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ABSTRACT: Bioadhesive hydrogels play a crucial role in
biomedical applications due to their capacity to adhere to
biological surfaces. This study investigates a novel bioadhesive
hydrogel system developed from poly(vinyl alcohol) (PVA) and
ascorbic acid (AS), cross-linked through gamma irradiation at 7
kGy, and modified with 5 wt % tannic acid (TA). The primary
objective was to enhance the hydrogel’s bioadhesive, mechanical,
and antimicrobial properties. Mechanical testing revealed that the
(PVA/AS)/TA hydrogel exhibited significant improvements, with
a lap shear strength of 92 kPa, a tensile strength of 0.57 MPa, and
an elongation at break of 180%, compared to the unmodified
variant. Antimicrobial efficacy was assessed against bacterial strains,
including Staphylococcus aureus and Escherichia coli, showing potent inhibitory effects with minimum inhibitory concentration (MIC)
values of 25 μg/mL and 30 μg/mL, respectively. The findings indicate that the (PVA/AS)/TA hydrogel is a promising candidate for
wound healing, drug delivery, and tissue engineering applications. It showcases its novelty in improving bioadhesive properties while
providing antimicrobial functionality, thus addressing critical challenges in biomedical material design.

1. INTRODUCTION
Bioadhesive hydrogels have garnered significant attention in
biomedical applications due to their ability to adhere to
biological surfaces and provide sustained delivery of
therapeutic agents. These versatile materials represent a
promising frontier in developing advanced drug delivery
systems, tissue engineering scaffolds, and wound healing
technologies.1 By combining the properties of hydrogels highly
hydrated, three-dimensional polymer networks with bioadhe-
sive characteristics, researchers have created a class of
biomaterials that can intimately interact with biological tissues
while maintaining their structural integrity and functionality.2

Recent research has highlighted significant findings in
application of advanced material.3,4 Complemented by ex-
plored innovative hydrogel for environmental application5−8

One of the key advantages of bioadhesive hydrogels is their
ability to provide sustained and controlled release of
therapeutic agents. Researchers can achieve prolonged release
profiles that maintain therapeutic concentrations over ex-
tended periods by incorporating drugs or bioactive molecules
within the hydrogel network.9 This characteristic is precious in
the treatment of chronic conditions or in situations where
frequent drug administration is impractical or undesirable.
Furthermore, the intimate contact between the bioadhesive

hydrogel and the target tissue can enhance local drug
concentrations,10 potentially reducing systemic side effects
and improving overall treatment efficacy. Developing bio-
adhesive hydrogels involves carefully considering various
factors, including polymer composition, cross-linking density,
and incorporating specific functional groups that promote
adhesion to biological surfaces.11 Common polymers used in
the fabrication of bioadhesive hydrogels include natural
polymers such as chitosan, alginate, and hyaluronic acid, as
well as synthetic polymers like poly(acrylic acid), poly(vinyl
alcohol), and poly(ethylene glycol).12 These polymers can be
modified or combined to achieve desired mechanical proper-
ties, swelling behavior, and bioadhesive strength. The
application of bioadhesive hydrogels extends beyond tradi-
tional drug delivery systems. In tissue engineering, these
materials serve as scaffolds supporting cell growth,1 promoting
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tissue regeneration, and facilitating the controlled release of
growth factors or other bioactive molecules. Bioadhesive
hydrogels have shown promise in the engineering of soft
tissues, such as cartilage and skin, where their ability to mimic
the extracellular matrix and provide a supportive environment
for cell proliferation and differentiation is highly advantageous.
Despite bioadhesive hydrogels’ numerous advantages and
potential applications, several challenges remain in their
development and clinical translation.13 One of the primary
challenges is achieving an optimal balance between bio-
adhesion strength and the ability of the hydrogel to maintain
its structural integrity over time. Hydrogels that adhere too
strongly to biological surfaces may cause tissue damage upon
removal, while those with insufficient adhesion may not
provide the desired therapeutic effects. Researchers are
exploring various strategies to address this challenge, including
developing mucoadhesive polymers with reversible bonding
mechanisms and incorporating enzymatically degradable cross-
links.14

The mechanical properties of bioadhesive hydrogels also
play a crucial role in their performance and applicability.
Depending on the intended application, hydrogels may need to
withstand various mechanical stresses while maintaining their
structural integrity and bioadhesive properties.15 The current
article explores various strategies to enhance the mechanical
strength of bioadhesive hydrogels, including the incorporation
of nanoparticles, the development of double-network hydro-
gels, and the use of novel cross-linking techniques. Including
tannic acid (TA) in poly(vinyl alcohol) (PVA)/ascorbic acid
(AA) blend solutions is a strategic approach to facilitate the
formation of a robust bioadhesive hydrogel through various
intermolecular interactions. TA, a polyphenolic compound
with diverse functional groups, can interact with both PVA and
AA via hydrogen bonding, ionic bonding, and hydrophobic
interactions.16 These interactions contribute significantly to
the hydrogel network’s self-assembly and cross-linking. TA
possesses numerous phenolic and carbonyl groups that can act
as both hydrogen bond donors and acceptors. PVA, a synthetic
polymer with hydroxyl groups, can form hydrogen bonds with
TA’s phenolic and carbonyl groups.
The incorporation of tannic acid into poly(vinyl alcohol)

(PVA) hydrogels enhances their bioadhesive properties,
enabling strong adhesion to biological tissues, which is
essential for applications like wound dressings requiring
prolonged tissue contact.17 Additionally, the PVA/tannic acid
(TA) composite hydrogels exhibit significant antimicrobial
activity, making them effective against various pathogens,
which is crucial for preventing infections in wound care
applications.18 The mechanical properties of these hydrogels
can be optimized by adjusting tannic acid concentrations and
the irradiation doses used during preparation. Studies indicate
that the resulting hydrogels exhibit high tensile strength and
elasticity, which are particularly important for use in dynamic
biological environments. Furthermore, these hydrogels dem-
onstrate excellent biocompatibility, making them suitable for a
range of medical applications, including wound healing and
tissue engineering.19 Similarly, AA, with its carboxyl and
hydroxyl groups, can participate in hydrogen bonding
interactions with TA.16 These hydrogen bonding interactions
contribute to the physical cross-linking and self-assembly of the
(PVA/AS)/TA hydrogel system. The formation of a network
of hydrogen bonds enhances the hydrogel’s structural integrity
and contributes to its mechanical strength. While significant

progress has been made in bioadhesive hydrogels, several areas
require further investigation to fully realize their potential in
biomedical applications.20 One such area is developing
improved in vitro models and better testing methods to
predict these materials’ in vivo performance. Current methods
for assessing bioadhesion strength and drug release profiles
often rely on simplified models that may not accurately reflect
biological tissues’ complex and dynamic environment.
Developing more sophisticated, physiologically relevant testing
platforms could accelerate the translation of novel bioadhesive
hydrogel formulations from the laboratory to clinical
applications.21 This research aims to develop a multifunctional
bioadhesive hydrogel with enhanced mechanical and anti-
microbial properties suitable for various biomedical applica-
tions. The novelty lies in the unique combination of PVA and
ascorbic acid, cross-linked via gamma irradiation and modified
with tannic acid.

