culture and subsequent incorporation of silver nanoparticles did not disturb the hydrogel
architecture. Silver particles assumed a spherical morphology and were homogeneously distributed
throughout the hydrogel matrix without agglomeration. At 0.06 (Figure 6A), these spherical were
smaller than the non-citrate samples, while increasing concentrations, 0.09 M and 0.12 M (Figures 6B—
C), were progressively larger in size with increasing Ag* concentration. Thus, trisodium citrate appears
to be a stabilizing agent that did not disturb the hydrogel architecture, while the effect on the resulting
particle size, that is, spherical, was small and perhaps masked by the reducing capacity of the alginate.
Thus, increasing Ag* concentrations dictate the size of the resulting AgNPs in both citrate and non-
citrate series, but overall did not affect the apparent regular distribution of AgNPs and robust
hypothesized pore architecture.
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Figure 6. FESEM images at x5,000 magnifications of alginate—agarose composite hydrogel beads embedded with silver nanopatrticles
synthesized with trisodium citrate. The rows represents the hydrogel formations Al; s—Ag2.3 (A-C), Al1s—Ag26 (D-F), and Al21—-Agdz2.9 (G-1),
while the columns corresponds to the AgNO3; concentrations used during silver nanoparticle synthesis (0.06, 0.09 and 0.12 M). Scale
bars = 20um.

FTIR Spectroscopy Analysis with/without Trisodium Citrate

Figure 7A—-F shows the FTIR spectra of the Al-Ag composite hydrogel beads synthesized by two
different methods (citrate-assisted and non-citrate). Three formulations (Al1.5—Ag2.3, Al1.s—Ad26, Alz1—
Agz9) were studied at three different concentrations (0.06, 0.09 and 0.12 M) of silver. Hydrogen
bonding is evident from the O-H stretching band on the high wavenumber side of 3000-3500 cm?, Ag-
carboxylate coordination from the carboxylate/carbonyl region at 1633-1642 cm™ and integrity of the
polysaccharide backbone from the backbone features at 1327 and 1077 cm™. In the citrate-assisted
samples (Figure 7A-C), an O-H band at approximately 3300 cm™ indicates the stabilization of the
hydrated network by citrate ions. Notably, the peak of 0.06 M is sharper compared to the 0.09 M and
0.12 M concentrations for all the nanocomposite hydrogels for these citrate-assisted samples,
suggesting specific coordination dynamics of Ag-COO" species at this concentration.

The backbone bands remain visible, indicating that the polysaccharide network is still intact. The
glycosidic vibration at 1077 cm™ is characteristic of the high agarose containing samples. In the non-
citrate group (Figure 7D-F) there is a more direct interaction between the silver ions and the polymeric
chains. The intensity of the O-H band is reduced at 0.06 M indicating a stronger ion binding of the
Ag* cations to the hydroxyl and carboxylate groups. Furthermore, the band at 1633 cm is indicative
of the presence of the coordinated Ag-COO™ complexes.
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Figure 7.FTIR spectra of alginate—agarose composite hydrogel beads embedded with silver nanoparticles synthesised A-C (i) with the

reducing agent, trisodium citrate and A-C (ii) without a reducing agent. Panels A-C corresponds to AgNOs concentrations of 0.06M (A),
0.09M (B), and 0.12M (C).

Selection of Optimal Formulation

The elemental composition of the biosynthesized composite hydrogel beads was analyzed using

Energy-Dispersive X-ray (EDX), where Figure 8A—C represent samples prepared with 0.06 M, 0.09 M,
and 0.12 M AgNO3, respectively.

All spectra exhibited a characteristic silver peak at 3 keV, confirming the formation of silver
nanoparticles within the hydrogel matrix. Moreover, quantitative analysis revealed concentration-
dependent variations, with silver contents of 15.17 wt%, 7.11 wt%, and 11.45 wt%, while corresponding
changes in carbon and oxygen indicated progressive nanoparticle loading and dispersion. Overall,
these results confirm the successful incorporation and uniform distribution of silver nanoparticles, with
higher precursor concentrations producing greater nanoparticle content. Subsequently, Transmission
Electron Microscopy (TEM) analysis (Figure 9A—H) showed that nanopatrticles ranged from 6.6 to 22.9
nm (average 14.1 nm) and were predominantly spherical or ellipsoidal, with most particles below 50
nm, indicating uniform dispersion and structural stability.
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Figure 8.Energy Dispersive X-ray (EDX) spectra of optimized alginate—agarose composite hydrogel beads (Al1s—Ag2.6) embedded with
silver nanopatrticles at varying silver nitrate concentrations (A) 0.06M, (B) 0.09M and (C) 0.12M.
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Figure 9.TEM micrographs and patrticle size distribution of silver nanoparticles embedded in alginate—agarose composite hydrogels.
Panels A-D show TEM images of silver nanoparticles incorporated into hydrogel matrices under different conditions, revealing
predominantly spherical morphology with uniform dispersion. Panels E—H present corresponding particle size distribution histograms,
indicating average patrticle sizes of 17 nm (E), 12 nm (F), 7 nm (G), and 10 nm (H). Scale bars = 20 nm.

