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Abstract
Hydrogel-based treatment strategies have proven their significance in thefield of drug delivery, wound
healing, and tissue scaffolds, offering significant advantages over conventional treatmentmethods.
The present study attempts to assess the hydrogel formation capability of a biopolymer, bovine serum
albumin (BSA), without the addition of any crosslinker agents. Next, the in situ synthesis of silver (Ag)
nanoparticles into the hydrogel was explored at two different concentrations of Ag as BSA+ 5mM
AgNPs (BSA5) andBSA+ 10mMAgNPs (BSA10). The thermally aggregated BSA+Aghydrogels
exhibited excellent gel consistencywith the successful formation of Ag nanoparticles. The
incorporation of Ag nanoparticles (AgNPs) into the BSAhydrogelmatrix was confirmed via the peaks
obtained through Fourier Transform Infrared Spectroscopy (FTIR) and x-ray diffraction (XRD)
analysis. In FTIR, prominent redshifts (when comparedwith control BSAwithout Ag incorporation)
suggested the interaction of peptide bonds of BSAwith the surface of AgNPs, whereas the XRD
analysis showed the presence of AgNPs in two distinct phases, i.e., Ag2O andAgO. Field emission
scanning electronmicroscopy (FESEM) revealed randomdistribution and irregular shapes of the
synthesized AgNPs, with an average size of particles being 67± 20 nmand 62± 21 nm inBSA5 and
BSA10, respectively.Moreover, the integration of AgNPswithin the BSAhydrogelmatrix tuned the
hydrophobicity, swelling ratio, and rheological properties. The hydrogel became hydrophobic in the
presence of nanoparticles, which, in turn, reduced the swelling ratio. The nanoparticles significantly
enhanced the critical stress threshold for the hydrogel from6.2 Pa to 175 Pa. Antibacterial tests
confirmed the broad-spectrum activity against pathogenic gram-positive and gram-negative bacteria
in a dose-dependentmanner. The cytotoxicity analysis of the synthesized BSA+Aghydrogel exhibited
over 90%cell viability, highlighting excellent biocompatibility.With effective antibacterial properties
and low toxicity, the prepared BSA+Aghydrogels highlighted their suitability for future biomedical
applications.

1. Introduction

Biomaterials have been a central theme in biomedical sciences for the past few decades. The emergence of
engineered biomaterials has transformedmedical treatments by enabling targeted drug delivery, promoting
tissue regeneration, and advancing diagnostics through biosensors. Hydrogels, in particular, have become ideal
materials owing to their excellent biocompatibility and tuneable physical, chemical, andmechanical properties
[1]. The structure is formed by crosslinked polymer chains held together by covalent bonds, ionic interactions,
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or hydrogen bonds. This network creates a highly porous architecture, allowing the diffusion ofmolecules and
fluids andmaking themwidely suitable for biomedical applications [2]. The three-dimensional structure of
hydrogels absorbs and retains large amounts of water and encapsulates bioactive agents.

Manymaterials, both synthetic including, polyvinyl alcohol (PVA), polyacrylic acid (PAA), and
polyacrylamide (PAAm) and naturally occurring including, gelatine,fibrin, chitosan, alginate, and serum
albumin, have been explored as hydrogels. Albumin is widely used as a rawmaterial for hydrogel preparation
due to its abundance of amino acid residues [3]. Albumin comprises 583 amino acid residues, including 34
cysteines, 17 disulfide bonds, a free sulfhydryl group at position 34 of the peptide chain, and various functional
groups like amino and carboxyl groups. Serumalbumin, a naturally occurring, non-glycosylated proteinwith a
molecular weight of 66.4 kDa, constitutes approximately 60%of the total protein content in blood [4]. It is a
readily available, sustainable, biocompatible, and potentially autologous biomaterial with diverse clinical and
biomedical applications. These features allow the formation of albumin hydrogel networks and can be
crosslinkedwith othermaterials [3]. In this direction, serum albuminwould be the focus of interest for this
paper.

The biological performance of hydrogels is regulated by rheological properties, which can be tuned by the
degree of crosslinking and additives. The degree of crosslinking determines the flexibility, swelling, and
mechanical stability required. On the other hand, additives such as nanomaterials reinforce the hydrogel by
balancing the stiffness and the elasticity as per the requirements. Alongwith this, the nanomaterials also add in
their innate characteristics; for example, Ag andAu nanoparticles (NPs) offer antibacterial activity [5], while
Fe3O4 nanomaterial addsmagnetic features to the hydrogels [6, 7]. In a study byMarkus et al it was highlighted
the strong antimicrobial properties of chitosan-based hydrogels containing AgNPs, effectively targeting a range
of pathogens, includingmethicillin-resistant Staphylococcus aureus (MRSA) andCandida albicans [8]. de
Camargo et al reported that alginate-based hydrogels embeddedwith goldNPs exhibited potent antifungal
activity againstAspergillus fumigatus [9]. Another study reported the antibacterial properties of titaniumdioxide
NPs incorporated into a hydrogel system to inhibit bacterial growth [10]. Further, the implementation of an
in situ synthesis approach for the nanomaterials incorporated in hydrogels offers better dispersion, stability,
improved interfacial interactions, reduced reaction time, and spent or byproducts.

