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HIGHLIGHTS

e Gelatin/PEG membranes for skin substitutes.

e Cost-effective solution for burn wound treatment.

Abstract: This study focuses on the development and characterization of gelatin-based membranes with
varying concentrations of poly(ethylene glycol) (PEG) as potential cost-effective skin substitutes for burn
wound treatment. In low- and middle-income countries, where burn injuries pose a significant public health
challenge, affordable solutions are crucial. Gelatin/PEG membranes were prepared with PEG concentrations
ranging from 3% to 30%. Fourier Transform Infrared Spectroscopy (FT-IR) analysis demonstrated an
interaction between gelatin and PEG, indicating cohesive integration through hydrogen bonding, while
mechanical tests showed an initial enhancement in Young’s modulus up to a 10% PEG concentration,
suggesting improved interaction. Swelling tests revealed that higher PEG concentrations led to increased
swelling capacity and reduced mass loss. Scanning electron micrographs supported these findings, showing
an irregular surface and the formation of PEG agglomerates, which contributed to improved mechanical
resistance. These gelatin-PEG membranes offer a promising avenue for cost-effective skin substitutes,
addressing the need for accessible solutions in burn wound care, especially in resource-constrained settings.
Further research and clinical validation are essential to assess their efficacy and safety in practical
applications, potentially revolutionizing burn wound treatment.
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INTRODUCTION

Burns represent a serious public health issue with significant social and economic impacts. According to
the World Health Organization (WHO), a large proportion of fatal burn injuries occur in low- and middle-
income countries. Although most burns are caused by open flames, a substantial number of cases also result
from scalds (hot liquids) and chemical exposure [1,2].

The treatment of burn injuries is generally highly complex, as burns are classified into three degrees of
severity: first, second, and third. Each degree requires a specific therapeutic approach. Common treatments
range from the application of medications to reduce pain and hydrate the affected area, to the use of skin
grafts, which may be either partial or full-thickness. Currently, a wide variety of skin substitutes are available,
with different applications. These can be of biological, biosynthetic, or synthetic origin (tissue engineering)
and serve to replace the skin either temporarily or permanently, thereby reducing the risk of infection [1-3].

Several polymers are used in the manufacture of skin dressings, including poly(glycolic acid), poly(lactic
acid), poly(acrylic acid), poly(e-caprolactone), poly(vinyl pyrrolidone), poly(vinyl alcohol), and poly(ethylene
glycol), due to their biocompatible properties. In the present study, commercially available gelatin, commonly
found in supermarkets, was used. This type of gelatin contains a small amount of collagen and can promote
dermal regeneration in burned areas at a low cost. Gelatin-based materials are known for their low toxicity
and low antigenicity [4,5]. Another advantage of gelatin is its ability to be combined with other natural
polymers, such as chitosan, to produce bioactive composites for use as skin dressings. Furthermore,
poly(ethylene glycol) was incorporated to enhance the mechanical properties of the gelatin-based membrane

[6].

According to the WHO [7], the number of deaths caused by burns is estimated at around 300,000 per
year worldwide, resulting from fires and accidents involving electrical, chemical, radiation, and other agents.
Burn wounds are among the most difficult to treat due to issues such as dehydration of the injured area and
extensive tissue damage, which compromise several vital functions of the skin [8].

Wound healing is the primary focus in treating skin injuries caused by burns, given the wide variety of
clinical cases. The general goal is to achieve physiological healing and repair the injuries without
compromising the patient’s functional abilities and aesthetics [8].

Currently, numerous devices for partial or total replacement of the dermis have been developed to assist
in tissue repair and regeneration. These dressings are designed to absorb exudate from wounds, thereby
maintaining a moist environment that facilitates the debridement of necrotic tissue and promotes spontaneous
re-epithelialization of the skin [9,10]. Membranes of poly(ethylene glycol) and gelatin have been shown to
improve wound healing in rats, maintaining wound hydration and gas permeability [11].

INTEGRA® is a commercially available dermal regeneration membrane that can be applied in plastic
and reconstructive surgeries. It consists of permanent internal components and temporary external
components, composed of a porous matrix of collagen and glycosaminoglycan. The temporary layer is made
of silicone and functions to prevent fluid loss from wounds, while also acting as a barrier against microbial
entry. Despite its effectiveness in treating skin lesions, the high cost of this material limits its feasibility for
use within public health systems [12,13]. Previous studies often used more complex and consequently more
expensive formulations, such as adding other polymers, like chitosan, and employing acrylates, thiol-acrylate
or even enzymatic crosslinking [14,15]. Another factor to consider is the use of commercial-grade gelatin
instead of reagent-grade gelatin, further helping to reduce costs, while also avoiding toxic solvents and
presenting a single-step synthesis limited to non-toxic and biodegradable gelatin and poly(ethylene glycol)
[16,17]. These characteristics show good potential for scalability [14,15,18]. Therefore, the main focus of this
study is to obtain a low-cost material and features that make it suitable for use as a skin substitute, thus
enabling its application.