Antibacterial Activity

The antibacterial activity of silver nanoparticle (AgNP) loaded alginate—agarose composite hydrogel
beads was assessed against Gram-positive bacterium Staphylococcus aureus (S. aureus) and
Gram-negative bacteria Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa).
The antibacterial performance was first studied by the Kirby—Bauer disc diffusion assay at three
different silver concentrations (0.06, 0.09 and 0.12 M) (Figure 10A-C).

The pure alginate—agarose hydrogel beads (Al1s—Ag2.6) did not exhibit inhibition zones against any
of the tested bacterial strains, indicating that the hydrogel matrix has no antibacterial activity. In
contrast, AgNP-loaded hydrogels showed measurable antibacterial activity against all the tested
bacterial strains. The inhibition zones for S. aureus were 4.1 mm (Al-Ag-1), 4.8 mm (Al-Ag-2) and
4.1 mm (Al-Ag—3) in comparison to 18.7 mm for the positive control. For E. coli the same trend was
observed with inhibition zones of 4.4, 4.8, and 5.1 mm for Al-Ag-1, Al-Ag-2, and Al-Ag-3,
respectively, while the positive control gave a zone of 19.2 mm. The largest inhibition zones were
observed for P. aeruginosa with values of 7.0 mm for Al-Ag-1 and Al-Ag-3 and 8.3 mm for Al-Ag—
2, while the positive control showed 14.3 mm. Increasing the silver concentration beyond 0.09 M did
not lead to a significant increase in the inhibition zone diameter indicating that the antibacterial
performance reached a plateau under the tested conditions. Generally, the addition of AgNPs
increased the antibacterial activity of the alginate—agarose hydrogel and P. aeruginosa was the most
sensitive bacterial strain among the tested ones.
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Figure 10.Antibacterial activity of alginate—agarose composite hydrogels with and without silver nanopatrticles against Gram-positive and
Gram-negative bacteria. Kirby—Bauer disc diffusion assay showing zones of inhibition (ZOl) for pure composite hydrogel (Al1s—Ag2.6) and
silver-loaded variants containing 1.0 g (A), 1.5 g (B), and 2.0 g (C) AgNO;. Negative control (E) exhibited no inhibition, while positive
control (F) produced the largest ZOlI.
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To further evaluate the antibacterial activity, Total Plate Count (TPC) analysis was carried out after
24 h of exposure to the hydrogel formulations (Table 2). All the AgNP-loaded formulations (Al-Ag—
1 (0.06 M), Al-Ag-2 (0.09 M) and Al-Ag-3 (0.12 M)) showed total inhibition of bacterial growth and
no colonies were found (0 CFU mL-1) for all the microorganisms tested. In contrast, the pure
alginate-agarose beads (Sample D), the negative control (Sample F), and the sterilised beads
(Sample G) showed a significant growth of bacteria, supporting the absence of antibacterial activity
in the hydrogel matrix itself. These results suggest that the antibacterial effect observed was due to
the incorporation of silver nanoparticles.

The antibacterial activity of the nanocomposite hydrogels was further studied using Kirby—Bauer
disc diffusion and total plate count (TPC) tests. The antibacterial activity of the AgNP-loaded
hydrogels was verified by the Kirby—Bauer assay, where inhibition zones of 4.1-8.3 mm were
observed. However, the inhibition zones were much smaller than those observed for the positive
control, suggesting moderate diffusion-mediated antibacterial effects. This observation can be
related to the poor diffusion of silver species from the highly crosslinked hydrogel network into the
surrounding agar medium. Similar results have been reported for AgNP-incorporated hydrogel
systems where the polymeric matrix limits the mobility of the nanopatrticles and slows the release of
bioactive silver ions compared to traditional antibiotic agents.