In this regard, the present study explores the scope of the bovine serumalbumin (BSA) hydrogel for
antibacterial features by a facile in situ synthesis of AgNPs. Two concentrations of Ag precursor (silver nitrate
(AgNO3)), 5 and 10mM,were employed during the synthesis to avoid the possible concentration-dependent
toxic effects of theAg nanoparticles. The selection of the concentrations of Ag precursor was based on the
inferencesmade by a previous study [11]. The preparedAgNPs incorporated hydrogel andwere characterized
forwettability, swelling properties, and rheological aspects. The antibacterial potential of the prepared AgNPs
incorporated BSAhydrogel was assessed against the clinically relevant pathogenic bacterial strains, including
gram-positive and gram-negative bacteria. The cytocompatibility studies were performed to evaluate the
suitability of prepared hydrogels for biological applications.

Interestingly, the hydrogel has the ability to trap and retainmolecules, which provides an innovative way for
drug delivery, one of which is through nanoparticle-hydrogel systems. This synergistic system frames a new class
of biomaterials that are designed to integrate the beneficial characteristics of the individualmaterials, i.e.,
hydrogels and nanoparticles (NPs) for drug delivery, wound healing, and other applications [12]. In recent years,
efforts have beenmade to synthesize biocompatiblematerials with a broad spectrumof antibacterial properties
for topical applications using nanoparticle-hydrogel systems. Ongoing research in this field suggests that the free
spacewithin the 3Dnetwork structure of hydrogels can storeNPs, enabling controlled release for targeted drug
delivery. These systems offer several advantages, like enhanced drug solubility, improved drug localizations and
bioavailability for controlled release of therapeutic agents, protection of drugmolecules fromdegradation by
biologicalfluids, reduction in dosage, andminimizing the side effects of the drug [13]. A key advantage ofNP-
integrated hydrogels is their adaptability for delivering various antimicrobial agents. For example, antibiotics
like amoxicillin and cephalexin can be embeddedwithin hydrogels to enable targeted delivery to infection sites
[14]. Recent studies have emphasized the potential ofNP-infused hydrogels as a treatment for various infections,
including those caused by bacteria and fungi [13, 15]. Silver (Ag)metals integrated into nanomaterial systems
have gained significant attention in recent years. AgNPs possess unique properties, including catalytic and
antibacterial activities. Despite the benefits of AgNPs, onemajor concern is the toxicity ofNPs for humans and
environmental health, given that their size, which can be considered theirmain advantage, also contributes to
their ability to cross barriers in organisms, causingmild to chronic toxic effects after their accumulation.Hence,
the toxic effects of AgNPs should also be taken into consideration during their synthesis and application.

AlthoughAgNPs and hydrogels have been extensively studied, there is significant potential for research to
evaluate the antibacterial activity when incorporated into topical applications. Therefore, in this study, the
benefits of both hydrogels andAgNPs have been combined to be used for biomedical applications. Bovine serum
albumin (BSA) hydrogel has been preparedwithout the addition of any crosslinker agents. Further, AgNPswere
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synthesized in situ, followed by the analysis of the physical, chemical, and biological properties of the engineered
hydrogels.Morphology, phase analysis, and function groups of the synthesized AgNPs incorporated into BSA
hydrogels were analyzed. Then, thewettability, rheological, and swelling properties of the prepared hydrogels
were studied. Further, antibacterial and cytocompatibility analyses of synthesized hydrogels were performed.

2.Materials andmethods

In the study, BSA (MB083), silver nitrate (AgNO3) (PCT1307), and Luria Broth (LB) (G575)were procured from
Himedia, while sodiumborohydride (NaBH4)was obtained fromSpectrochem (011925).Milli-Q (MQ)water
with a resistance of 18.9MΩ cm−1 was used for all experiments to ensure high purity and consistency.

2.1. Synthesis of BSA-Ag hydrogels
Ag-conjugated BSAhydrogels were prepared following a facile in situ formation process [16]. Briefly, 10%BSA
in 5ml ofNaCl buffer (pH9.0)was added to petri plates and incubated at 70 °C for 5 h to get a hydrogel-like
texture. The heat-induced aggregation of the BSA provides amatrix that forms a hydrogel network. For the
in situ synthesis of AgNPs, 5 and 10mMAgNO3 solutionsweremixedwith 10%BSA inNaCl buffer at room
temperature. 0.2ml of 100mMNaBH4was added dropwise to themixture, resulting in the formation of a
brown color. NaBH 4 acts as a strong reducing agent, reducing Ag+ ions to their elemental form (Ag°), which
leads to the formation of AgNPs. The solutionswere stirred for 10–15 min to ensure thoroughmixing.
Subsequently, themixtures were transferred to Petri plates and incubated at 70 °C for 5 h to get a hydrogel-like
texture. The BSAmatrix helps encapsulate and stabilize AgNPs, enabling their uniform spreading in the gel
matrix. Three sample variants were prepared: BSA, BSA+ 5 mMAgNPs (BSA5), and BSA+ 10 mMAgNPs
(BSA10).

