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Abstract

Background/Objectives: Nature-inspired therapeutic strategies that promote biological
regenerative mechanisms and replicate the native structural microenvironment conductive
to formation of healthy tissue are increasingly recognized as a promising platform for skin
tissue regeneration and wound healing. This study proposes an innovative design of novel
multifunctional scaffolds composed entirely of natural components—gelatin, L-ascorbic
(ASA) acid and allantoin—as a bioinspired approach for skin tissue regeneration through
pro-regenerative, antimicrobial, and keratinocyte-supportive properties. Methods: The
biocompatible, skin-adhesive scaffolds were prepared via a simple and environmentally
friendly heat-induced crosslinking of gelatin with varying ASA contents, and by enriching
the system with allantoin. The influence of ASA content on scaffold properties was investi-
gated through characterization of their morphology, porosity, swelling behavior, skin tissue
adhesion, and allantoin release potential. Biocompatibility was evaluated in vitro using
human keratinocyte (HaCaT) cells, while antibacterial activity was assessed against Es-
cherichia coli and Staphylococcus epidermidis. Results: The scaffolds revealed a highly porous,
interconnected structure with tunable porosity (87.37–92.39%) and soft-tissue-matched
mechanical properties (0.81–1.47 MPa). Incorporation of allantoin into the scaffolds en-
hanced their mechanical performance and swelling capacity. All scaffolds demonstrated
antibacterial activity against both tested bacteria, supported keratinocyte viability and
provided sustained release of allantoin for up to 76 h, confirming their multifunctional
pro-regenerative potential. Conclusions: The novel gelatin/ascorbic acid scaffolds en-
riched with allantoin combine a porous replicated structure of native extracellular matrix,
fluid absorption capacity, soft-tissue-like mechanical properties, stable skin tissue adhesion,
cytocompatibility and antibacterial functionality with the pro-regenerative properties of
allantoin, thereby representing a multifunctional and biologically inspired platform for
advanced skin tissue regeneration and wound-healing applications.
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1. Introduction
Skin tissue regeneration and wound healing are highly dynamic biophysiological

processes involving a cascade of cellular and molecular events that ultimately require a
multifaceted therapeutic approach [1,2]. Conventional strategies for skin tissue regener-
ation and wound management have primarily focused on the controlled and targeted
release of bioactive agents, aiming to reduce infection and stimulate tissue repair through
pharmacological activity [3]. However, such approaches often fail to address the critical
need for three-dimensional (3D) structural support during tissue regeneration, which is
essential for guiding cellular processes and enabling effective integration, growth and re-
construction of functional tissue through the replicated structure of the extracellular matrix
(ECM) [4]. In this context, tissue-engineering strategies based on scaffolding biomaterials
have emerged as a promising approach to overcome these limitations by combining the
controlled release of bioactive agents with a biomimetic 3D architecture that supports adhe-
sion, proliferation, and migration of cells, and ECM synthesis directly at the site of tissue
defect [4,5]. The efficacy of these therapeutic scaffold-based systems strongly depends on
the physicochemical and biological properties of the scaffolding biomaterials, including
their biocompatibility, porosity, mechanical and adhesive characteristics and capacity for
incorporation and release of bioactive agents, thereby providing simultaneous structural
and biological support for tissue repair.