Gamma irradiation induces cross-linking in PVA chains,
enhancing the mechanical strength and elasticity of the
hydrogels. This cross-linking results from the generation of
free radicals by γ rays, facilitating the formation of covalent
bonds between polymer chains and forming a more stable and
robust network.22 The increased cross-link density also
improves adhesion properties, as a stronger matrix can interact
more effectively with biological tissues. The presence of tannic
acid enhances hydrogen bonding interactions between PVA
and tannic acid molecules, and gamma irradiation further
promotes these interactions by modifying the functional
groups within the polymer matrix, resulting in a more cohesive
structure.23

The research addresses key challenges in hydrogel develop-
ment, such as achieving an optimal balance between adhesion
and mechanical strength. It provides a comprehensive analysis
of the hydrogel’s properties, paving the way for its application
in wound healing, drug delivery, and tissue engineering. The
novelty of this research lies in the unique formulation of a
bioadhesive hydrogel composed of poly(vinyl alcohol) (PVA)
and ascorbic acid (AA), cross-linked via gamma irradiation and
modified with tannic acid (TA). This approach synergistically
enhances the hydrogel’s mechanical and antimicrobial proper-
ties, addressing key challenges in hydrogel development. The
resulting (PVA/AS)/TA hydrogel shows significant promise
for wound healing, drug delivery, and tissue engineering
applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinyl alcohol) (PVA) and ascorbic

acid (AS) were the main components for preparing the
bioadhesive hydrogel formulations. PVA, with an average
molecular weight of 88.000 and a degree of hydrolysis of 21%,
was obtained from Sigma-Aldrich Co., while AS, with a purity
of 98%, was purchased from Acros.

2.2. Preparation of PVA/AS Hydrogels by Gamma
Irradiation. The gamma irradiation technique synthesized the
PVA/AS hydrogel formulations using a 60Co gamma source.
The required amounts of PVA and AS were accurately weighed
and dissolved in distilled water to obtain a 10% w/v PVA
solution with varying AS concentrations of 0%, 1%, 2%, 3%,
4%, and 5% w/w concerning PVA. The solutions were
thoroughly mixed until a homogeneous mixture was obtained.
The homogeneous PVA/AS solutions were poured into
specialized containers suitable for gamma irradiation and
sealed to prevent evaporation. The sealed containers were then
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subjected to gamma irradiation at different doses of 0, 3, 7, 9,
12, and 15 kGy using a gamma irradiator [The irradiation
technique was carried out by a Gamma Cell (60Co source)
irradiation unit Model 220 located at National Center for
Radiation Research and Technology (NCRRT). At the time of
the experimental research, the dose rate was 1.107 kGy/hour].
After irradiation, the PVA/AS blend formulations were
carefully kept at a temperature of 4 °C with a relative
humidity (RH%) of 50% for further characterization and
analysis. The compositions of the various PVA/AS blend
formulations irradiated by gamma irradiation, along with their
respective codes, are summarized in Table 1.

Scheme 1 address the possible preparation mechanism of the
blend. Initially, the components consist of poly(vinyl alcohol)
(PVA) in liquid form, ascorbic acid (AS) in liquid form, and
tannic acid. The first step involves combining PVA and
ascorbic acid solutions, which creates an initial network
through hydrogen bonding and possible physical entangle-
ments. Subsequently, the mixture is exposed to γ radiation,
initiating radical formation, likely primarily from ascorbic acid.

This irradiation process promotes cross-linking between PVA
chains, with ascorbic acid potentially acting as a cross-linking
agent or radical initiator, resulting in the formation of a
“double network” structure. After irradiation, tannic acid is
incorporated into the mixture, where it likely interacts through
hydrogen bonding with both PVA and ascorbic acid, further
reinforcing the network structure. This combination of
covalent cross-links (formed during irradiation) and non-
covalent interactions (hydrogen bonding) leads to the
formation of a robust three-dimensional network, contributing
to the fibrous structure observed in the SEM image. The
proposed mechanism highlights the role of each component in
network formation, detailing how gamma irradiation promotes
covalent bond formation and how the interactions, covalent
bonds, hydrogen bonds, and physical entanglements collec-
tively contribute to the unique properties of the final hydrogel.
This mechanism effectively explains the transition from the
initial individual components to the formation of a complex
“double network” structure, incorporating the effects of
irradiation and the distinct roles of PVA, ascorbic acid, and
tannic acid in enhancing the properties of the resulting
hydrogel.

2.3. Antimicrobial Activity. Antimicrobial activity of
(P10A2)7k/TA (250 μg/mL) was evaluated toward Pseudo-
monas aeruginosa, Klebsiella pneumoniae and Escherichia coli as a
model of Gram-negative bacteria while Staphylococcus aureus,
Staphylococcus epidermidis and Bacillus subtilis as a model of
Gram-positive bacteria in addition to Candida albicans and
Candida tropicalis as unicellular organisms. The tested microbes
were known to cause wound infection according to the culture
collection of Drug Microbiology Lab., Drug Radiation
Research Department, EAEA, Cairo, Egypt. The agar well
distribution procedure strictly followed CLSI guideline M51-
A2.24

Placing 100 μL of (P10A2)7k/TA (250 μg/mL), DMSO,
and standard antibiotic (Clindamycin (DA); 2 μg/mL), and
antifungal drug Nystatin (NS, 100 μg/mL) in agar wells (7
mm) seeded with bacterial and fungal strains separately. Then
incubating at 37 °C for 24−48 h, inhibition zones were
measured, and MIC was determined using the microdilution
method.25 Candida species were retained at 2−4 × 107 CFU/

Table 1. Compositions of PVA/Ascorbic Acid (PVA/AS)
Blends Prepared via Gamma Irradiation with Varying
Ascorbic Acid Concentrations and Irradiation Doses

Samples/contents PVA Ascorbic acid Dose (kGy) Key

1 10% 0% 0 (P10A0)0k
2 10% 0% 3 (P10A0)3k
3 10% 0% 7 (P10A0)7k
4 10% 0% 9 (P10A0)9k
5 10% 0% 12 (P10A0)12k
6 10% 0% 15 (P10A0)15k
7 10% 1% 0 (P10A1)0k
8 10% 1% 3 (P10A1)3k
9 10% 1% 7 (P10A1) 7k

10 10% 1% 9 (P10A1)9k
11 10% 1% 12 (P10A1)12k
12 10% 1% 15 (P10A1)15k
13 10% 2% 0 (P10A2)0k
14 10% 2% 3 (P10A2)3k
15 10% 2% 7 (P10A2)7k
16 10% 2% 9 (P10A2)9k
17 10% 2% 12 (P10A2)12k
18 10% 2% 15 (P10A2)15k
19 10% 3% 0 (P10A3)0k
20 10% 3% 3 (P10A3)3k
21 10% 3% 7 (P10A3)7k
22 10% 3% 9 (P10A3)9k
23 10% 3% 12 (P10A3)12k
24 10% 3% 15 (P10A3)15k
25 10% 4% 0 (P10A4)0k
26 10% 4% 3 (P10A4)3k
27 10% 4% 7 (P10A4)7k
28 10% 4% 9 (P10A4)9k
29 10% 4% 12 (P10A4)12k
30 10% 4% 15 (P10A4)15k
31 10% 5% 0 (P10A5)0k
32 10% 5% 3 (P10A5)3k
33 10% 5% 7 (P10A5)7k
34 10% 5% 9 (P10A5)9k
35 10% 5% 12 (P10A5)12k
36 10% 5% 15 (P10A5)15k

Scheme 1. Represent of the Synthesis Process for PVA/AS/
TA Bioadhesive Hydrogel.a

aThe process involves mixing poly(vinyl alcohol) (PVA) and ascorbic
acid (AS) solutions, followed by gamma irradiation to form a double
network structure. Tannic acid (TA) is subsequently incorporated,
resulting in a complex hydrogel with fibrous morphology as evidenced
by SEM imaging.
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mL, while bacterial inoculums were created at 3−6 × 107
CFU/mL.