2.2. Characterization studies of synthesized hydrogels
The prepared hydrogel samples were visually analyzed for the gel-like feature and the effects of AgNPs
incorporation. The synthesized hydrogels were further characterized using various techniques, including Field
emission scanning electronmicroscopy (FESEM), EnergyDispersive x-ray Spectroscopy (EDX), Fourier
Transform Infrared Spectroscopy (FTIR), x-ray diffraction analysis (XRD), mechanical strength determination
using rheological studies, wettability analysis using contact anglemeasurement, and swelling index studies.

2.2.1. FESEMand EDXof synthesized hydrogels
FESEMwas performed to characterize themorphology of the synthesizedAgNPs [17]. TheAgNPs embedded in
the hydrogel substratumwere completely dried at amoderately high temperature (50 °C) to avoid any distortion
inNP structures. Afine section (0.5 cm× 0.5 cm) dimension from the synthesized hydrogels incorporatedwith
AgNPswas taken to visualize themorphological details. The surfaces were then coatedwith gold sputtering and
examined using FESEM (FESEM, Zeiss,Model: Sigma). The obtained size (length of theNPs)was calculated
using ImageJ software, and the resultant size distribution of the particles was determined to estimate the average
size of theNPs [18].

To determine the elemental composition of the synthesized hydrogels and confirm the silver doping, EDX
(Zeiss,Model: Sigma) analysis was performed. The samples were dried to avoid any charging due to possible
moisture and placed on a carbon-coated copper grid followed by a gold coating via sputtering. Quantitative
elemental analysis was found through the atomic andweight percentages of different elements present in the
sample [19].

2.2.2. FTIR andXRDanalysis of synthesized hydrogels
The synthesized hydrogel, comprising various combinations (BSA, BSA5, and BSA10), was characterized and
compared using FTIR Spectroscopy (Perkin–Elmer, SpectrumTwo). This technique identifies the functional
(chemical) groupswithin the sample compound. Infrared radiation inducesmolecular vibrations (stretching or
bending) and rotations at specific frequencies corresponding to the compound. A detector records these
interactions as peak intensities at particular wavelengths [16]. The intensity and characteristic vibration of each
peak indicate the functional groups associatedwith the sample’s chemical structure. Specifically,∼1mg of the
synthesized hydrogel was analyzed in themid-infrared range (400–4000 cm−1) using an FTIR
spectrophotometer, with roommoisture content controlled. The spectral resolutionwas set at 4 cm−1, with a
scan rate of 40 scans [20]. An analysis was conducted on hydrogel powders using a Rigaku Smartlab, a 9 kWx-ray
diffraction apparatus from Japan. The x-ray source utilizedCu-Kα radiation, with a test voltage of 125 kV and a
current of 40mA. The diffraction pattern of blank BSA samples, BSA5 andBSA10, were investigated over the
range of 10° to 90°. The standard International Centre forDiffractionData (ICDD)files were utilized to verify
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the different phases acquired and assess the alterations in the lattice characteristics. The sizes of the crystallites
were calculated using theDebye–Scherrer formula, as described in equation (1).

( )D
k
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l
b q

=

Here, k represents Scherer’s constant (0.94),λ represents thewavelength of x-ray (1.54Å), θ represents Bragg’s
angle, and the Full width at halfmaximum (FWHM) of the diffraction peak isβ [21].

2.2.3.Wettability, rheological, and swelling properties of the synthesized AgNPs
The contact angle (CA) ofwater wasmeasured at the surface of BSA, BSA 5, and BSA10 hydrogel using a
Goniometer and drop shape analysis system (Holmarc, India). Awater sample of 2 μl was dropped onto each
surface, and theCA. value was determined by analyzing the picture of the drop shape [22]. The rheological
properties of the synthesized hydrogels weremeasured using a rotary rheometer (MCR72, AntonPaar)with the
parallel plate geometry. The hydrogels were added between the two parallel plates with 1mmclearance. The
storagemodulus (G′) and lossmodulus (G″)were reordered [23].

The gravimetricmethodwas used to examine the composite hydrogel’s swelling index. The samples were
freeze-dried, and the initial weight (Wi)was determined. After that, the Samples were immersed in the PBS and
SBF buffer (pH7.4) at 37 °C. After afixed time interval, the samples were removed from the buffer solution. The
surplus PBS and SBF solution on the sample’s surface was removed usingfilter paper. Again, theweight of the
wet samples was recorded asWf. The swelling rate for each sample at each time interval was determined using
equation (2) below [24]. Each experiment was repeated three times.
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2.3.Determining antibacterial and cytocompatibility analysis of synthesized hydrogels
The antibacterial properties of synthesized BSA-Ag hydrogels were assessed using the agar well-diffusion
method [25].Wells were created onMHAagar plates, where the hydrogel samples were loaded. To facilitate
diffusion, 10%NaOHwas added above the hydrogels. Pathogenic bacterial strains, S. aureus (gram-positive)
andEscherichia coli (gram-negative), were cultured overnight in LBmedia and then spread aseptically over the
agar surface. The plates were incubated at 37 °C for 24 h in a shaker incubator. The effectiveness of the hydrogels
was determined by the formation of clear inhibition zones around thewells, indicating antibacterial activity [26].
BSA served as the negative control, while kanamycinwas used as the positive control. The appearance of
inhibition zones around the hydrogel samples demonstrated their antibacterial efficacy against both S. aureus
andE. coli.