Natural polymer-based scaffolds are of particular interest in the field of tissue engi-
neering due to their inherent biocompatibility, biodegradability, and ability to replicate key
features of the native ECM [6–10]. These scaffolds are capable of providing a porous, hy-
drated, and mechanically compliant microenvironment that promotes adhesion, migration
and proliferation of cells, thereby facilitating tissue regeneration at the wound site [6]. One
of the promising natural polymers for tissue regeneration applications is gelatin, a dena-
tured form of collagen, due to its biochemical similarity to the native ECM and its favorable
biological profile, including the presence of Arg-Gly-Asp (RGD) sequences that support cel-
lular functions and processes [4,11]. Gelatin-based biomaterials are biodegradable through
enzymatic proteolysis, highly biocompatible and have no antigenicity under physiological
conditions, which makes them suitable for supporting cellular processes and matrix remod-
eling [12,13]. Moreover, numerous studies have confirmed the potential of gelatin-based
biomaterials to provide a microenvironment favorable for various types of cells, including
fibroblasts, endothelial cells, and cardiac cells, thereby promoting repair and regeneration
of damaged tissue [13,14]. In skin tissue regeneration and wound healing, gelatin-based
scaffolds have been explored for their ability to maintain a moist environment, absorb
exudate, and act as temporary ECM substitutes that guide 3D skin tissue reconstruction [4].
Nevertheless, gelatin exhibits limited mechanical stability and high sensitivity to aqueous
environments, which often requires the implementation of effective and biocompatible
design strategies to ensure structural integrity under physiological conditions. Due to
its hydrophilic nature and the presence of numerous polar functional groups, gelatin can
absorb large amounts of water or physiological fluids, leading to a high degree of swelling
and a reduction in mechanical strength in hydrated conditions. This extensive fluid uptake
weakens intermolecular interactions within the polymer network and may compromise
the structural integrity of gelatin-based materials. Because of these limitations, numerous
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studies have focused on improving the mechanical properties of gelatin-based materials
through crosslinking strategies or composite design. Conventional crosslinking agents such
as glutaraldehyde and carbodiimides have been shown to significantly increase tensile
strength and compressive modulus while simultaneously reducing swelling capacity [12].
Similarly, combining gelatin with other polymers, such as polysaccharides or synthetic
polymers, or with inorganic compounds that act as fillers such as nanoparticles of graphene
oxide (GO), titanium dioxide (TiO2), or zinc oxide (ZnO), it is possible to provide stronger
mechanical properties and adequate flexibility that allow easy handling during wound-
healing treatment or tissue-engineering applications [9,15–17]. Thus, a critical aspect in the
development of functional gelatin-based scaffolds lies in the careful design and selection of
the crosslinking process. While conventional chemical crosslinkers such as glutaraldehyde
or carbodiimides can improve gelatin stability, the potential toxicity associated with their
residuals raises concerns due to compromised biocompatibility and clinical safety [18–20].
This has prompted increasing efforts toward alternative, safer crosslinking strategies,
including the use of enzymatic, physical, or natural crosslinkers, aiming to preserve the fa-
vorable biological profile of gelatin while minimizing safety risk. In this regard, L-ascorbic
acid (ASA), which is an antioxidant and an essential cofactor in collagen biosynthesis, has
great potential to be used as a natural, safe, and biocompatible crosslinker for gelatin, with
additional benefits for ECM remodeling and skin tissue regeneration [21–23]. Crosslinking
of gelatin with ASA occurs through Maillard reactions involving amino groups of gelatin,
primarily those of lysine, arginine, and histidine. Initially, ASA reacts with the ε-amino
group of gelatin to form 3-deoxy-3-(alkylamino)ascorbic derivatives, which subsequently
oxidize into L-dehydroascorbic acid (DHA) [24,25]. This primary oxidation product of ASA
(DHA) can act as a natural crosslinking agent for gelatin due to the presence of two reactive
carbonyl groups on its molecule, which may form covalent bonds with amine groups from
gelatin [26]. Unlike conventional crosslinkers, ASA and DHA released from the scaffold are
not expected to cause cytotoxic effects, as their biocompatibility is well established [27,28].
Additionally, DHA possesses the potential to promote collagen deposition in formation of
connective tissue and also possesses antitumor activity, partly through kinase inhibition
and intracellular reduction to ascorbic acid [28,29].

To further enhance scaffold performance for skin tissue regeneration and wound heal-
ing, the incorporation of bioactive agents into the scaffold system represents a promising
strategy. Allantoin is a naturally occurring bioactive compound with well-documented
beneficial effects on the wound-healing and skin regeneration processes [30]. Numerous
studies have demonstrated its ability to stimulate local granulation, accelerate the healing
of chronic wounds, modulate inflammatory responses, promote fibroblast proliferation,
and enhance ECM synthesis, thereby supporting more organized skin tissue regenera-
tion [30–32]. Among great biocompatibility and pro-regenerative activity, allantoin has
also demonstrated antibacterial activity, which makes it favorable for the management of
infected wounds or skin injuries [33]. The combination of a multifunctional scaffold with
the pro-regenerative properties of allantoin presents a promising strategy for developing
advanced polymeric systems for skin tissue regeneration and wound management.