2.4. Antibiofilm Potential of the Prepared (P10A2)7k/
TA. A qualitative estimation of biofilm formation was studied
according to Christensen et al.26 Investigated was the visual
examination of the biofilm formed at the tube wall with and
without (P10A2)7k/TA, (250 μg/mL) were tested for their
ability to inhibit the growth of sensitive bacteria compared to
the control sample.
After adjusting at 0.5 McFarland, approximately 5.0 mL of

nutrient-rich broth was added to each tube, and the broth,
including the investigated bacteria and unicellular microbes,
was treated. Subsequently, the resulting solution was incubated
at 37.0 ± 2 °C for an entire night. After carefully removing the
tubes’ contents, they were cleaned with PBS (pH 7) and
dried.27 The attached bacterial layers were washed with
deionized water after being fixed with 3.0% sodium acetate
for 10 min. Bacterial biofilms were stained with 0.1% crystal
violet (CV) for 15.0 min, and any leftover stain was removed
with deionized water. Ultimately, 3.0 mL of ethanol was
combined to separate the stain. A UV−vis spectrometer (at
570.0 nm) was used to analyze the microbial biofilms.
Equation 1 was used to calculate the inhibition percentage.

R% 100 (O.D. of control sample

O.D. of the treated sample)

/(O.D. of control sample)

= ×

(1)

2.5. Growth Curve Assay. The influence of the
synthesized (P10A2)7k/TA (250 μg/mL) on the growth of
S. aureus, and E. coli (the most sensitive microbes) was
determined by the growth curve assay according to Huang et
al.28 The microbial suspension was adapted to 0.5 McFarland
(1 × 108 CFU/mL) in 5.0 mL of nutrient broth tubes.
(P10A2)7k/TA were included separately in the examined
tubes. The absorbance of the microbial growth following
treatment was evaluated each 2 h intervals up to 24 h.
(wavelength of 600 nm). The relationship was conducted
between the average number of duplicate readings and the
time required to obtain the typical growth curve.

2.6. Effect of (P10A2)7k/TA on Protein Leakage from
Bacterial Cell Membranes. A 0.5 McFarland (1 × 108 CFU/
mL) pure 18-h bacterial culture was set, and 100 μL was
injected into 10 mL of the nutritional broth that included
scattered and well-sonicated (P10A2)7k/TA at different
concentrations (0.125, 0.25, 0.5, and 1.0 mg/mL). The control
was a broth infused with culture but did not include
(P10A2)7k/TA. After 5 h of incubation at 37 °C, all treated
samples were centrifuged for 15 min at 5500 rpm.29 1 mL of
Bradford reagent was mixed with 100 μL of supernatant for
each sample. The optical density was determined after 10 min
of dark incubation at 595 nm.29

2.7. Statistical Analysis. A one-way ANOVA To statisti-
cally analyze the options at p = 0.05, Duncan’s different areas
and the least significant difference (LSD) analysis were
utilized.30 The statistical program SPSS (version 15) analyzed
and evaluated information and results.

3. RESULTS AND DISCUSSION
3.1. The Effect of Ascorbic Acid Content on Viscosity

of PVA/AS Blends. The viscosity of polymer solutions is a
fundamental parameter that significantly influences their
processing, handling, and application properties. This param-
eter is particularly crucial in bioadhesive hydrogels, where
viscosity impacts adhesive strength, spreadability, and retention
at the application site. Table 2 and Figure 1 present the

viscosity data for poly(vinyl alcohol) (PVA) and ascorbic acid
(AA) blends that were irradiated at a dose of 7 kGy, with
varying concentrations of AA ranging from 0% to 5% w/w
concerning PVA. The data shows that the viscosity of the
PVA/AS blends decreases as the concentration of ascorbic acid
increases. Specifically, the sample with 0% AA (P10A0)7k
exhibits the highest viscosity of 172400 cP, whereas the sample
with 5% AA (P10A1)7k shows the lowest viscosity at 607 cP.
The observed decrease in viscosity with increasing AA
concentration can be attributed to several factors. First,
ascorbic acid is a small molecular weight compound that acts
as a viscosity reducer or thinning agent when added to the
PVA solution. The presence of AA disrupts the intermolecular
hydrogen bonding between PVA chains, reducing the blend’s
overall viscosity. This disruption results in a more fluid and less
viscous solution, as the polymer chains are less entangled and
can move more freely.

Second, the addition of AA increases the ionic strength of
the solution. This increase in ionic strength can cause the PVA
chains to adopt a more compact conformation due to charge
screening effects. The compacted chains reduce the polymer
chain extension and entanglement, further contributing to the
decrease in viscosity. The ability of AA to influence the ionic
environment within the solution highlights its role in
modifying the physical properties of the polymer matrix.

Another significant factor is AA’s potential to facilitate free
radical formation during gamma irradiation. Free radicals can

Table 2. Viscosity Data for PVA/AS Blends

Viscosity (cP) 172400 607 667 646 761 693
AA content (P10A0)7k (P10A1)7k (P10A2)7k (p10A3)7k (p10A4)7k (P10A5)7k

Figure 1. Viscosity of PVA/AS blends with varying ascorbic acid
concentrations.
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induce chain scission or degradation of PVA chains, leading to
shorter polymer chains that exhibit lower viscosities than their
longer counterparts. The degradation process results in a
decrease in molecular weight and, consequently, a reduction in
viscosity. This mechanism underscores the impact of gamma
irradiation and AA on the molecular structure of the polymer
blend.
Additionally, the presence of AA may influence the degree of

cross-linking or network formation within the PVA hydrogel
during gamma irradiation. Lower cross-linking densities can
decrease viscosities as the polymer network becomes less dense
and more flexible. The interaction between AA and the cross-
linking process is crucial for understanding the rheological
behavior of the hydrogel under different conditions.
From a practical standpoint, the ability to modulate the

viscosity of bioadhesive hydrogels by varying the AA content is
advantageous. Higher viscosities may be desirable for
applications requiring better retention and adhesion at the
application site, ensuring that the hydrogel remains in place as
biomaterials. In contrast, lower viscosities could facilitate easier
handling, spreading, and injection of the hydrogel formula-
tions, making them more suitable for applications where
precise application and ease of use are critical.

3.2. The Effect of Irradiation Dose on Viscosity of
PVA/AS Blends. viscosity changes in PVA/AS blends under
gamma irradiation provide crucial insights into how irradiation
dose can modulate polymer solution properties. Understanding
these factors enables researchers and developers to design
bioadhesive hydrogels with optimized performance for targeted
medical applications. The data presented in Table 3 and
visualized in Figure 2 offers a quantitative basis for predicting

hydrogel behavior under various irradiation conditions,
essential for optimizing the balance between viscosity, cross-
linking, and mechanical properties in biomedical applications.
Table 3 and Figure 2 present the viscosity data for the PVA/AS
blends containing 2% ascorbic acid (AA) subjected to different
gamma irradiation doses ranging from 0 kGy (nonirradiated)
to 15 kGy. The data shows that the viscosity of the PVA/AS
blends generally increases with increasing irradiation dose, with