Further, the cytocompatibility of the prepared hydrogels was assessed using theMTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) according to the standard guidance by ISO-10993-5
[27]. HEK-293 cells were used as amodel cell line for the experiments. The cells were cultured in theCO2

incubator (Galaxy 170S, Eppendorf) usingDulbecco’smodified eaglemedium (DMEM) supplementedwith
10% fetal bovine serumand 1%antibiotic solution. For the experiment, 104 cells were seeded to thewells and
addedwith an equal amount of respective hydrogels of different compositions. Prior to experiments, the
hydrogels were overnight dipped in theDMEMmedia. After the incubation period, 48 and 96 h, 100 μl ofMTT
solution inDMEMwas added towells, followed by 4 h of incubation. The resultant formazan crystals were
dissolved in the dimethyl sulfoxide, and the absorbancewas recorded at 570 nmusing amultiplate
spectrophotometer (FLUOstarOmega, BMGLabtech). The cell viability was determined using the formula.

( )Cell Viability
Absorbance of Sample

Absorbance of Control
3570 nm

570 nm

=

2.4. Statistical analysis
The data obtained for each experiment was analyzed usingOriginPro 8.5, whichwas used to perform the
statistical analysis. All experiments were performed in triplicates, and the values were reported bymeasuring the
average± standard deviation.

3. Results and discussions

3.1. Synthesis andmorphological and elemental analysis of hydrogels
Three different types of hydrogels were synthesized by following the procedurementioned in section 2.1, as
shown infigures 1(A)–(C). All three hydrogels exhibited gel-like consistency and visually distinguishable
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appearance. BSA-only hydrogel showed an opaque or semi-translucent appearance. In contrast, the BSA5 and
BSA10 hydrogels showed reduced translucencywith an increasing brownish appearance, indicating the presence
of AgNPs formed due to the addition of a reducing agent (NaBH4) during the synthesis process [28, 29].

The FESEM images revealed the structural details of the synthesizedAgNPs. TheNPswere found to be of
irregular shape and randomly distributed, with amajor resemblance to that of squares (and a few spherical), as
shown infigures 1(D) and (E). TheAgNPs in BSA5were comparatively less densely populated than that of
BSA10, corresponding to the proportion of AgNP concentrations. The average sizes of the AgNPs in BSA5 and
BSA10 hydrogels were found to be 67± 20 nm, and 62± 21 nm,which is in accordance with the size ofNPs
reported in the literature [16, 17].

The EDX analysis of the BSA5 andBSA10 hydrogels revealed the presence of carbon (C), nitrogen (N),
oxygen (O), and silver (Ag) as constituent elements, as shown infigure 2. The elements like C,N, andO
corresponded to the peptide bonds from the BSAprotein, and the presence of Ag confirmed the facile in situ
addition of AgNPs, found in accordancewith the literature [18, 28]. Figure 2(A) showed the presence of peptide
bonds of BSA-only hydrogel (without Ag doping)with the highest relative atomic abundance of C (49%),
followed byO (33%) andN (17%). Further, a similar sequence of elements’ abundance of C, followed byO and
N, corresponded to the peptide (organic)nature of the sample in both BSA5 andBSA10 hydrogels, as BSA
proteinwas provided as the basematrix [30].Moreover, figure 2(B) showed an atomic distribution of Ag at
about 1.8%, corresponding to BSA5. Similarly,figure 2(C) confirmed a higher proportion of Ag corresponding
to BSA10 (nearly doublewith BSA5), i.e., about 2.5%of atomic distribution, which alignedwith the designed
experimental hypothesis. A few randompeakswere also observed in all three graphical spectra, indicating some
signal noise, Au coating during sample preparation for EDX, and a few others for some of the salts used during
the hydrogel synthesis procedure.

3.2. Characterization of synthesized hydrogels
3.2.1. FTIR andXRDanalysis of synthesized hydrogels
The FTIR spectra of BSA andBSAwithAgNP samples (BSA5 andBSA10)were obtained, as shown infigure 3(A).
All three preparedhydrogel samples exhibited themajorpeaks corresponding to the interaction in theprotein
structure. The significant peak in the 1620–1640 cm−1 1620–1640 cm−1 range corresponds to the amide I band
within the protein structure (C=Ostretching ofα-helix andβ-pleated sheets). The peak around 1530–1540 cm−1

corresponded to amide II bands ofBSAprotein, and thedistinct peaknear 1450 cm−1 corresponded to amide III
bands (showingC-N stretching andN-Hbending).Meanwhile, peaks in the range 3280–3290 cm−1 corresponded