In this study, we hypothesize that a scaffold composed exclusively of natural
components—gelatin, L-ascorbic acid, and allantoin—can serve as a multifunctional bioma-
terial for skin tissue regeneration. The porous gelatin-based matrix is expected to provide
structural support for skin tissue regeneration by mimicking the architecture of the natural
extracellular matrix (ECM) directly at the wound site, while the incorporation of allantoin
may promote regenerative processes through its localized release. In addition, crosslinking
gelatin with L-ascorbic acid is expected to improve scaffold stability while maintaining
biocompatibility and reducing the potential toxicity associated with conventional chemical
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crosslinkers. Together, these features may enable the scaffold to simultaneously provide
structural support at the wound site and bioactive stimulation of skin tissue regeneration.
Gelatin-based scaffolds were fabricated via a simple and environmentally friendly reac-
tion based on heat-induced crosslinking of gelatin with varying contents of ASA, and by
enriching the system with allantoin. Various amounts of ASA were used to evaluate their
influence on gelatin-based scaffold properties, including morphology, porosity, swelling be-
havior, adhesiveness to skin tissue, and allantoin release potential. Biocompatibility of the
scaffolds and their ability to support cell proliferation were evaluated in vitro on a human
keratinocyte cell line (HaCaT). Antimicrobial activity was assessed against both Gram-
positive Staphylococcus epidermis (S. epidermidis) and Gram-negative bacteria Escherichia
coli (E. coli). Furthermore, in vitro allantoin release studies confirmed the potential of the
scaffolds for sustained release of bioactive agents. The proposed scaffolds are designed to
provide 3D structural support through replicated ECM structure directly at the defect tissue
site, promote intrinsic regenerative processes, including keratinocyte proliferation, and
enable sustained release of allantoin, thus representing a multifunctional and biologically
inspired platform for advanced skin tissue regeneration and wound-healing applications.

2. Materials and Methods
2.1. Materials

Gelatin from porcine skin (G, Type A, bioreagent), L-ascorbic acid (ASA, 99%), and
allantoin (All, ≥98%) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Dul-
becco’s modified Eagle’s medium (DMEM, GibcoTM, Thermo Fisher Scientific, Waltham,
MA, USA), fetal bovine serum for cell culture (FBS, GibcoTM, Thermo Fisher Scien-
tific, Waltham, MA, USA), penicillin–streptomycin antibiotics (Gibco, Grand Island, NY,
USA), Dulbecco’s phosphate-buffered saline (DPBS, GibcoTM, Thermo Fisher Scientific,
Waltham, MA, USA), and Presto Blue Cell Viability Reagent (Molecular Probes, Invit-
rogen, Thermo-Fisher Scientific, Waltham, MA, USA) were used for cytotoxicity assess-
ment. For buffer preparation, potassium hydrogen phosphates (Sigma-Aldrich, ST. Louis,
MO, USA) were used, while all synthesis reactions were performed using lab-produced,
ultra-distilled water.

2.2. Scaffolds Preparation

Two series of scaffolds (S)—SG/ASA (the scaffolds based on gelatin and ascorbic
acid) and SG/ASA/All (the scaffolds based on gelatin and ascorbic acid and enriched
with allantoin)—were developed for potential applications in skin tissue regeneration and
wound healing. L-ascorbic acid was used as a green, biocompatible, and eco-friendly
crosslinker for gelatin, offering a sustainable alternative to conventional chemical crosslink-
ers such as glutaraldehyde or carbodiimide, which may compromise the biocompatibility
and overall safety of the final biomaterial [18–20]. For the scaffold synthesis, gelatin and
varying amounts of ASA (Table 1) were dissolved in 40 mL of ultra-distilled water, thor-
oughly stirred, and heated at 70 ◦C for 5 h to promote crosslinking reactions. The content
of ASA (Table 1) was varied to evaluate its influence on scaffold properties, including
morphology, porosity, swelling behavior, adhesiveness to the skin tissue, biocompatibility
and the potential for controlled release of allantoin. In order to enhance the bioactivity of
the scaffolds, allantoin was selected as an active agent suitable for skin tissue regeneration
and was incorporated into the scaffolds. The resulting homogeneous reaction mixtures
were poured into Petri dishes and stored at 4 ◦C for 24 h to complete the crosslinking pro-
cess. Afterward, the samples were washed with ultra-distilled water to remove unreacted
residues, allowed to swell, frozen at −80 ◦C, and finally lyophilized to obtain porous and
stable scaffolds.
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Table 1. The compositions and corresponding labels of the scaffolds based on gelatin and ascorbic
acid and enriched with allantoin.

Scaffold Gelatin (g) L-Ascorbic Acid (g) Allantoin (g)

SG/0.25ASA 2 0.5 0

SG/0.20ASA 2 0.4 0

SG/0.10ASA 2 0.2 0

SG/0.25ASA/All 2 0.5 1

SG/0.20ASA/All 2 0.4 1

SG/0.10ASA/All 2 0.2 1

2.3. Hydrogel Scaffold Characterization
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The chemical composition of the scaffolds was evaluated through FTIR spectroscopy,
with FTIR spectra collected over a wavelength range of 700–4000 cm−1, using a Thermo-
Scientific Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, Uppsala, Sweden)
equipped with a diamond crystal and the ATR sampling method.