some exceptions at lower doses. The nonirradiated sample
(P10A2)0k exhibits a relatively low viscosity of 582 cP, which
can be attributed to the absence of cross-linking and the
presence of linear or minimally branched PVA chains. As the
irradiation dose increases, the viscosity remains unchanged (at
3 kGy) or decreases slightly (at 7 kGy). This behavior could be
attributed to the following factors: (1) At lower irradiation
doses, the predominant effect is the formation of free radicals,
which can lead to chain scission or degradation of PVA chains,
resulting in a temporary decrease in viscosity. (2) The
presence of ascorbic acid (AA) may also contribute to the
initial viscosity decrease by facilitating free radical formation
and PVA chain scission at lower doses. (3) However, as the
irradiation dose increases further (beyond 7 kGy), a significant
increase in viscosity is observed, with the highest viscosity of
743 cP achieved at 12 kGy. This viscosity increase can be
attributed to the following factors: (1) At higher irradiation
doses, the cross-linking of PVA chains becomes the dominant
process, forming a three-dimensional network structure. This
cross-linking increases the molecular weight and entanglement
of the polymer chains, resulting in higher viscosities. (2) The
presence of ascorbic acid (AA) may contribute to the cross-
linking process by generating free radicals and facilitating the
formation of intermolecular and intramolecular cross-links
between PVA chains. (3) The increased cross-linking density
at higher irradiation doses also restricts the mobility and
flexibility of the polymer chains, further contributing to the
observed viscosity increase. It is worth noting that at the
highest irradiation dose of 15 kGy, a slight decrease in viscosity
(719 cP) is observed compared to the 12 kGy sample. This
behavior could be attributed to potential chain scission or
degradation processes occurring at very high irradiation doses,
which may outweigh the cross-linking effects, leading to a
slight viscosity reduction. The ability to modulate the viscosity
of PVA/AS hydrogel formulations by varying the irradiation
dose is advantageous for tailoring the rheological properties to
suit specific biomedical applications. Higher viscosities may be
desirable for applications requiring better retention and
adhesion, while lower viscosities could facilitate easier
handling, spreading, and injection of the hydrogel formula-
tions. It is important to consider the viscosity data in
conjunction with other properties, such as bioadhesive
strength, swelling behavior, and degradation profiles, to
optimize the formulation for the desired application.

3.3. Adhesion Strength-Based, Adding Tannic Acid
(TA) to the PVA/AS Blend Solution to Form Bioadhesive
Materials. The mechanical properties of (PVA/AS)/TA
hydrogels prepared via gamma irradiation, as presented in
Table 4, offer valuable insights into these materials’ perform-
ance and potential applications. The comprehensive data,
encompassing lap shear strength, tensile strength, elongation at
break, and Young’s modulus for various hydrogel formulations
with different TA content and irradiation doses, provides a
robust foundation for evaluating the hydrogels’ suitability for
diverse biomedical applications. Lap shear strength, a critical
indicator of the hydrogel’s adhesive capabilities, demonstrates
a notable trend with increasing TA content. The data reveals
that adhesive strength improves as TA concentration rises,

Table 3. Viscosity Data for PVA/AS Blends with Varying Irradiation Doses

Viscosity (cP) 582 767 667 620 743 719
Dose (P10A2)0k (P10A2)3k (P10A2)7k (P10A2)9k (P10A2)12k (P10A2)15k

Figure 2. Effect of Irradiation Dose on Viscosity of PVA/AS Blends.
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reaching a peak of 92 kPa for the formulation containing 7 wt
% TA. This optimal point suggests a synergistic interaction
between the PVA/AS matrix and the TA component, likely
due to enhanced cross-linking and intermolecular interactions.
However, the slight decrease in lap shear strength observed at
10 wt % TA indicates a threshold beyond which additional TA
may not improve adhesion. This behavior could be attributed
to the oversaturation of cross-linking sites or potential
interference with the polymer network structure at higher
TA concentrations.
The tensile strength and elongation at break data provide

crucial information about the hydrogel’s mechanical integrity
and flexibility. Both properties show a positive correlation with
TA content, culminating in maximum values of 0.57 MPa for
tensile strength and 180% for elongation at break in the
formulation with 7 wt % TA. This simultaneous improvement
in strength and flexibility is particularly noteworthy, as it
suggests that incorporating TA enhances the hydrogel’s overall
mechanical performance without compromising its elasticity.
Such a combination of properties is highly desirable in
biomedical applications where the material must withstand
mechanical stresses while maintaining flexibility to conform to

biological tissues or interfaces. Young’s modulus data further
complements the mechanical property profile, offering insights
into the hydrogel’s stiffness and elasticity. The observed
increase in Young’s modulus with TA content, peaking at 0.85
MPa for the 7 wt % TA formulation, indicates a progressive
enhancement in the material’s structural rigidity. This trend
aligns with the improvements in tensile strength, suggesting
that TA incorporation strengthens the hydrogel network and
increases its resistance to deformation under stress. The ability
to modulate the Young’s modulus is particularly valuable in
tissue engineering applications, where matching the mechanical
properties of the scaffold to those of the target tissue is crucial
for proper cell growth and differentiation. The interplay
between these mechanical properties and their dependence on
TA content and irradiation dose highlights the versatility of
these hydrogel systems. By adjusting these parameters,
researchers can fine-tune the hydrogel’s characteristics to
meet specific requirements for various biomedical applications.
For instance, formulations with higher lap shear strength could
be ideal for wound dressings or surgical adhesives, where
strong adhesion to biological tissues is paramount.

Conversely, hydrogels with optimized tensile strength and
elongation at break might be more suitable for applications
involving dynamic mechanical environments, such as cartilage
or tendon repair, where the material must withstand repeated
deformation cycles. Moreover, controlling Young’s modulus
opens up possibilities in tissue engineering and regenerative
medicine. By matching the stiffness of the hydrogel to that of
the target tissue, researchers can create more biomimetic
scaffolds that promote appropriate cell behavior and tissue
development. This control over mechanical properties is
precious in applications targeting tissues with varying
mechanical requirements, from soft tissues like skin to more
rigid structures like bone. The comprehensive data in Table 4
allow a nuanced understanding of how TA content and
irradiation dose influence the hydrogel’s mechanical behavior.
This wealth of information enables researchers to make

Table 4. Mechanical Properties of (PVA/AS)/TA Hydrogels

(P10A2)
7k +

1 wt % TA

(P10A2)
7k +

3 wt % TA

(P10A2)
7k +

5 wt % TA

(P10A2)
7k +

7 wt % TA

(P10A2)
7k +

10 wt %
TA

lap shear
strength
(kPa)

45 55 70 92 80

tensile
strength
(MPa)

0.28 0.35 0.42 0.57 0.48

elongation at
break (%)

120 140 165 180 170

Young’s
modulus
(MPa)

0.45 0.52 0.68 0.85 0.72

Figure 3. Schematic illustration of the fabrication process and mechanisms of bioadhesion. (A) Schematic illustrating the fabrication process and
putative cross-linked structure of (PVA/AS)/TA hydrogels. (B) SEM image analysis of (PVA/AS)/TA hydrogels.
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informed decisions when designing hydrogels for specific
biomedical applications, balancing factors such as adhesion
strength, mechanical integrity, flexibility, and structural
support.

3.4. Fast Gelation and Fibril Structure of PVA/AS/TA
Bioadhesive Hydrogels. The ultrafast gelation of the PVA/
AS/TA bioadhesive hydrogel at ambient temperature is a
significant advantage, as it allows easy application and
conformation to the target tissue surface. The ability to form
the hydrogel by simply mixing the polymer precursor solution
(P10A2)7k with the TA solution highlights the simplicity and
practicality of the system. The strong adhesion and retention of
the PVA/AS/TA bioadhesive hydrogel on wet tissue surfaces,
as shown in Figure 3A, is a crucial feature for biomedical
applications. This bioadhesive property enables the hydrogel to
remain in close contact with the target site, facilitating
sustained drug delivery and wound healing. The SEM image
of the PVA/AS/TA bioadhesive hydrogel (Figure 3B) reveals a
fibrillar morphology. This fibrillar structure enhances the
surface area and porosity of the hydrogel, potentially improving
drug penetration and oxygen permeability. The increased
oxygen permeability can promote faster wound healing,
making the PVA/AS/TA bioadhesive hydrogel a promising
candidate for wound dressing applications.
Furthermore, the bioadhesive properties of the PVA/AS/TA

hydrogel make it suitable for applications in promoting
gastrointestinal (GI) mucosal healing. The ability to adhere
to the mucosal surfaces can facilitate localized drug delivery,
protect the affected areas, and support the healing process.
Overall, the ultrafast gelation, strong bioadhesive properties,
fibrillar morphology, and potential for improved drug
penetration and oxygen permeability make the PVA/AS/TA
bioadhesive hydrogel a promising biomaterial for various
biomedical applications, including wound healing, drug
delivery, and gastrointestinal mucosal healing.