Figure 1. Synthesized Ag-conjugated BSAhydrogels; (A)BSA , (B)BSA5, and (C)BSA10 and FESEMmicrographs of synthesized
hydrogels; (D)BSA5, and (E)BSA10.
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to the amideAband (mainly representing theN-HStretching) [22, 29]. Comparing the control sample ofBSA
hydrogelwith its counterparts ofAgNPs incorporated samples, the vibrations (particularly in amidebands) at
3294, 1640, 1542, 1453, and 1392 cm−1 inBSAexhibited the redshifts to 3286, 1638, 1541, 1450, and 1389 cm−1 in
BSA5, and to 3281, 1636, 1538, 1446, and1387 cm−1 inBSA10, clearly indicating influence ofAgpresence, thatwas
in accordancewith the fact as reported in the literature [30, 31]. The shifting can beunderstooddue to the
coordination orbinding of the above-mentioned functional groups to the surface ofAgNPs at different
wavenumbers [32]. The higher theAg concentration, themore prominent the shift, suggesting that thepeptide
bondsofBSA are interactingwith the surface ofAgNPs [33, 34]. The other vibration bands of these three samples
remained almost unchanged,which is attributed to thepeaks corresponding to the stretching andbending of
peptide bonds (N-HandC=O) and the amide region (-CO-NH-) [33].

The effects of hydrogel formation andAgNP interactions on the secondary structures of BSAwere analyzed
through the variation in the amide I region observed from the deconvolution of the FTIR spectra (figure 3(B)).
The deconvoluted amide I region between thewavenumber 1700–1600 cm−1 highlighted the change in the
secondary structure of the BSA (figure S1). As reported, the native BSA contains∼66%α-helix, 22%β-sheets,
and 13% turns [35]. The gel formation process, i.e., heat-induced aggregation, involves the formation ofβ-
sheets content at the cost ofα-helix. Such transition occurs through intramolecular hydrogen bonds forming,
leading to a 3-dimensional gel-like structure [36]. The high temperature partially unfolded the BSA structure
due to hydrogen bond breaking, with reducingα-helix and increasingβ-sheets contents. During the process, the
exposed hydrophobic region of BSA, newly formed hydrogen bonds, and the resultant electrostatic interaction
leads to the formation of the hydrogel of the BSA structure [3]. For the present hydrogel samples, the observed
changes in the secondary structure of the BSA are given in table S1. The BSA-only hydrogel showed theα-helix
(1655.47 cm−1) andβ-sheets (1625.20 and 1690.86 cm−1) contributions of 24.48%and 29.30%. The reduction
in theα-helices content can be justified by the presence of other secondary structures like random coils
(23.07%),β-turns (12.17%), and side chains (10.97%). Similar heat-induced changes inα-helices andβ-sheets
were reported by previous studies [37]. Therewere no significant effects on the secondary structure due to the
incorporation of 5mMofAgNPs in the BSAhydrogels. The amide I region for BSA0 andBSA5 showed similar
patterns (figure 4(B)). Further, the 10mMAgNPs addition in the hydrogel increasedβ-sheets content to 35.58%
alongwith the random coils (26.53%). Theα-helix content was decreased to 22.34%with the other secondary
structures,β-turns (6.56%), and side chains (9.00%). The increase in random coils is probably due to the
increased disruption of hydrogen bonds and the resultant electrostatic interactions occurring during the
hydrogel formation.Moreover, the tendency ofmetal–protein coordination via amino acids also hinders the
folding patterns ofβ-sheets, resulting in increased random coils.

AnXRD analysis was used to confirm the formation of AgNPs and their interactions with BSA, as shown in
figure 3(C). The BSAhydrogel showed a broad peak near the 2-theta position of 22.52° corresponding to the

Figure 2.Elemental analysis of synthesized BSA-Ag hydrogels (a)BSA (blank), (b)BSA5, and (c)BSA10 depicting themajor elements
present in the samples.
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amorphous or partially crystalline nature of the protein. Such a peak arises due to the intermolecular hydrogen
bonding interactions between protein chains [38]. The BSAhydrogel incorporatedwith 5 and 10mMAg
exhibited peaks at the 2-theta positions of 27.95° (100), 32.26° (111), 46.28° (211), 57.28° (221), 67.5° (222),
73.06° (321), 74.07° (311) and 76.86° (400) corresponding to the cubic Ag2O (ICDDNo.: 01-076-1393, 01-078-
5868)highlighting the crystallinity of nanoparticles [39].While, some extra peak appeared at 33.51° and 54.82°
corresponding toAgOphase (ICDDNo.: 01-076-1489) alongwith overlapping peak positions at the 2-theta of
27.82° and 32.27°. The crystallite sizes calculated for formedAgNPs for 5− and 10 mMAg samples using
Debye–Scherrer’s formulawere 26.71 and 30.14 nm, respectively. The observed diffraction patterns confirmed
the presence of AgNPs in BSAhydrogels. XRDpatterns indicated the formation of AgNPswith possible
contributions fromoxidized silver phases (Ag2O andAgO), suggesting partial surface oxidation during
synthesis. It can be hypothesized that the reduction of Ag+ ions resulted in the formation of Ag0, which
subsequently underwent oxidation in the hydrogel environment to formAg2O.However, at the higher
concentration of 10mM,NaBH4was unable to completely reduce all the Ag+ ions to Ag0. The remaining ions
are likely to facilitate redox interactionwithAg2O to yield the AgOphase, evident in the XRDpeaks. Therefore,
only BSA10 have shown peaks for AgO in the diffraction pattern. The presence of AgO is expected to enhance the
antibacterial properties due to higher oxidation potential, as discussed later.

