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ABSTRACT

Background of the study: Skin injuries are just
one of the many existing challenges in the
healthcare domain. Such a diverse range, from
burns to chronic wounds, is diverting attention
towards biomaterial-based approaches for
wound healing, including hydrogels as a possible
alternative to traditional methods using tissue-
engineered skin grafts. However, serious skin
injury rehabilitation, like diabetic foot ulcers,
requires further research and compelling
advanced solutions that underline the importance
of wound healing and recovery.

Methodology: Hydrogel blends were prepared
using  Polyvinyl  Alcohol (PVA) and
Polyethylene Glycol (PEG) solutions, and
combining them in a specific 75:25 ratio.
Glutaraldehyde (GA) was added in varying
amounts of 3%, 5%, and 8% to promote chemical
cross-linking of the two polymers to achieve
enhanced mechanical stability of the hydrogel
films. Preliminary characterization tests were
then conducted on all the samples to assess the
physical properties of the synthesized hydrogel
films.

Results: The PVA-PEG hydrogel films showed
favorable results, with controlled degradation
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characteristics throughout the experimental
period. The prolonged swelling and degradation
properties of PVA-PEG hydrogel films may
suggest suitable applications in wound healing
scenarios. Therefore, this reflects the versatility
of PVA-PEG hydrogels in dealing with
innumerable skin injuries and their potential
application for rehabilitation studies.
Conclusion: PVA-PEG hydrogel synthesis with
the integration of GA provides an interesting
approach being developed for skin rehabilitation,
as it provides mechanical stabilization and
controlled degradation. These hydrogels show
great promise for innovative approaches towards
wound healing, particularly in treating
conditions such as diabetic foot ulcers. Future
studies need to perform cytocompatibility and
various biological tests to facilitate easy clinical
translation and elucidate the potential of
biomaterial-based methods in improving patient
outcomes in wound care and rehabilitation.
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INTRODUCTION
Skin is the largest organ of the human body that functions as a sensory detector, regulates body
temperature, maintains fluid balance, senses pressure and pain, and the very consistency of skin is
important for maintaining physiological equilibrium®. The skin consists of three main layers:
Epidermis (outer layer), Dermis (inner layer), and Subcutaneous Tissue, as shown in Figure 1.
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Figure-1 Illustration of the structural composition of the skin