3.5. The TEM and SEM Analysis of (PVA/AS) and
(PVA/AS)/TA. The TEM images in Figure 4 illustrate the
nanostructure of poly (vinyl alcohol) (PVA) with ascorbic acid
that has undergone irradiation at 7 kGy (P10A2)7k. Image (a)
provides a lower magnification view of the material, revealing a
larger structure with irregular edges, and highlights a specific
area with a white rectangular box for further examination.
Figure 4b shows a grainy texture along the material’s edge,
highlighting a region of interest with two molecules to form a
spherical shape. Figure 4b−d provides an even higher
magnification, focusing on the material’s detailed, clustered
structure. It shows a densely packed collection of small
particles or granules, offering the finest structural details that
provide insights into the irradiated material’s morphology.
Figure 4e is a scanning electron microscopy (SEM) image of
the (PVA/AS)/TA composite material, specifically the
(P10A2)7k sample. This SEM image was taken at 200×
magnification. It provided detailed insights into the morphol-
ogy of the composite material, highlighting its interconnected
network with a fibrous. The visible pores and the fibrous
network suggest that the composite material may have a
significant surface area. The presence of irregular fragments
and sheet-like structures indicates regions where components
of the composite may have aggregated or where interactions
between PVA, AS, and TA have resulted in phase changes
during sample preparation.

3.6. FTIR Analysis of (PVA/AS)/TA Sample. Figure 5a
presents the FTIR spectrum of tannic acid, revealing

Figure 4. (a−d) TEM image of (PVA/AS) and (e) SEM image of
(PVA/AS)/TA.

Figure 5. the FTIR of (a) tannic acid, (b) PVA/ascorbic acid and (c)
PVA/tannic acid/ascorbic acid.
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characteristic peaks at various wavenumbers, each correspond-
ing to distinct functional groups in the molecule. The
prominent peak at 3283 cm−1 represents O−H stretching
vibrations, characteristic of hydroxyl groups. Peaks at 2924
cm−1 and 2853 cm−1 indicate C−H stretching from alkyl
groups. The peak at 1704 cm−1 is attributed to C�O
stretching, while the peak at 1605 cm−1 corresponds to
aromatic C�C stretching. The peaks at 1455 cm−1 represent
C−O stretching vibrations. Figure 5b displays the FTIR
spectrum of the PVA and ascorbic acid mixture. The distinct
peak at 3305 cm−1 represents O−H stretching vibrations due
to the hydroxyl groups in both PVA and ascorbic acid. Peaks at
2933 cm−1 and 3084 cm−1 are associated with C−H stretching
vibrations of the aliphatic groups. The peak at 1703 cm−1 and
1632 cm−1 indicates C�O stretching, in both PVA and
ascorbic acid. Figure 5c illustrates the FTIR spectrum of the
composite mixture containing PVA, ascorbic acid, and tannic
acid. The peak at 3312 cm−1 represents O−H stretching, while
the peaks at 3094 cm−1, 2933 cm−1, and 2815 cm−1 are
associated with C−H stretching. The peak at 1707 cm−1 and
1635 cm−1 represents C�O stretching in two different
molecules. One of the most noticeable changes is in the O−
H stretching region (3200−3400 cm−1). The broad peak in
this region in Figure 5c (3312 cm−1) appears to combine the
O−H stretching vibrations from both tannic acid and PVA.
This broadening and slight shift in the peak position indicates
the formation of hydrogen bonds between the hydroxyl groups
of tannic acid and PVA. Additionally, the C�O stretching
vibration at around 1700 cm−1 shows a slight shift from 1704
cm−1 in tannic acid to 1707 cm−1 in the composite mixture.
This slight shift could be due to the interaction between the
carbonyl groups of tannic acid and the hydroxyl groups of
PVA, possibly through hydrogen bonding. The presence of
peaks at 1635 cm−1 and 1155 cm−1 in the composite spectrum
suggests that some of the characteristic vibrations of both
tannic acid and PVA are maintained in the mixture. However,
the relative intensities and slight shifts in these peaks indicate
that the chemical environment of these functional groups has
been altered due to the interactions between the components.

3.7. The Effect of Ascorbic Acid Content on Water
Evaporation of PVA/AS Blends. Water evaporation is a
crucial parameter that determines hydrogel formulations’
stability, shelf life, and performance, especially in biomedical
applications where maintaining the desired moisture content is
essential for proper functioning and compatibility with
biological systems. Table 5 and Figure 6 present the water
evaporation data for the PVA/AS blends irradiated at a dose of
7 kGy with varying ascorbic acid (AA) concentrations ranging

from 0% to 5% w/w concerning PVA, over 52 h. The data
shows that the water evaporation rate decreases with an
increase in the concentration of ascorbic acid in the PVA/AS
blends. The sample with 0% AA (P10A0)7k exhibits the
highest water evaporation rate, with approximately 94.58% of
the initial water content evaporating within 52 h. In contrast,
the sample with 5% AA (P10A5)7k shows the lowest water
evaporation rate, with only 47.06% of the initial water content
evaporating simultaneously. This behavior can be attributed to
the following factors: (1) ascorbic acid (AA) is a hygroscopic
compound with a strong affinity for water molecules. The
presence of AA in the PVA/AS blends enhances the water-
retention capacity of the hydrogel, thereby reducing the rate of
water evaporation. (2) AA may interact with the PVA chains
through hydrogen bonding, forming a more tightly bound
hydrogel network that restricts the mobility and evaporation of
water molecules. (3) The addition of AA increases the ionic
strength of the hydrogel system, which can lead to a higher
degree of cross-linking or network formation during gamma
irradiation. A more densely cross-linked network can better
retain water molecules, resulting in a lower evaporation rate.
(4) AA may also form a more hydrophilic environment within
the hydrogel matrix, further enhancing water retention and
reducing evaporation. The ability to modulate the water
evaporation rate by varying the AA content is advantageous for
tailoring the hydrogel formulations to specific biomedical
applications. For instance, formulations with lower water
evaporation rates may be desirable for wound dressings or drug
delivery systems that require sustained moisture levels over
extended periods. It is important to note that while a lower

Table 5. Water Evaporation for PVA/AS Blends

sample time (P10A0)7k (P10A1)7k (P10A2)7k (P10A3)7k (P10A4)7k (P10A5)7k
0.5 16.67% 0% 3.57% 0% 0% 1.96%
1 27.92% 0% 10.71% 12.5% 10% 7.84%
2 41.25% 25% 17.86% 37.5% 10% 13.73%
3 52.92% 25% 25.00% 37.5% 20% 17.65%
4 56.25% 25% 28.57% 37.5% 30% 21.57%
8 81.25% 100% 93.21% 37.5% 40% 23.53%
13 88.33% 100% 35.71% 50% 50% 25.49%
16 89.58% 100% 42.86% 50% 50% 35.29%
21 92.50% 100% 42.86% 50% 50% 37.25%
24 93.33% 100% 46.43% 50% 50% 35.29%
52 94.58% 100% 46.43% 50% 50% 47.06%

Figure 6. Effect of ascorbic acid content on water evaporation of
PVA/AS blends.
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water evaporation rate is generally preferred for most
biomedical applications, excessively low evaporation rates
could lead to issues such as prolonged degradation times or
potential microbial growth. Therefore, an optimal balance
between water retention and evaporation should be achieved
based on the specific requirements of the intended application.
The water evaporation data should be analyzed with other
properties, such as mechanical strength, swelling behavior, and
bioadhesive performance, to develop a comprehensive under-
standing of the PVA/AS hydrogel formulations and optimize
them accordingly.