3.2.2. Swelling, wettability, and rheological behavior of the synthesized hydrogels
The swelling property indicates themediumuptake ability of composite hydrogels under physiological
conditions.However, an overabundance of swelling can impact the structural stability of the hydrogel, leading to
increased pressure on the surrounding tissue. The lack of clinical applicability results from inadequate
properties, whereas incorporating suitable swelling properties enhances the adaptability of composite hydrogels

Figure 3. (A)Complete FTIR spectra, (B) amide I region of FTIR spectra, and (C)XRDanalysis of synthesized hydrogels, only BSA,
BSA5, and BSA10, respectively.
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to physiological conditions. The swelling behavior of BSA/AgNPs composite hydrogel in PBS and SBF buffer is
shown infigures 4(A) and (B). The swelling indicesmeasurement of the BSA, BSA5, and BSA10 hydrogel
samples in the SBF showed a decreasing order of BSA10<BSA5<BSA. The lower swelling index value is related
to the positive attributes of AgNPs, precisely their effective barrier properties and hydrophilicity [7]. In a study, a
similar phenomenonwas observedwhere scaffolds thatweremodifiedwith higher concentrations of TiO2

nanoparticles exhibited reduced swelling behaviour [38]. The inclusion of AgNPs in the BSAhydrogels resulted
in a reduction of the electrostatic force. As the AgNPs+BSAhydrogel swells in the PBS and SBF solution, the
silver ions (Ag+) stabilize within the hydrogel pores. Themetal ions are attached to the functional groups of
hydrogel networks, specifically the alcohol ‘-OH’ and carboxylic groups ‘-COO-.’Hence, significant quantities
of silver ions can be effectively capturedwithin the cavities of the hydrogel networks [39]. In addition, the
observed swelling degree could be linked to the absorption process that controls the diffusion of watermolecules
and other hydrophilic substances, like salts, into the pores of the hydrogel network.

Next, thewaterwettabilitymeasurements for the BSA, BSA5, and BSA10 hydrogel showed contact angles of
26.73°± 0.5, 58.11°± 1.19, and 85.39°± 0.76, respectively, as shown infigure 4. The results indicate that
hydrophobic interactions likely play a significant role in the binding of BSA toAgNPs. This interaction is
influenced by both enthalpy and entropy of the interactionmechanismbetween carbonyl groups (C=Obonds
ofα-helix andβ-sheets). A study onBSA andAgNP interactions reported a positive enthalpy change (ΔH°),
indicating energy associatedwith intermolecular bond formation, and a positive entropy change (ΔS°),
suggesting an entropy-driven and endothermic process primarily governed by hydrophobic forces [40].
Similarly, in the present study, the temperature (65 °C) contributed to the enthalpy-driven hydrogen bondings,
which further led to entropy-driven hydrophobic interactions due to the release of boundwatermolecules. The
increased hydrophobicity of the BSA-Ag hydrogel can be understood due to the exposure ofmoreβ-sheets
(because of protein unfolding) and a reduction in the overallα-helix content in the BSA. Such alterations
resulted in the observed increment of the surface contact angles for the BSA-based hydrogels [41]. The effect of
binding of the Ag ionswith the BSAmatrix was also confirmed by the FTIR spectra, indicated through the
observed redshifts. The hydrophobic nature of BSA10 hydrogel also corresponded to the least value swelling
ratio (figure 4). Hydrophobicity and swelling ratio are inversely correlated [42]. The observedwettability
properties enable themedical application of a synthesized hydrogel (BSA-AgNPs) by enhancing its safety and
effectiveness. In addition, as the concentration of AgNP increases and a protein corona structure forms, it is
likely that the cytotoxicity of theNPs and their interactionwith cellmembranes are diminished [43].

The rheological properties of a hydrogel composed of BSA, BSA5, and BSA10 using a rheometer equipped
with a parallel plate geometry. The amplitude and stress sweep tests were conducted to examine hydrogel
behaviorwith varying shear strain and stress, respectively, as shown infigure 5. The strain dependence ofG′ and
G″ can be observed from the pattern. An amplitude sweep test was initially conducted onBSA, BSA5, and BSA10

Figure 4. Swelling rate in (A)PBS) and (B) SBF andwater contact angles of (C)BSA, (D)BSA5 and (E)BSA10 hydrogels.
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hydrogel. The results indicate that at low shear strain, G′was significantly greater thanG″, suggesting a
predominance of elastic behavior. In the case of BSA hydrogel, initially, G′was approximately 50 Pa, whichwas
increased by adding 5 mMAgNPs and 10 mMAgNPs in BSAhydrogel to 342 Pa and 1989 Pa, respectively. As
shear strain increased, G′ started to decline and reached a critical strain point, whereG″ started growing,
demonstrating the transition from solid to liquid phase. A comparable observation occurred upon the addition
of AgNPs to the hydrogel. The storagemodulus increasedwith the addition of AgNPs due to the predominance
of hydrophobic forces associatedwith their incorporation [23]. Also, the increasedβ-sheet content in the
hydrogel samples enhances the rigidity within the hydrogel due to the intermolecular hydrogen bonding, leading
to a significant decrease in the shear stain.