The skin's outer layer, the stratum corneum, is mostly made of keratinocytes producing keratin,
while the dermis is rich in proteoglycans, fibronectin, elastin, and collagen?. Skin is the body's first
line of defense against environmental threats, e.g., UV radiation, chemicals, physical stresses, and
diseases. Its protective role exposes it to various traumas from the external environment, causing
wounds. Skin wounds can be as minor as a break in the epithelium or as severe as a wound that
extends into the subcutaneous tissue and damages surrounding structures®. Furthermore, according
to WHO data, around 11 million burn-related skin injuries occur each year, translating into
approximately 180,000 deaths*. Recent interest in tissue-engineered skin grafts as substitutes for
traditional treatments stems from their ability to mimic the skin's structure, crucial for effective
healing® Skin grafting encompasses two main types: split-thickness (STSG) and full-thickness
(FTSG). STSG involves the epidermis and part of the dermis, while FTSG includes the entire skin
thickness. Grafts are classified by donor site as autograft, homograft, isograft, allograft, or
heterograft/xenograft®. Autologous skin grafting, harvested from one's body, is common. Full-
thickness grafts offer better cosmetic results but need a well-vascularized bed. Donor sites include
post-auricular, pre-auricular, supra-clavicular, antecubital fossa, inguinal crease, and volar wrist
crease skin’.Autologous skin grafts, regardless of type, necessitate a vascularized wound bed and
pose limitations in size due to the need for primary closure at the donor site. In acute wound
treatment, expansion time may be prolonged, necessitating closure with a split-thickness graft from
a third site. Limited donor availability further complicates this issue’. Hematoma and infection are
common complications, with hematoma hindering graft bed contact and infection significantly
reducing graft take rates, particularly with bacteria like S. aureus and Pseudomonas®. Skin grafts
often yield suboptimal aesthetic results, with color, texture, and contour mismatches leading to a
patch-like appearance, especially in small grafts adjacent to native facial skin. Split-thickness
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grafts tend to contract over time, potentially affecting nearby anatomical structures®. Biomaterials
interact with biological systems. Skin biomaterials are designed for wound repair, excel in
biocompatibility, and regeneration'®. Hydrogels are a kind of hydrophilic polymer with a cross-
linked structure, efficiently absorbs water. Hydrogel dressings serve dual purposes: aiding wound
closure and promoting tissue integration through regeneration®'. This research explores using
synthetic polymer hydrogels emulating human skin as an alternative treatment for severe skin
injuries. Cross-linking the hydrogel with 25% aqueous Glutaraldehyde (GA) utilizing Polyvinyl
Alcohol (PVA) and Polyethylene Glycol (PEG) results in a 75:25 PVA-PEG ratio blend. The FDA
recognizes PVA and aliphatic polyesters, including PEG, as significant synthetic biodegradable
polymers for human medical applications'?. PVA hydrogels are popular in wearable technology
and biological materials due to their excellent processability and biocompatibility in real-world
use'3. PEG is a biocompatible polymer with numerous applications in biotechnology and medicine,
including tissue engineering®*. Highly hydrophilic, PVA exhibits excellent solubility in water and
organic solvents. Additionally, the addition of PEG enhances polyester chain mobility and acts as
a plasticizer®. To facilitate cross-linking and encourage fixing, glutaraldehyde (OHC-(CH2)3-
COH) is employed®®. This research systematically investigates PVA-PEG hydrogels, analyzing
their mechanical properties, morphological structures, and the impact of glutaraldehyde cross-
linking. In addition to addressing general challenges in wound healing, this research investigates
the potential of biomimetic polymeric films as an alternative approach for the rehabilitation of
severe skin injuries such as foot ulcers due to diabetes!’. Foot ulcers are a common and serious
complication of diabetes, often leading to prolonged healing times, infections, and in severe cases,
amputations. By focusing on innovative wound healing strategies, we aim to contribute to the
development of effective treatments for diabetes-related skin injuries, ultimately improving
outcomes and quality of life for affected individuals®®.

METHODOLOGY
Materials

Polyvinyl alcohol (PVA) (USP Reference Standard) from Sigma Aldrich. Polyethylene glycol
(PEG) (Mw 8000) from Sigma Aldrich. 25% aqueous solution of Glutaraldehyde (GA) from
Sigma Aldrich. Distilled water is used to dissolve the polymers.

Preparation of Phosphate Buffer Saline (PBS) Solution

To conduct the degradation test, the PBS solution was prepared by dissolving 1 PBS tablet in 800
ml of distilled water and then placing the solution in an autoclave at 121°C for 15 minutes. The
solution was then taken out and cooled down, and the pH of the solution was adjusted to 7.4 (the
pH of blood) using dilute HCI acid. Following this, the volume of the PBS solution was adjusted
to 1000 ml (1 liter) by adding distilled water.

Preparation of PVA-PEG and their hydrogel blends

In this research, polymer films were synthesized utilizing a meticulous methodology to ensure
precision and reproducibility, as shown in Figure 2.
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Figure 2: Methodology of creating a (75% PVA 25% PEG) polymer-based hydrogel blend