3.8. The Effect of Irradiation Dose on Water
Evaporation of PVA/AS Blends. The degree of cross-
linking induced by gamma irradiation in PVA-based hydrogels
is crucial in determining their water evaporation behavior. The
extent of cross-linking, which is directly influenced by the
irradiation dose, affects the hydrogel’s network structure,
porosity, and water-holding capacity, ultimately impacting the
rate of water evaporation. Table 6 and Figure 7 present the

water evaporation data for the PVA/AS blends containing 2%
ascorbic acid (AA) and subjected to different gamma
irradiation doses ranging from 0 kGy (nonirradiated) to 15
kGy, over 52 h. The data shows that the water evaporation rate
generally increases with increasing irradiation dose, with some
exceptions at lower doses. The nonirradiated sample
(P10A2)0k exhibits a relatively low water evaporation rate,
with approximately 60% of the initial water content
evaporating within 52 h. This behavior can be attributed to
the absence of cross-linking, resulting in a more linear or
minimally branched polymer structure with a limited ability to

retain water molecules effectively. As the irradiation dose
increases to 3 kGy, the water evaporation rate remains
unchanged, suggesting that the cross-linking process has not
yet significantly influenced the water-holding capacity of the
hydrogel at this dose level. However, as the irradiation dose
increases further (7 kGy and beyond), a significant increase in
the water evaporation rate is observed. This can be attributed
to the following factors: (1) At higher irradiation doses, the
cross-linking of PVA chains becomes more pronounced,
forming a three-dimensional network structure with increased
porosity and interconnected pores. (2) The increased porosity
and pore interconnectivity facilitate the diffusion and
evaporation of water molecules from the hydrogel matrix,
resulting in a higher water evaporation rate. (3) The presence
of ascorbic acid (AA) may contribute to the cross-linking
process by generating free radicals and facilitating the
formation of intermolecular and intramolecular cross-links
between PVA chains, further enhancing the network formation
and porosity. It is worth noting that beyond a certain
irradiation dose (e.g., 12 kGy in this study), the water
evaporation rate appears to plateau or decrease slightly (as
observed for the 15 kGy sample). This behavior could be
attributed to the following factors: (1) At very high irradiation
doses, the degree of cross-linking may become excessive,
leading to a more tightly bound and less porous network
structure, which could hinder the diffusion and evaporation of
water molecules. (2) Potential chain scission or degradation
processes at very high irradiation doses may also contribute to
the observed plateau or decrease in water evaporation rate.
The ability to modulate the water evaporation rate by varying
the irradiation dose is advantageous for tailoring the hydrogel
formulations to specific biomedical applications. For instance,
formulations with higher water evaporation rates may be
desirable for applications that require rapid drying or moisture
management, such as wound dressings or antiperspirants.
Conversely, formulations with lower water evaporation rates
could be beneficial for sustained drug delivery or applications
requiring prolonged hydration. It is important to consider the
water evaporation data with other properties, such as
mechanical strength, swelling behavior, and bioadhesive
performance, to optimize the formulation for the desired
application while maintaining water retention and evaporation
characteristics.

3.9. Microbial Contamination in PVA/AS Hydrogel
Samples. Ensuring biomaterials’ microbial safety and sterility,
such as hydrogels intended for biomedical applications, is
paramount. The presence of bacteria or fungi in these materials
can pose serious health risks and compromise their

Table 6. Effect of Irradiation Dose on Water Evaporation of PVA/AS Blends

sample (P10A2)0k (P10A2)3k (P10A2)7k (P10A2)9k (P10A2)12k (P10A2)15k
t.5 12% 25% 3.57% 9.5% 13.3% 3.5%
t1 20% 25% 10.71% 14% 20% 14.2%
t2 28% 25% 17.85% 19% 26.6% 14.3%
t3 36% 25% 25% 19% 33% 14.3%
t4 40% 100% 28.57% 28.5% 33% 25%
t8 44% 100% 93.2% 33.33% 33% 35.7%
t13 44% 100% 35.7% 38% 40% 39.2%
t16 52% 100% 42.85% 42.8% 53% 39.2%
t21 52% 100% 42.85% 47.6% 60% 39.2%
t24 52% 100% 46.42% 47.6% 60% 39.2%
t52 60% 100% 46.43% 52.38% 66.6% 50%

Figure 7. Effect of irradiation dose on water evaporation of PVA/AS
blends.
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effectiveness. Table 7 and the accompanying figures provide
valuable information on the microbial contamination levels in
the different PVA/AS hydrogel samples prepared using gamma
irradiation.

The data in Table 7 represented a confirmation test to assess
the presence or absence of bacterial and fungal contamination
in the various PVA/AS hydrogel formulations prepared with
different ascorbic acid (AA) concentrations (0−5%) and
irradiation doses (0−15 kGy).
The data shows that most of the samples exhibit minimal or

no microbial contamination, indicating the effectiveness of the
gamma irradiation process in achieving microbial sterilization.
However, a few samples show low bacterial or fungal
contamination levels, which warrants further analysis and
interpretation.
Several samples, such as (P10A1)0k, (P10A2)0k,

(P10A3)7k, (P10A4)7k, (P10A5)7k, (P10A1)9k, (P10A2)9k,
(P10A3)9k, (P10A4)15k, and (P10A5)15k, exhibit no
detectable levels of bacterial or fungal contamination. This
observation suggests that the combination of gamma

irradiation and the antimicrobial properties of ascorbic acid
effectively inhibited microbial growth in these formulations.

A few samples, such as (P10A0)3k, (P10A3)3k, (P10A4)9k,
(P10A0)12k, and (P10A1)12k, show low levels of bacterial
contamination, ranging from 1 to 7 CFU/500 mL (colony
forming units per 500 mL). While these levels are relatively
low, they indicate the presence of some bacterial species that
may have survived the gamma irradiation process or potentially
contaminated the samples during handling or testing.

Certain samples, such as (P10A0)0k, (P10A2)0k,
(P10A3)0k, (P10A4)0k, (P10A0)7k, (P10A4)7k, (P10A0)9k,
and (P10A1)9k, exhibit varying degrees of fungal contami-
nation. The presence of fungi, including Candida and other
species, is indicated in these samples. Fungi are generally more
resistant to gamma irradiation than bacteria, which could
explain their survival in some formulations. It is important to
note that even at low levels, microbial contamination may not
be acceptable for certain biomedical applications, especially
those involving direct contact with tissues or the bloodstream.
In such cases, additional sterilization measures or formulation
modifications may be necessary to ensure complete microbial
safety. The observed microbial contamination levels could be
influenced by several factors, including: (1) effectiveness of
gamma irradiation dose: Higher irradiation doses may be
required to achieve complete sterilization, especially for more
resistant microbial species or spores. (2) Influence of ascorbic
acid concentration: ascorbic acid is known to possess
antimicrobial properties, and higher concentrations may
contribute to better microbial inhibition. (3) Sample handling
and testing procedures: strict aseptic techniques and protocols
should be followed during sample preparation, handling, and
testing to minimize the risk of external contamination. (4)
Inherent properties of the hydrogel formulation: factors such
as pH, water content, and nutrient availability may influence
the growth or survival of certain microbial species. To ensure
the microbial safety of the PVA/AS hydrogel formulations,
further optimization of the irradiation dose, ascorbic acid
concentration, and sterilization procedures may be necessary.
Additionally, incorporating antimicrobial agents or preserva-
tives could be explored as an alternative or complementary
approach to gamma irradiation. Conducting thorough micro-
bial testing and validation studies ensures that the final
hydrogel formulations meet the required safety standards and
regulatory guidelines for their intended biomedical applica-
tions.