MATERIAL AND METHODS

The gelatin used was commercial, powdered, colorless and flavorless (Dr.Oetker®). Poly(ethylene
glycol) (PEG) used with a molar mass value of 6000 in analytical grade (Fluka® analytical).

The membranes were produced from commercially available food-grade gelatin, adapted from [19], with
varying concentrations of PEG 6000. Initially, 15 g of gelatin were dissolved in 70 mL of water at 60 °C. The
solution was homogenized and poured into a petri dish to form the pure gelatin membrane. The material was
then dried in an oven at 35 °C for approximately 12 hours. After this step, the membranes were packaged
and cooled for 24 hours. The gelatin/PEG membranes were prepared following the same procedure as the
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pure gelatin membrane, with PEG added at concentrations of 3, 5, 7, 10, 20, and 30% by weight relative to
the gelatin.

Characterization of membranes

Fourier Transform Infrared Spectroscopy (FTIR)

The absorption spectra of the membranes in the Fourier Transform Infrared (FTIR) region were obtained
using a Perkin Elmer Spectrum 65 spectrophotometer with a resolution of 4 cm™, over the range of 4000 to
600 cm™., The measurements were performed using the attenuated total reflectance (ATR) technique with a
ZnSe crystal

Mechanical Testing

For the mechanical tensile test, an Instron EMIC 23-30 testing machine equipped with 30 kN load cells
was used. The test was conducted at a traction speed of 20 mm/min, with a clamp separation of 30 mm, at
room temperature. The specimens measured 50 mm in length, 10 mm in width, and approximately 2 mm in
thickness, and were held by a pair of articulated front clamping jaws, model GR018.

Scanning electron microscopy (SEM)

Photomicrographs of the membrane surfaces were obtained using a ZEISS LEO 400 scanning electron
microscope (Cambridge, England) equipped with an OXFORD detector (model 7060), operating at an
accelerating voltage of 20 kV. The samples were sputter-coated with gold prior to imaging.

Swelling test

Swelling tests were performed in duplicate. Initially, the dry samples were weighed and transferred to
Falcon tubes containing phosphate-buffered saline (PBS) solution. The tubes were then placed in a water
bath at 30 °C, and the sample masses were periodically measured over the course of 1 hour.

RESULTS AND DISCUSSION

Fourier Transform Infrared Spectroscopy (FTIR)

Figure 1 illustrates the spectra obtained for the pure gelatin membrane, the gelatin/PEG membrane, and
the pure PEG membrane. In the spectra of gelatin, a peak near 3350 cm™ can be observed, which is
attributed to the stretching of the OH bond [20-22]. The broad stretching band observed at 3287 cm™ is
mainly attributed to N—H and O-H stretching vibrations. Its broadening and slight shift are indicative of
hydrogen bonding between gelatin and PEG, where hydroxyl groups from PEG interact with amide and amino
groups in the gelatin matrix [19,23]. Considering that gelatin contains collagen in its structure, characteristic
bands can be observed at 1658 cm™ (amide 1), 1552 cm™ (amide 1), and 1235 cm™, attributed to C—N
stretching [24,25]. In turn, PEG exhibits characteristic bands near 3000 cm™ corresponding to the C—H bonds
of the CH group [26,27]. The band at 2885 cm™ corresponds to the C—H stretching of the CH, group, while
the band at 1762 cm™ is attributed to the stretching of the C=0 group [26—31]. It is noted that in the spectra
corresponding to concentrations of 7%, 10%, and 20%, a small peak appears near 1720 cm™, indicating an
interaction between gelatin and PEG at these concentrations. The appearance of the shoulder at ~1720 cm™
suggests interaction between the C=0 group of PEG and the amide groups of gelatin, consistent with partial
miscibility in the polymer blend. Similar behavior was observed by Kolhe and Kannan [27], who reported
hydrogen bonding and good miscibility in PEG/chitosan systems analyzed by FTIR spectroscopy. This
supports the cohesive integration of PEG within the gelatin matrix up to 10% content.
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Figure 1. FTIR spectra of pure gelatin membrane, pure polyethylene glycol (PEG), and gelatin membranes
with different PEG concentrations.

Mechanical testing

An important requirement for an ideal membrane used as a dressing is that it must exhibit high elongation
at break and good tensile strength [11]. Figure 2 shows that, as the PEG concentration in the gelatin matrix
increases, the elastic modulus of the membranes also increases compared to the pure gelatin membrane,
up to a PEG concentration of 10%, after which it decreases.
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Figure 2. Swelling behavior of gelatin membranes with different PEG concentrations over time.
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This increase may be related to improved interaction between PEG and gelatin [32,33], as evidenced in
Figure 1 by the appearance of a peak at 1720 cm™ in gelatin membranes with 7% and 10% PEG, this
interaction is present. However, the sample with 20% PEG did not exhibit this behavior, which could be
related to improper homogenization with the gelatin and the absence of interaction between them.