To create the PVA hydrogel, a PVA solution (10% w/v) was prepared by dissolving 2.5 gm of
PVA powder in 22.5 ml of distilled water. To create the PEG hydrogel, a PEG solution (10% w/v)
was prepared by dissolving 2.5 gm of PEG crystals in 22.5 ml of distilled water. Levels of both
liquids were marked on the beaker using a permanent marker. The beakers were covered with
perforated aluminum foil and were separately autoclaved at 121°C for 20 minutes to ensure
sterility. After being autoclaved, the levels of evaporated liquid were compensated by adding
distilled water up to the previously marked levels, and subsequent stirring on a hot-plate magnetic
stirrer for 1 hour at 80°C and 90rpm enhanced homogeneity. Three new beakers were utilized to
combine 75% PVA solution (16.875 ml) with 25% PEG solution (5.625 ml), to which 0.673ml
(3%), 1.125ml (5%), and 1.8ml (8%) of GA were each added, and stirred on a hot plate magnetic
stirrer for an additional 15 minutes at 80°C and 90 rpm induced cross-linking. The mixtures were
pipetted into silicon molds. The polymerization was initiated through six freeze-thaw cycles, each
consisting of a 16-hour freeze at -25°C followed by an 8-hour defrost at room temperature. After
six cycles, the polymer films were allowed to air dry at room temperature for 1 day. This
comprehensive methodology ensures the controlled synthesis of polymer films, paving the way
for subsequent analysis and application in this research®®.

Swelling and Degradation Tests:
A biodegradability test was performed on the samples to assess their level of swelling and
degradation. PBS was used as it mimics the body fluids due to its similar osmolarity and ionic
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concentration. The percentage weight change graph was developed using the data measured at
varying time intervals until complete degradation occurs.

Contact Angle Test:
A contact angle test was performed to evaluate the measurements between a liquid droplet and the
surface of the samples to determine if the samples were hydrophobic or hydrophilic.

Tensile Test:

The tensile test was performed on all three samples using a Universal Testing Machine (UTM)
(JINAN XLC TESTING MACHINE CO., LTD) equipped with 2kN load grips. The samples were
cut into rectangular shapes (0.5 inch-width/ 2 inch-length) and underwent stretching at the rate of
5mm/min till the point of breakage.

Statistical Analysis:

Swelling, degradation, and contact angle tests were performed in triplicate (n=3) and their data
presented as mean + standard deviation. Statistical analyses were performed using Excel’s
Analysis ToolPak (Microsoft 365) with the level of significance set to a=0.05. Swelling kinetics
were performed by Two-way ANOVA considering 3 factors: Time (10 mins to 3 weeks), GA
concentration (3%, 5%, 8%), and their interaction. A Single-Factor ANOVA test was performed
to analyze the degradation at fixed time intervals (10 mins, 24 hours, 1 week, 3 weeks), taking GA
concentration as the independent variable. A Single-Factor ANOVA test was also employed to
analyze the contact angle measurements. No post-hoc tests were done, being outside the scope of
this initial characterization study.

RESULTS
Our pre-weighed sample was submerged in 7ml of PBS solution, as shown in Figure 3 (A, B, C).
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Figure-3 (A, B, C): Swelling and Degradation of PVA-PEG (75:25) hydrogel samples crosslinked with 3%, 5%
and 8% GA, respectively