Figure 8 visually compares fungal growth across a series of
Petri dishes organized into three rows. Each row contains
dishes subjected to different conditions or treatments,
showcasing varying degrees of fungal development, which is
presumably the focus of a microbiological study or experiment.
In Figure 8a there are five Petri dishes labeled as follows from
left to right: (P10A0)0k (“Candida + True Fungi”), (P10A1)3k
(“1 True Fungi”), (P10A3)0k (“2 Types of Fungi”), (P10A1)9k
(“1 Type of Fungi”), and (P10A2)9k (“1 Type of Fungi”). The
first dish, (P10A0)0k, exhibits the highest amount of visible
fungal growth, which is extensive and likely includes a mix of
Candida and other true fungi. Conversely, the dishes labeled
(P10A1)3k, (P10A1)9k, and (P10A2)9k show minimal fungal
growth, indicating that the conditions in these dishes are less
conducive to fungal proliferation. In Figure 8b, two larger Petri
dishes, both labeled as 1CFU/500m, specifically (P10A1)12k
and (P10A4)9k. These dishes show less visible fungal growth
than those in the top row. The reduced growth in these dishes

Table 7. Microbial Contamination in PVA/AS Hydrogel
Samples

Sample Fungal content Bacterial content

(P10A0)0k Candida + true fungi X
(P10A1)0k X 7 CFU/500 mL
(P10A2)0k X X
(P10A3)0k 2 types of fungi X
(P10A4)0k X X
(P10A5)0k X X
(P10A0)3k X 5 CFU/500 mL
(P10A1)3k 1 true fungi X
(P10A2)3k X X
(P10A3)3k X 1 CFU/500 mL
(P10A4)3k X X
(P10A5)3k X X
(P10A0)7k X X
(P10A1)7k X X
(P10A2)7k X X
(P10A3)7k X X
(P10A4)7k 1 CFU Candida 1 CFU/500 mL
(P10A5)7k X X
(P10A0)9k X X
(P10A1)9k 1 type fungi X
(P10A2)9k 1 type fungi X
(P10A3)9k X X
(P10A4)9k X 1 CFU/500 mL
(P10A5)9k X X
(P10A0)12k X X
(P10A1)12k 1 CFU/500mL 1 CFU/500 mL
(P10A2)12k X X
(P10A3)12k X X
(P10A4)12k X X
(P10A5)12k X 113 CFU/500 mL
(P10A0)15k 1 CFU/500 mL 1 CFU/500 mL
(P10A1)15k X X
(P10A2)15k X X
(P10A3)15k X X
(P10A4)15k X X
(P10A5)15k X X
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might be due to their specific treatment or the conditions
provided, which were less favorable for extensive fungal
development. The “1CFU/500m” label suggests a controlled,
low-concentration inoculation meant to observe growth from a
minimal starting population. In Figure 8c there are three more
Petri dishes, also labeled as 1 CFU/500m: (P10A3)3k,
(P10A4)7k, and (P10A0)15k. The middle dish (P10A4)7k shows
the most visible fungal growth in this row, indicating that it had
conditions favorable for fungal development, despite the low
initial inoculation. The other dishes in this row exhibit varying
but generally lower levels of fungal growth. The lowest fungal
growth is observed in dishes (P10A1)3k, (P10A1)9k, (P10A2)9k,
and (P10A0)15k. These dishes display minimal visible fungal
colonies on the agar surface, suggesting conditions that limit
fungal proliferation. The highest fungal growth is noted in the
dish (P10A0)0k, labeled “Candida + True Fungi,” which shows
significant fungal growth covering much of the agar surface.
This extensive growth suggests optimal conditions for the fungi
present.
The visibility of fungal growth in these dishes highlights the

differences in environmental conditions, treatment effects, or
initial fungal populations, providing valuable insights into the
factors influencing fungal proliferation in PVA/AS hydrogel
formulations.

3.10. Antimicrobial Potential. Antimicrobial products
have been used to prevent microbial illnesses that can lead to
clinical poisoning over time.31 Nonetheless, research into novel
compounds for microbial suppression based on particular
nanomaterials is gaining traction32 This work used the well-
agar diffusion technique to examine the antibacterial capability
of the (P10A2)7k/TA as it was synthesized. According to our

findings, the produced (P10A2)7k/TA (250 ppm) has a
broad-spectrum deactivation impact on the examined bacteria.
Furthermore, as Table 8 illustrates, (P10A2)7k/TA (250 ppm)
had the strongest effect against all tested microbes.

3.10.1. MIC Starting with 1000 (μg/mL). The results
demonstrated that the examined microorganisms were robust
to the utilized medicines and that our specimens were stronger
than the standard antibiotics. The as-synthesized (P10A2)7k/
TA antimicrobial qualities were evaluated using a common
antibiotic such as Amoxycillin (CD), and the outcomes
showed these conclusions. Several characteristics, including a
tiny size and an elevated surface-to-volume ratio, are common
in the synthesized samples. They can display distinct and
important behaviors when incorporating and connecting with
some infectious microbes, such as bacteria.33 The minimum
inhibition concentration (MIC) values for all investigated
microorganisms in the integrated samples varied from 31.25 to
500 μg/mL. (P10A2)7k/TA demonstrated a promising MIC
of 31.25 μg/mL against S. aureus (Table 7).

The created (P10A2)7k/TA’s encouraging attributes are
crucial to their antibacterial capabilities; the generated
nanocomposites’ elemental structure, purity, and size should
be examined to understand their antimicrobial activities.34 The
exceptional antibacterial efficacy and the produced
(P10A2)7k/TA characteristics are significant. The produced
(P10A2)7k/TA’s antibacterial activity against all existing
bacteria was enhanced by the (P10A2)7k/TA and its
promising particle size, even at extremely low concentrations
(31.25 μg/mL). Beyond the typical organic and artificial
antimicrobial agents, they retained the appropriate physical
and chemical properties, such as a more unique connection for
interactions, allowing for higher synergy with more harmful
bacteria and yeast and enhancing their antibacterial efficacy.35

However, it is unknown how nanosilica works as an
antibacterial. Amazingly sophisticated processes existed, such
as the dispersion of reactive oxygen species (ROS) (superoxide
anion; O2

−).36 The pathogenic bacteria’s combination of
(P10A2)7k/TA and an alkaline inclination was used to
illustrate the antimicrobial activity mechanism.37 According
to certain theories, (P10A2)7k/TA may modify the shape and
content of microbial films, modify the permeability of

Figure 8. Comparison of fungal growth in PVA/AS hydrogel blends
with varying ascorbic acid concentrations and gamma irradiation
doses. (a) Fungal growth in samples (P10A0)0k, (P10A1)3k, (P10A3)0k,
(P10A1)9k, and (P10A2)9k. (b) Samples (P10A1)12k and (P10A4)9k. (c)
Samples (P10A3)3k, (P10A4)7k, and (P10A0)15k. (CFU/500m = CFU/
500 mL).