According to Zaman and coauthors [11] wound dressings require an optimal balance between tensile
strength (typically above 0.5 MPa) and elasticity to accommodate body movements without mechanical
failure. The membrane containing 10% PEG exhibited a modulus within this desirable range, indicating
potential clinical applicability. When compared to commercial products such as Integra® or biopolymer-based
membranes like PEG/chitosan blends, the developed material demonstrated comparable or even superior
swelling capacity (swelling ratio >500%), which is advantageous for exudate absorption and for maintaining
a moist environment conducive to wound healing.

Swelling test

Figure 3 illustrates the membrane swelling test. It is observed that membranes with the lowest PEG
concentrations (3% and 5%) showed the greatest mass loss, following the behavior of the pure gelatin
membrane. This occurs because gelatin is quite soluble in water and, with PEG present at low concentrations
and lacking interaction with gelatin as shown in Figure 1, the gelatin is quickly leached into the PBS solution
[34-36]. In turn, the membranes with the highest PEG concentrations (7%, 10%, and 30%) exhibited the
greatest swelling capacity due to better interaction between gelatin and PEG, thereby preventing the gelatin
from being leached into the PBS solution.

300
J B Pure
280 - ® 3% PEG
] v 4 < A 5%PEG
260 - g I v v ¥ ¢ |y meree
240 J X < 10% PEG
| ) 1 > 20% PEG
220 i ® 30% PEG
<2004 g ¥ e s S
S 3 * o
01804 & » B
>
l ¢ a u
120 ® o a |4
1 o
100 | o 4 A
- . . A
80 - ° m
60 — T T T T T T
0 20 40 60

Time (minutes)

Figure 3. Membrane swelling test.

These results also provide indirect evidence of the membranes’ hydrophilicity, as the high swelling
capacity observed, particularly for the 10% PEG formulation, suggests an enhanced affinity for aqueous
environments. This is a desirable feature for wound dressings, as it allows efficient absorption of exudates
and contributes to maintaining a moist environment favorable for healing. Furthermore, the irregular surface
observed in SEM analysis may enhance surface area and permeability, which are important for the transport
of fluids and nutrients. Although direct measurements of hydrophilicity (e.g., contact angle) and transport
properties were not performed in the present study, future work will address these aspects to further validate
the clinical potential of the membranes.
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Scanning electron microscopy (SEM)

The scanning electron micrographs of the material surfaces are shown in Figure 4. They reveal that the
addition of poly(ethylene glycol) made the surface of the pure gelatin membrane less smooth. Furthermore,
it is observed that PEG forms small agglomerates within the gelatin matrix, which act as fillers, particularly in
the sample with 10% PEG, working synergistically with the interaction between gelatin and PEG [32], as
mentioned in Figure 2, this promotes an increase in the mechanical resistance of the membrane [37,38]. It is
also observed that the 10% PEG sample exhibited greater surface irregularity, having the largest surface
area among the microscopically analyzed samples. This finding corroborates the swelling test results, which
showed that the 10% PEG sample had the highest swelling capacity. Thus, a correlation was established
between the greater swelling capacity and the increased surface irregularity of the sample.

SEI 3KV WDEmn8S30 x2,500 10pm == SEl 3kV WDAmn8S30 x2,500 10pm = SEI 3kV WDImn5S30 x2,500 10pm
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Figure 4. Scanning electron micrographs of gelatin membranes: (A) pure membrane without PEG; (B)
membrane with 10% PEG; (C) membrane with 30% PEG.

Considering both the swelling behavior and the mechanical performance of the membranes, the sample
containing 10% PEG proved to be the most promising formulation for potential biomedical applications. This
is due to its high elastic modulus, which indicates greater mechanical integrity, as well as its superior swelling
capacity among the investigated samples, a desirable feature in applications involving wound dressings.
Furthermore, SEM images showed a significant increase in surface irregularities, as well as the formation of
agglomerates in the sample containing 10% PEG, which may have contributed to the aforementioned
properties. Taken together, these characteristics suggest that the membrane with 10% PEG has potential for
use as a temporary skin wound dressing, such as for burn treatment, especially in resource-limited settings
[39,40].

CONCLUSION

In conclusion, the development and characterization of gelatin-based membranes with varying PEG
concentrations demonstrated promising potential as cost-effective and efficient skin substitutes. Fourier
Transform Infrared Spectroscopy (FT-IR) analysis confirmed the interaction between gelatin and PEG,
indicating cohesive integration of the materials. Mechanical tests showed an initial increase in elastic modulus
with PEG concentrations up to 10%, suggesting improved interaction between components. However,
concentrations above 10% exhibited a decline, possibly due to inadequate homogenization or reduced
interaction.

This study contributes to ongoing efforts in wound healing and skin regeneration by addressing the need
for affordable solutions, particularly in low- and middle-income countries where burns represent a significant
public health concern. Further research and clinical trials are necessary to validate the efficacy and safety of
these membranes in real-world applications, ultimately paving the way for accessible and effective burn
wound treatments. It is worth mentioning that the work focuses on the physicochemical characterization of
the membranes and their mechanical properties, with great potential, being a preliminary step for future
studies. We recommend that biocompatibility tests such as cytotoxicity, cell adhesion and proliferation, and
antimicrobial tests be performed, as we have limitations to perform these tests.
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