The stress sweep test was also performed for BSA, BSA5, and BSA10 hydrogel. The BSAhydrogel G′ andG″
was stable at low shear stress whenG′ reached the critical stress threshold at the value of shear stress 6.2 Pa; after
that, a decrementwas observed in the value ofG′s, while the valueG″ showed a pronounced increase, which
represents the transition of elastic behavior to viscous behaviour [43]. However, incorporating AgNPs elevates
the critical stress threshold for BSA5 andBSA10,measured at 30 Pa and 175 Pa, respectively, as illustrated in
figure 5. The results indicated that the incorporation of AgNPs enhances the critical stress threshold value,
demonstrating an increased elastic strength of the hydrogel. The results indicate that AgNPs play a significant
role in forming the crosslinked BSA. The observed increase in elasticmodulus relative to the control gel can be
attributed to the additional crosslinking facilitated by the surface-enhancedAgNPs [44, 45]. The increased
intermolecular hydrogen bonding in theβ-sheets increases the crosslinking network and thus further helps to
increase the shear stress of the hydrogels.

3.3. Antibacterial and cytocompatibility assessment of synthesized hydrogels
The synthesized BSA-conjugated Ag hydrogels demonstrated significant antibacterial activity against both
gram-positive (S. aureus) and gram-negative (E. coli) pathogenic bacteria. Figure S2 shows the antimicrobial
effect of BSA-AgNPs through the observed zone of inhibition (ZOI) (reflected as diameter in cm) for the
pathogenic bacterial strains. Kanamycinwas used as positive control at theirminimum inhibitory
concentrations of (MIC) value of 50 μgml−1. The results suggested that the prepared hydrogel wasmore
effective against gram-positive (S. aureus), showing a ZOI of 1.1± 0.2 cm for BSA5 and 2.1± 0.3 for BSA10,
which is comparable with the ZOI value produced by the positive control 2.5± 0.5 cm.Whereas, against gram-
negative (E. coli), the ZOI obtainedwas 0.6± 0.1 cmwith BSA5 and 1.3± 0.2 cmwith BSA10, which alignswith
the positive control ZOI value of 1.8± 0.4 cm. A higher susceptibility of gram-positive bacteria against antibiotic
agents in comparison to gram-negative bacteria was found due to the differences they possess in their cell wall
structure (lacks an external lipopolysaccharidemembranewhich allows an easy target of antibiotic agents to
disrupt the cell), cell physiology, and respectivemetabolism, as reported elsewhere [44, 45]. The statistical
significance for the three different groups (positive control, BSA5, and BSA10)was calculated using one-way
ANOVAwith a post-hoc TukeyHSDTest, as represented by the p-values infigure 6(A). Thesefindings suggest

Figure 5.Results of the Amplitude-sweepmeasurements performed at room temperature on the (A)BSAhydrogel, (B)BSA5, and (C)
BSA10. Results of the Stress-sweepmeasurements performed at room temperature on the (D)BSAhydrogel, (E)BSA5, and (F)BSA10.
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that BSA-conjugated Ag hydrogels have comparable antibacterial efficacywith antibiotics like kanamycin
against broad-spectrumbacterial groups. Further, thefinding of the present study exhibiting the antibacterial
efficacy of AgNPs against pathogenic strains alignswith other similar studies reported in the literature. For
instance, in a study, themodifiedAgNPs showed a strong antibacterial effect againstE. coli and S. aureus, with
theminimum inhibitory concentration (MIC) found as 0.84 and 1.69 μgml−1 Ag, respectively, confirmed
through the disk diffusionmethod [46]. In another study, the synthesizedAgNPs demonstrated a
concentration-dependent antibacterial action, giving a 100%killing ofE. coli (gram-negative) andP. aeruginosa
(gram-positive) cells at the AgNPs concentrations of 4.5 and 2.7 μgml−1, respectively, measured through
spread-platemethod [47]. Likewise, in a different study, the antibacterial efficacy of AgNPswas determined
againstP. aeruginosa through thewell-diffusionmethod, for which theMIC valuewas found to be 2 μgml−1,
and a linear trendwas observed for increasing ZOIwith increasing AgNP concentration (1–5 μgml−1) [48].
Moreover, the impact of Agmetal (present in its twomajor forms i.e., AgO andAg2O in the synthesized
hydrogel) can also be interpreted in terms of their antibacterial efficacy. Ag2O, constituting a predominant phase
in the synthesizedAg incorporated hydrogel (as revealed throughXRD analysis), plays amajor role in
contributing to biomedical applications of nanoparticles, including antibacterial and biocompatibility
properties. TheAg2O, alongwithAgO, releases silver ions (Ag

+) in aqueous environments, which have potent
antimicrobial properties. These ions penetrate bacterial cells and disrupt essential cellular functions such as
enzyme activity, protein synthesis, andDNA replication, leading to cell death [49]. Further, Ag2O also actively
forms reactive oxygen species (ROS) that can cause oxidative stress in bacterial cells, damaging cellular
components like lipids, proteins, and nucleic acids, ultimately leading to bacterial death [50].