Table 8. Inhibition Zones and MICs of Bimetallic
(P10A2)7k/TA against Bacterial and Fungal Strains

(P10A2)7k/TA

Bacterial strain
DMSO IZ
(mm) IZ (mm)

MIC
(μg/mL)a

CD or NS IZ
(mm)

Pseudomonas
aeruginosa

ND 15.5 ± 1.5e 250 ND

Klebsiella
pneumoniae

ND 13.0 ± 1.3f 500 ND

Escherichia coli ND 19.5 ± 1.6b 62.5 ND
Staphylococcus
aureus

ND 21.5 ± 0.7a 31.25 ND

Staphylococcus
epidermidis

ND 13.5 ± 1.5e,f 500 ND

Bacillus subtilis ND 18.5 ± 0.7c 62.5 ND
Candida albicans ND 17.5 ± 1.8d 125 ND
Candida tropicalis ND 15.5 ± 1.6e 250 ND
aValues are means ± SD (n = 3). Data within the groups were
analyzed using one-way analysis of variance (ANOVA) followed by
a,b,c,d,e,f Duncan’s multiple range test (DMRT).
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microbial membranes, and induce oxidative stress genes to
reside in response to H2O2 generation.38

3.11. Antibiofilm Activity of (P10A2)7k/TA. It has been
established that pathogenic microorganisms with exopolysac-
charide (EPS) secretion exhibit biofilm formation.39 Six
bacterial species were used to evaluate the biofilm eradication
activity of (P10A2)7k/TA. According to the results, most of
the tested strains’ ability to produce biofilm was inhibited by
(P10A2)7k/TA. The antibiofilm effectiveness of (P10A2)7k/
TA versus the strains isolated were displayed in Table 9. It is

important to note that research was done on (P10A2)7k/TA
to prevent biofilm formation during the initial stage of
antimicrobial action, known as continuous adhesion. The
potential of antimicrobial agents, the tested (P10A2)7k/TA’s
large surface area, physical properties like particle size and
invasion abilities, and additional chemical factors that affect the
nanocomposite’s interaction with biofilm-producing microbes,
such as surface charge, all influence the inhibitory percent-
age.40

The antibiofilm activity of (P10A2)7k/TA toward S. aureus
(74.50%), C. albicans (63.3%), and E. coli (62.6%) was
maximum at a concentration of 250 ppm. Using (P10A2)7k/
TA as biofilm suppressive agents has been shown to include
two steps. Microbial cells’ adherence to the hard substrate may
be compromised in the early stages. Therefore, it may be
possible to prevent EPS production and the development of
the mature stage. In the second step, the active sample can
continue to affect the developed biofilm by penetrating the film
and killing the microbial cells, which causes the created biofilm
to disperse. In light of this, we believe that green sample-based
antibiofilm coatings are potential probes for biofilm visual-
ization, therapy, and eradication. Other benefits include their
broad range efficacy and low toxicity. Therefore, green samples
might provide visual monitoring and detect the inhibitory
process.41

3.12. Growth Curve Method: Kinetic Study. Figure 9
shows the impact of (P10A2)7k/TA on S. aureus growth. In
the control sample, S. aureus overgrew, reaching its highest
optical density at λ = 600 nm (OD600) value at 3.33 nm.
Indifference, (P10A2)7k/TA’s OD600 value (1.23 nm) revealed
the poorest results, indicating the influence of repression on S.
aureus growth. The production of certain ROS on the outer
layer of the synthesized samples has frequently been reported

in earlier research.42 ROS produced by (P10A2)7k/TA can kill
bacteria by causing lipid peroxidation, DNA damage, and
protein oxidation.43 Furthermore, although the S. aureus
membrane retains a negative charge, the metal ions produced
by (P10A2)7k/TA have a positive charge. This indicates arise
in response to halting bacterial DNA replication, protein
denaturation, and bacterial cell disintegration.44 The increased
sensitivity of Gram-positive bacteria to the produced
(P10A2)7k/TA may be due to their membranes’ increased
rigidity.45

Other factors that could make it easier for irradiated
nanosilicas to attach themselves to Gram-positive bacteria
include their size, shape, and surface charge. According to Xu
et al.46 some produced NPs broke the E. coli membrane after
80 min of UV irradiation. suggesting that disinfection had
finished. Several investigations revealed that most NPs have
antibacterial ability against various bacterial strains, such as S.
aureus and E. coli.47

3.12.1. Bacterial Protein Leakage Investigation. The
Bradford technique calculated the proteins released from the
treated S. aureus solution.48 As shown in Figure 10, the
quantity of bacterial protein eliminated is directly related to the
concentration of (P10A2)7k/TA (at different concentrations).
After treatment with (P10A2)7k/TA, at a concentration of 1.0

Table 9. Semi-Quantitative Inhibition % of the Biofilm
Formation for Non-Treated and Treated Bacterial
Pathogens with (P10A2)7k/TAa

Bacterial isolate O.D. of control
O.D. after
treatment Inhibition %

Pseudomonas
aeruginosa

0.943b ± 0.023 0.400b ± 0.034 57.5

Klebsiella pneumoniae 0.801f ± 0.011 0.385d ± 0.012 51.9
Escherichia coli 0.923c ± 0.040 0.345e ± 0.022 62.6
Staphylococcus aureus 0.872e ± 0.015 0.222f ± 0.058 74.5
Staphylococcus
epidermidis

0.551g ± 0.010 0.210g ± 0.010 61.8

Bacillus subtilis 0.790g ± 0.013 0.390e ± 0.050 50.6
Candida albicans 0.888d ± 0.013 0.321e ± 0.050 63.3
Candida tropicalis 0.990a ± 0.013 0.543a ± 0.050 45.1
aValues are means ± SD (n = 3). Data within the groups are analyzed
using one-way analysis of variance (ANOVA) followed by
a,b,c,d,e,f,g,h Duncan’s multiple range test (DMRT).

Figure 9. Effect of (P10A2)7k/TA on the growth curve of S. aureus.

Figure 10. Shows the effect of (P10A2)7k/TA on protein leakage
from S. aureus cell membranes.
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mg/mL, the amount of bacterial protein removed is counted to
be 210.34 μg/mL. This indicates the antibacterial properties of
the synthesized (P10A2)7k/TA and explains the appearance of
holes in the S. aureus membrane that aid in releasing proteins
from the cytoplasm of the bacteria.
The results showed that raising the concentration of

improved S. aureus permeability in the membrane leads to a
direct proportionate removal of bacterial protein. The primary
factor suppressing the bacterial bulk is the favorable influence
on membrane permeability concerning protein leakage. Similar
findings were defined when combining NPs in corresponding
investigations like [40] and [41], which indicated concen-
tration-dependency for the dislodgment in the bacterial barrier
and indicated bacterial internal organelle leaking through the
extracellular cell structure.
Paul et al.49 state that the rate variation between the

associated electric conductivity established the difference in the
permeability of the bacterial membrane. One of the most
important methods for assessing the structural strength of any
microorganism is the protein leakage test. Leakage eventually
turned into regular microbial damage, and the discharge of cell
components resulted in cell death.

4. CONCLUSION
In this study, we successfully developed a novel (PVA/AS)/TA
hydrogel with enhanced bioadhesive, mechanical, and anti-
microbial properties through gamma irradiation. Incorporating
5 wt % TA significantly improved the lap shear strength, tensile
strength, and elongation at break, demonstrating the hydrogel’s
robust mechanical performance. The (P10A2)7k/TA hydrogel
exhibited potent antimicrobial activity against various bacterial
and fungal strains, highlighting its potential for preventing
infections in biomedical applications. The ability to modulate
the viscosity and water evaporation rates by varying the AA
content and irradiation dose allows for the customization of
hydrogel properties to suit specific applications. The
synergistic effects of gamma irradiation and TA modification
resulted in a hydrogel formulation with promising applications
in wound healing, drug delivery, and tissue engineering. The
inclusion of TA in PVA/AS hydrogels significantly enhances
the mechanical properties and bioadhesive strength through
various intermolecular interactions. The detailed mechanical
properties presented in Table 4 provide valuable insights into
the performance of the (PVA/AS)/TA hydrogels, aiding in
selecting optimal formulations for different biomedical
applications. The ability to tailor the mechanical properties
through TA modification and irradiation doses enhances the
versatility and applicability of the hydrogels in diverse
biomedical contexts. Incorporating TA may also impart
additional functionalities, such as antioxidant and antimicrobial
properties, further enhancing the potential biomedical
applications of the (PVA/AS)/TA hydrogel formulation.
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