The percentage weight change graphs for the samples fabricated for PVA-PEG blends are shown
in Figure 4 (A, B, C). As observed, the blend with 3% glutaraldehyde swelled for 2 days and
started to degrade slowly; whereas, the blend with 5% and 8% glutaraldehyde swelled for 1 day,
where 8% is degrading faster in comparison. The error bars were formed using the standard
deviation, which shows how much the observed values deviate from the mean. Two-Factor
ANOVA for swelling Kinetics results indicate the presence of three statistically significant
factors: time (F=17.27, p<0.0001), GA concentration (F=276.93, p<0.0001), and their interaction
(F=7.05, p<0.0001). This interaction effect displays that the concentration-dependent swelling
patterns diverged with time: 3% GA hydrogels showed peak swelling at 24 hours (1067.45 +
283.39), whereas the 8% GA formulations maintained minimal swelling (<100% at all time
points). Single-Factor ANOVA for degradation at different time intervals substantiated that this
was a concentration-dependent effect for all time points at 10 mins (F=6.66, p=0.030), 24h
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(F=27.09, p=0.00099), 1 week (F=51.46, p=0.00017), and 3 weeks (F=52.88, p=0.00015).
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Figure 4 (A, B, C): Swelling and Degradation results of PVA-PEG (75:25) hydrogel samples crosslinked with
3%, 5%, and 8% GA under PBS solution over 3 weeks, respectively
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Images were taken for different percentages of Glutaraldehyde (3%, 5%, 8%) as shown in Figure
5 (A, B, C). A 90° contact angle is frequently regarded as a threshold; a contact angle less than 90°
indicates hydrophilicity, and more than 90° indicates hydrophobicity. To sum up, the averages of
the results indicate that they are hydrophilic, as shown in Figure 6. Single-Factor ANOVA for
contact angles indicated that no significant difference existed between concentrations (F=0.75,
p=0.512). All formulations displayed hydrophilicity with respective mean contact angles below
90°: 3% GA (63.2+14.0°), 5% GA (69.0+5.1°), and 8% GA (75.7+£15.8°). The similar
hydrophilicity displayed by the concentrations indicates that GA crosslinking most likely affects
the swelling/degradation characteristics in bulk and does not influence surface wettability.

Figure 5: (A, B, C): Best computerized image of water droplet on PVA-PEG 3%, 5% and 8% GA Polymeric Film,
respectively.
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Figure 6: Averages of contact angle for each sample.

The tensile test was used to evaluate the mechanical properties of PVA-PEG 75:25 hydrogels
crosslinked with varying GA concentrations (3%, 5%, and 8%). As shown in Table 1, Sample B
(5% GA) hydrogel exhibited the highest Young's modulus (8 MPa), indicating greater stiffness
than the 3% and 8% formulations. While Samples A (3% GA) and B (5% GA) demonstrated
similar tensile strength values (0.70 MPa and 0.639 MPa, respectively), Sample C (8% GA)
exhibited a significantly lower value (0.30 MPa). Sample B also demonstrated the highest
elongation at break (35.0%), suggesting better elasticity than the other formulations.
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Table 1: Mechanical Properties of PVA-PEG (75:25) Hydrogels with varying GA
concentrations.

Young's Modulus  Tensile Strength Elongation at

Specimen (MPa) (MPa) Break (%)
AGB%GA) 40 0.70 275
B(%GA) 80 0.639 35.0
C(8%GA) 28 0.30 16.5