In contrast, the TPC assay showed complete bacterial inhibition with no viable colonies detected (0
CFU mL™) after direct exposure of the AgNP-containing hydrogels. The difference between the
results of the Kirby-Bauer and TPC suggests that the antibacterial efficacy is not only dependent on
the diffusion of the antimicrobial agents in the surrounding environment. Instead, the results show
that the bacterial inactivation is mainly due to the direct interaction between bacterial cells and the
surface of the AgNP-loaded hydrogel and the localised interactions play an important role in the
antimicrobial activity. However, the contribution of prolonged silver ion release cannot be excluded.
Collectively, these results indicate that the antibacterial mechanism of the developed nanocomposite
hydrogels is governed by a synergistic combination of contact-mediated bactericidal effects.

Table 2. Summary of Total Plate Count (TPC) Analysis

Sample Identification S. aureus (CFU/mlI) E. coli (CFU/mI) P. aeruginosa (CFU/mI)
(A) Al-Ag-1 (0.06M AgNPs) 0 0 0

(B) Al-Ag-2 (0.09M AgNPs) 0 0 0

(C) Al-Ag-3 (0.12M AgNPs) 0 0 0

(D) Pure Al-Ag Beads 6.4 x 108 2.4 x 108 2.3 %108

(F) Negative Control 8.9 x 108 2.9 x108 5.5x 108

(G) Sterilized Pure Beads + Bacteria 4.0 x 108 2.9 x108 1.5 %108

(H) Positive Control (IPM 10) 0 0 0

Cell Attachment Assay and Morphological Evaluation of DPSCs on
Silver-Loaded Hydrogel

To evaluate the cytocompatibility of the optimized Al1.s—Ag2.6 hydrogel formulations, dental pulp stem cell
(DPSC) attachment and morphological evaluation were conducted using FESEM, shown in Figure 11.
The pure alginate—agarose hydrogel (Figure 11A) showed poor cell attachment, with cells clustered in
localized areas and unevenly distributed on the surface of the hydrogel. A higher magnification image
(Figure 11E) also showed the presence of rounded and contracted cellular morphologies, which are
often related to poor cell attachment and reduced cellular viability.

By contrast, the AgNPs-loaded hydrogels with 0.06 M, 0.09 M and 0.12 M of silver nanoparticles (Figure
11B-D) supported the attachment and spreading of DPSCs. Cells had a flat morphology with long cell
extensions and were more homogeneously distributed over the surface of the hydrogel than on pure
hydrogel. No distinct morphological abnormalities such as membrane blebbing, severe cell shrinkage or
extensive cellular fragmentation were observed in the AgNP containing formulations. In general, the
presence of flattened and well-spread cells is taken as sign of good cell-material interactions, active cell
adhesion and cytocompatibility, whereas rounded and contracted morphologies are often associated
with decreased attachment and reduced cell viability [41].
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The improved cellular attachment on the AgNPs-loaded hydrogels could be due to the homogeneous
and interconnected structure of the alginate-agarose network, providing a good microenvironment for
cell-material interactions. Such observations indicate that the presence of silver nanoparticles in the
concentration levels used in this study did not have a negative effect on the morphology of DPSCs and
promoted the attachment of cells to the surface of the hydrogel. Moreover, the FESEM results revealed
that the synthesised nanocomposite hydrogels maintained cytocompatibility and antibacterial
functionality, making them potentially suitable for biomedical and wound healing applications.

Figure 11. FESEM images showing dental pulp stem cell (DPSC) attachment on composite hydrogels with and without silver
nanopatrticles. (A) Pure composite hydrogel (1.8% alginate—2.6% agarose) showing poor cell adhesion and early apoptotic morphology.
(B-D) Composite hydrogels embedded with silver nanoparticles at concentrations of 0.06 M (B), 0.09 M (C), and 0.12 M (D), exhibiting
improved cell spreading and flattened morphology without microvilli or blebs. (E) High-magnification view of cell aggregation on pure
hydrogel surface, indicating non-uniform distribution and compromised viability. Scale bars: Aand D =5 ym; B and C =4 pm; E = 20
pm.

In Vitro Cytotoxicity Assay

The cytocompatibility of the Al; s-Ag2.6 Nanocomposite was evaluated using HDF cells after 24 hours of
exposure to serially diluted nanocomposite extracts. In this study, the treatment range was expressed
as nanocomposite extract concentration, namely 100%, 50%, 25%, 10%, and 0%, instead of exact silver
concentration because the amount of silver released into the culture medium was not quantified. The
preliminary Alamar Blue screening showed that the lowest 0.06 M of silver formulation reduced HDF
viability. Therefore, the silver loading was decreased to 0.015 M to improve cellular compatibility [42].