Therefore, the synthesized hydrogels could be effectively utilized in the pharmaceutical industry to develop
wound-healing ointments [33]. The promising antibacterial properties of the hydrogelmake it a potential
candidate for further exploration in therapeutic and cosmetic applications on a larger scale.

TheMTTassay revealed the excellent cytocompatibility of theBSAandBSA-Aghydrogels. Theobserved viability
of theHEK-293 cells over the incubationperiodof 48 and96 h is shown infigure6(B), highlighting their suitability for
biological applications. ThebareBSAhydrogel exhibited 96.52%cell viability at 48 hof incubation,which increased to
98.74%at the incubationperiodof 96 h. Similarly, theBSA5 showed cell viability of 93.24%and95.62% for 48h and
96h incubation, respectively.A comparable incrementpatternwasobserved for theBSA10,with the cell viability
rising from90.76% for 48 h to93.81%for 96 h.Theobserved results demonstrate excellent cytocompatibility,
indicating thepotential of BSA-basedhydrogel for biological applications.Mammalian cells possess complex cell
membranes and robust antioxidant defensemechanisms,making them less susceptible toAg+-induceddamage at
lower concentrations.Also, sinceAg2O is present as thedominant phase in the synthesizedAg-basedBSA-hydrogel,
the ion release rate is slower inAg2Ocompared toAgNPs, and the latter bears a larger surface area (due toBSA
corona), thuspossessing ahigher reactivity (ofAgNps)making itmore toxic thanAg2O [50, 51].

Bai et al reported a similar excellent viability of BSA hydrogel withmore than a 90% survival rate for L929
cells over 72 h of incubation [52]. Further, no crosslinkers or additives were used to prepare the hydrogel,
eliminating any possible toxicity. TheAgNPs reportedly can penetrate the human cellmembranes and exhibit

Figure 6. (A)The zone of inhibitionmeasured as diameter (in cm) formed by the antibacterial property reflecting agents of the
synthesized hydrogels againstE. coli (gram-negative) and S. aureus (gram-positive) (* p-value> 0.5 (0.659), ** p-value< 0.5 (0.317),
and *** p-value<< 0.15 (0.141) and (B)Cytocompatibility assessment of the BSA andBSA-Ag hydrogels against theHEK-293 cells for
the incubation of 48 and 96 h.
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cytotoxicity in dose- and concentration-dependentmanners. However, entrapment in the hydrogelmay help in
tuning the release rate of AgNPs to overcome the dose-dependent cytotoxicity while achieving the desired
antibacterial functions [53]. Further, the observed reduced cytotoxicity of AgNPs is possibly attributed to their
interactionswith BSA.Grade et al reported the improved cytocompatibility of theAgNPs against theHuman
gingival fibroblasts (HGFib) cells in the presence of BSA [54]. The enhanced compatibility was attributed to the
interactions between BSA andAg ions, leading to the formation of particle surface coating or binding complexes,
reducing toxicity. Bare AgNPs caused complete cell inhibition at the 35 μgml−1 concentration. In contrast,
adding BSA in the solution resulted in onlymoderate inhibition ofHGFib cells, even at a higher concentration of
70 μgml−1.With excellent cytocompatibility behavior, the synthesized BSA-Ag-composed hydrogels claim their
potential for biological applications.

4. Conclusions

This study demonstrates that BSA/AgNP-loaded hydrogels hold a promising potential for biomedical
applications, particularly in dermal treatments. A facile in situ synthesis procedure was used to formAgNPswith
two concentrations of Ag ions, i.e., BSA5 andBSA10 (provided BSA as amatrix protein). Themorphological
studies obtained through FESEM images and the peaks obtained through the characterization studies, including
FTIR andXRD, confirmed the integration of Agmetal ions in the BSA-based hydrogels. Further, the rheological
studies revealed that the synthesized hydrogel exhibits excellent elasticity and hydrophilicity, possessing tunable
mechanical properties. Additionally, the swelling studies confirmed its capacity to retainwater, which is essential
for effective dermal application. The synthesized BSAhydrogel integratedwithAgNPs also showed excellent
antibacterial properties against a broad-spectrum group of pathogenic bacterial strains, whichwas comparable
with the existing antibiotics in themarket (i.e., kanamycin). The synthesized hydrogel was found to be
biocompatible based on theMTT assay performed on theHEK-293 (mammalian cell line), indicating the
cytocompatibility andmarking a significant potential of their biological applications.Moreover, while
comparing the effect of Ag dosage in the BSAhydrogel samples, BSA10 outperformedBSA5 in terms of higher
elastic strength, lower swelling index value, and increased hydrophobiciy. Furthermore, the BSA10 samples
showed better antibacterial efficacy against gram-positive and gram-negative pathogenic bacterial strains by
possessing almost twice the ZOI compared to BSA5,making themmore competent to use against dermal
infections. Also, BSA10 possessed improved biocompatibility, promoting cell growth and therebymaking them
a promising candidate formedical applications. Therefore, this low-cost synthesized hydrogel-NPs system
makes it an excellent option to explore for various pharmaceutical industry applications.
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