DISCUSSION

In this research on PVA-PEG hydrogels, several aspects contribute to the uniqueness and potential
superiority of this research work compared to existing studies. Notably, the focus on incorporating
different percentages of GA as a crosslinker in the hydrogel synthesis process sets this work apart,
which will further help us to determine, after further testing, which percentage of GA helps mimic
the human skin best. The inclusion of GA enhances the cross-linking efficiency, leading to a more
robust and stable 3D network. This approach aligns with recent advancements in hydrogel
technology, emphasizing the importance of optimizing cross-linking methods for superior
mechanical properties and increased resistance to degradation?’. Additionally, the use of GA as a
crosslinker has been proven effective in other studies involving hydrogel fabrication, supporting
the decision to implement this method?!. While GA crosslinking improves mechanical stability,
its proven potential to make the material cytotoxic may deter its clinical translation?. In the case
of DFU, dermal exposure to a cytotoxic dressing may cause skin irritation, discoloration, or even
dermatitis, which was proven by exposure to 2.5% GAZ. GA crosslinking can be optimized while
minimizing its cytotoxic effects by either combining GA with other crosslinkers to reduce its
concentration while obtaining the benefits of each crosslinker, or using post-crosslinking chemical
treatments (e.g., glycine), which help mask the aldehyde groups introduced into the material
through GA?*. Moreover, this research investigates the degradation behavior of the PVA-PEG
hydrogel through testing in PBS solution, its hydrophilic nature, and its mechanical strength.
Understanding the degradation kinetics is paramount for tailoring hydrogels to specific
applications. Statistical findings in this research suggest that GA concentration is an essential
factor in modulating hydrogel swelling behavior. A highly significant interaction effect (p<0.0001,
F=7.05) indicates that 3% GA formulations are time-dependent, where they swell up to about 24
hours of maximum absorption and then start gradually declining, while the 8% GA hydrogels had
limited swelling due to high-density crosslinking. The extreme variation in swelling (up to
147142.14) for 3% GA indicates high chances of batch-to-batch inconsistency in crosslinking
density, whereas 8% GA’s low variance (718.66) would mean easy reproducibility. The trends
supported statistically guided material choice for absorption: 3% GA is suited for high-fluid
absorption, and 8% GA for low-swelling systems requiring structural stability. Additionally, the
consistent hydrophilicity across GA concentrations (p=0.512) ensures sufficient fluid absorption
regardless of the varying crosslinking density, which is an essential aspect of controlling exudate
in diabetic foot ulcers. Thus, these statistically validated trends allow for a rational pathway by
which to select hydrogels according to clinical requirements and highlight the importance of post-
hoc comparisons and in vivo validation in future studies. The mechanical strength of the hydrogels
helps determine which formulation will be best suited for specific applications, such as DFU
treatment. In mechanical testing, Sample B (5% GA) showed the best result; however, Sample A
(3% GA) also showed favorable results. Overall, choosing the most suitable formulation requires
further testing, with additional results being considered during the final selection. By
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systematically assessing swelling, degradation, hydrophilicity, and mechanical properties in a
controlled environment, valuable insights are contributed to the stability and potential longevity
of the hydrogel. This basic knowledge is meant to enable applications of sustained drug delivery
or tissue engineering®. On a greater note, findings must be contextualized within the broad scope
of wound healing and skin rehabilitation, as skin rehabilitation for severe injuries such as diabetic
foot ulcers constitutes a great clinical problem. Diabetic foot ulcers are widely known for
susceptibility to infection and delayed recovery, which often causes complications and prolonged
recovery periods. Hydrogel-based fabrication, such as PVA-PEG blends, should offer forward-
thinking solutions to accelerate wound healing and patients’ recovery from diabetic foot ulcers?®,
The PVA-PEG-GA hydrogel, when compared with existing DFU therapies, has unique advantages
and limitations in regards to three categories concerning wound dressings:

1. Natural Polymer Dressings: Collagen hydrogels promote angiogenesis, and chitosan shows
intrinsic antimicrobial properties. However, these materials are also characterized by batch-
to-batch variability and poor mechanical strength?. Our synthetic PVA-PEG system does not
need donor dependence by way of reproducible chemical synthesis with GA cross-linking,
yielding tunable degradation rates unmatched by natural polymers.

2. Synthetic/Semi-Synthetic Dressings: Our hydrogel benefited from the controlled polymer
architecture, just like PEGDA-based systems, but unlike PEG networks, where pure PEG
networks have mechanical stability, our hydrogel has been reinforced with PVA incorporation
via freeze-thaw cycling®®. However, high-end clinical alternatives such as PRP-loaded silk
fibroin have exhibited bioactivity, a gap that our material must fill through future
functionalization?'.

3. Bioactive Dressings: The modularity of our material provides a basis for further incorporation
of bioactive agents, a strategic benefit for translational advancement, similar to advanced
options such as GelMA-DFO systems that actively stimulate healing via growth factor
delivery?’,