As shown in Figure 12, A repeated-measures one-way ANOVA showed a significant effect of extract
concentration on HDF viability with p = 0.013. Tukey's test confirmed a clear threshold effect where
viability at 50% and 100% was significantly lower than at 5%, 10%, and 25% (p < 0.0001), this result
statistically confirmed the concentration-dependent cytotoxic trend observed. Higher extract
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concentrations produced lower cell viability compared with diluted extracts, indicating a concentration-
dependent cellular response. This may be due to greater exposure of cells to soluble components
released from the hydrogel matrix during the 24 hours extraction period.
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Figure 12. HDF cell viability after 24 hours exposure to nanocomposite extracts at different concentrations. Data are expressed as mean
+ SD from three biological replicates. Statistical analysis was performed using one-way ANOVA. A value of p<0.05 was considered
statistically significant.

This finding agrees with previous studies reporting that silver-based nanomaterials may show
concentration-dependent effects on fibroblast viability, depending on the silver dose, exposure time,
particle stabilisation, and interaction with the surrounding matrix [43,44]. Similarly, previous studies have
demonstrated that polysaccharide-based matrices can effectively support the incorporation of silver
nanoparticles for wound dressing applications while maintaining acceptable biological performance [45].
In the present study, the alginate/agarose matrix may have reduced direct interaction between silver
nanoparticles and HDF cells, although this should be confirmed by future silver release analysis. Overall,
reducing the silver loading from 0.06 M to 0.015 M improved the cytocompatibility profile of the
nanocomposite. The diluted extracts showed better compatibility with HDF cells, supporting the suitability
of the optimised formulation for further wound dressing evaluation.

While these finding demonstrates promising cytocompatibility, it is important to consider certain limitation
to the present study. We acknowledge that our present study lacks Ag* release kinetics, degradation
behaviour and long-term stability of the developed hydrogel system which are crucial parameters to
evaluate the silver containing biomaterials as ion release and stability can affect their antibacterial
performance as well as the biological responses. Since it is an initial study focussing on the development
and primary functionality of Alginate—Agarose silver Nanocomposites Hydrogels these aspects were not
considered in detail and we understand that but will be taken up in our future works by investigating silver
ions release profiles, degradation behaviour and long term stabilities to reinforce and expand our present
findings and facilitate the optimisation studies.
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Conclusion

The present study reports the successful fabrication and optimization of alginate—agarose silver
nanocomposite hydrogels for possible wound dressing applications. The embedding of agarose within
the alginate matrix enhanced the structural stability and mechanical performance of the hydrogel
whereas the in-situ generation of silver nanoparticles imparted potent antibacterial functionality.
Physicochemical characterization confirmed the successful formation of a porous and interconnected
hydrogel network with silver nanoparticles uniformly distributed in the polymer matrix. Statistical analysis
showed that the swelling behavior, mechanical properties, and overall performance of the hydrogels
were significantly affected by the differences in polymer composition.

Among all the formulations tested, Al;s—Ag2.6 Showed the most promising results in terms of optimum
swelling capacity, adequate mechanical strength and biological response. The Al, 1-Ag2 o formulation was
significantly more tensile strength but without a corresponding improvement in swelling performance or
cellular response indicating that increasing the polymer concentration beyond the optimised level did not
necessarily improve the overall functionality.

The incorporation of silver nanopatrticles imparted remarkable antibacterial activity against Gram-positive
as well as Gram-negative bacterial strains. The Kirby-Bauer analysis showed that the hanocomposite
hydrogels have moderate antibacterial effects by diffusion, while the total plate count analysis revealed
that they completely inhibited bacterial growth after direct contact, demonstrating their strong
antimicrobial potential. Further cytocompatibility evaluation demonstrated a concentration-dependent
cellular response. The viability of HDFs significantly decreased at higher extract concentrations, while
diluted extracts showed more suitable compatibility with cells. Interestingly, the cytocompatibility profile
of the optimised formulation was enhanced with a reduction in silver loading from 0.06 M to 0.015 M,
while keeping its antibacterial efficacy.

In summary, the optimised Al s—Ag26 Nanocomposite hydrogel has favourable swelling properties,
mechanical strength, antibacterial activity and enhanced cytocompatibility, suggesting its potential use
for advanced wound dressing applications. The results of this study provide useful information on the
design and optimisation of multifunctional biopolymer-based nanocomposite hydrogels for biomedical
application. Further studies will be carried out on the Ag* release kinetics, degradation behaviour and
long-term stability to confirm the long-term performance, safety and clinical potential of the developed
alginate—agarose silver nanocomposite hydrogels for wound dressing applications.
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