In addition, this research presents novel materials and processes for wound management,
contributing to the field of rehabilitation sciences. This field adopts a multidisciplinary approach
to enhance the function and quality of life for individuals living with disability or injuries. Within
that framework, this research is continuing to prioritize improvement in wound healing outcomes
through novel biomaterials and crosslinking approaches®’. The increasing prevalence of diabetic
foot ulcers across South Asia (5.5% regional average, ranging 3.1-11.6% in Pakistan) occurs
against a backdrop of strained healthcare systems, with Pakistan ranking 154th in healthcare
performance and facing significant resource limitations in DFU management?®2°, The PVA-PEG-
GA hydrogel's design directly responds to these challenges through three key features: (1) the
freeze-thaw synthesis method, shown in Figure 2, enables production without specialized
equipment, critical for regions with limited ulcer management centers; (2) the material's consistent
quality addresses variability in care standards across facilities reporting DFU prevalence from 2.1-
50.9%; and (3) the adjustable crosslinking density (3-8% GA concentrations) allows customization
for different socioeconomic contexts, from urban clinics to rural primary care settings. With 33
million diabetics in Pakistan facing disproportionate complication risks due to healthcare access
limitations, this synthetic approach offers a scalable solution that bypasses the cold chain
requirements and supply chain instability that hinder biological dressing adoption in developing
countries?®. Current IWGDF guidelines emphasize three key principles for diabetic foot ulcer
dressings: (1) selection based primarily on exudate control, comfort, and cost (strong
recommendation), (2) avoidance of antimicrobial dressings used solely to accelerate healing
(strong recommendation), and (3) consideration of sucrose-octasulfate dressings for difficult-to-
heal neuro-ischemic ulcers (weak recommendation)®. Our PVA-PEG-GA hydrogel directly
addresses these recommendations through its demonstrated swelling properties that may allow

ISSN PRINT: 2311-3863 83 ISSN ONLINE: 2309-7833



Motiwala et al. 2025 OPEN ACCESS

controlled exudate management, synthetic composition that ensures cost-effective production, and
avoidance of unnecessary antimicrobial additives. The guidelines also note that evidence
supporting any specific dressing type remains limited due to small study sizes and methodological
limitations®. This highlights the importance of our hydrogel's reproducible fabrication method,
which overcomes the batch variability issues common in natural polymer dressings. Clinical
practice recommendations further suggest selecting dressings that "minimize shear and friction™
while considering patient preference and cost, criteria that the PVA-PEG hydrogel is designed to
meet through its adjustable mechanical properties®l. While advanced options like sucrose-
octasulfate dressings show promise in clinical trials, our PVA-PEG-GA platform offers
comparable potential for customized wound management without the high costs associated with
many specialized dressings®. The hydrogel's synthetic nature and controllable degradation profile
provide distinct advantages over natural polymer systems like collagen or chitosan, particularly in
resource-limited settings where consistent quality and affordability are paramount®!. The research
into PVA-PEG hydrogels furthers the understanding of hydrogel properties and degradation
kinetics while offering some promise for skin rehabilitation, wound healing, and recovery from
diseases like diabetic foot ulcers. It resolves major wound management issues and, with the use of
novel materials, seeks to impact rehabilitation sciences positively, thereby improving patient
outcomes'’. However, there are a few key limitations in this study: (1) No cytocompatibility tests
were conducted to ensure GA safety at tested concentrations, which is necessary after further
testing to ensure it is safe to use considering this may potentially be used for diabetic wound
application (2) No other biological tests conducted (e.g., fibroblast assays) to assess reaction in
real-life settings, (3) Sample size was small (n=3) which reduces accuracy and limits statistical
power, and lack of thermal, microscopic tests to confirm durability of material.

CONCLUSION

This research revolves around the fabrication and characterization of PVA-PEG hydrogels aimed
at possible wound healing and skin rehabilitation applications. Advancements through cross-
linking techniques and degradation behavior evaluation may offer new solutions to major skin
injury scenarios, such as diabetic foot ulcers. To further advance this hydrogel towards clinical
application, future studies should focus on performing further characterization tests, assessing in
vivo biocompatibility in diabetic wound models, validating the sterilization processes to ensure
clinical safety, and evaluating to what extent this can be scaled under Good Manufacturing
Practices (GMP). Collaboration with clinical researchers could play a big role in enabling pilot
studies in DFU patients. This will provide greater knowledge of hydrogel properties and
potentially improve patient outcomes while advancing the field of rehabilitation sciences.
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