2.3.2. Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM, Thermo Fisher Quanta 650 ESEM, Tokyo, Japan)
was used to analyze the surfaces and cross-sectional morphologies of the scaffolds. Before
SEM imaging, the lyophilized scaffolds were coated with a layer of gold using a BAL-TEC
SCD 005 sputter-coater (Balzers, Liechtenstein).

2.3.3. Porosity Measurements

Porosity was determined by measuring the real volume and density using a ULTRApyc
5000 pycnometer (ANTON PAAR, Graz, Austria) with a small insert chamber calibrated to
a nanosphere weighing 0.0898 g. Each individual sample underwent five measurements,
and the porosity was calculated based on the average of the three most similar values. The
measurement was performed at a target pressure of 3 psi using helium as the displacement
gas. Each value for the sample was performed on three parallels.

2.3.4. Mechanical Testing

Dynamic mechanical analysis (DMA) was performed on Mettler Toledo DMA/SDTA861e
to determine the compression modulus (E) of prepared scaffolds in the elastic region. The
modulus was confirmed by verifying the linear relationship between stress and strain and
ensuring a consistent measured value across different displacements and forces. Measure-
ments were conducted within a force range of 0.5 N to 1.5 N, under a constant deformation
pressure of 2 N, at a frequency of 2 Hz, with data recorded at 0.05 N increments. The
compression modulus for one of three parallel samples was calculated as the average of
the measured values over this range. For each condition, three samples were tested to
determine the average value and standard deviation within the same batch.

2.4. In Vitro Swelling Study

The capacity of the scaffolds to absorb biological fluids was evaluated in a phosphate-
buffered solution (pH 7.4) maintained at 37 ◦C by the procedure previously described
in [34–38].
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2.5. Adhesiveness Test

The ability of the prepared scaffolds to adhere to skin tissue was assessed by fixing
swollen samples onto skin tissue at a mobile joint and monitoring their stability during
joint motion, with flexion angles ranging from 0◦ to 120◦ [38]. The scaffold attachment was
photographed at various joint positions, including complete extension (0◦) and progressive
bending at 45◦, 90◦, and 120◦, as well as during adhesion to the palmar surface of a finger.

2.6. Biocompatibility Probes
2.6.1. In Vitro Cytotoxicity Assessment

Human keratinocyte (HaCaT) cells (TCC PCS-200-011) were cultivated in full growth
medium (containing Dulbecco’s modified Eagle’s medium, 10% fetal bovine serum for
cell culture, and 1% penicillin–streptomycin antibiotics) and seeded in 24-well plates
(NunclonTM, Thermo Scientific, Waltham, MA, USA). The cells were incubated at 37 ◦C
and 5% CO2 (MCO-19AIC(UV)-PE incubator, Panasonic, Osaka, Japan) to confluency. The
samples were first ground in nitrogen to obtain a powder. Then, 3 mg of the samples
was dispersed/dissolved in 900 µL of full growth media in an ultrasonic water bath for
20 min (Elma). Then, 300 µL of the suspension/solution was added per well (1 mg per
well) to confluently grow cells and incubated overnight (exposure for 20–24 h). The next
day, the cells were washed with Dulbecco’s phosphate-buffered saline, and a fresh medium
with 10% Presto Blue Cell Viability Reagent was added to the cells. The cell viability was
assessed by fluorescence measurement at 560/590 nm Ex/Em (Synergy H1 plate reader,
Biotek, Winooski, VT, USA) after 1 h of incubation. All samples were performed in three
separate wells for statistical analysis.

2.6.2. Antimicrobial Activity

The scaffolds were first compressed between two metal disks under a 50 kN force to
obtain flattened disks. These disks were then cut into four pieces and weighed, with each
sample weighing approximately 20–40 mg. On pre-prepared LB agar plates, 50 µL of E.
coli or S. epidermidis bacterial suspension, adjusted to a concentration of 108 CFU/mL,
was evenly spread. The scaffold pieces were then placed on top and incubated for 20–24 h.
After incubation, the plates were collected and imaged using the Acolyte automated colony-
counting machine.

2.6.3. In Vitro Simultaneous Controlled Release Study

The scaffolds’ potential to release allantoin was evaluated using a UV–vis spectropho-
tometer (Shimadzu UV-1800, Shimadzu Corporation, Kyoto, Japan). The scaffolds enriched
with allantoin SG/ASA/All were immersed in a basket stirrer containing 800 mL of phos-
phate buffer (pH 7.4) maintained at 33.5 ◦C to mimic physiological conditions. The amount
of allantoin released over time was determined by measuring the absorbance of the release
medium at predetermined intervals, with the maximum absorption wavelength (λmax) set
at 204 nm [39].

2.7. Statistical Analysis

Experimental data are presented as means ± SD based on three independent replicates.
Statistical analyses were performed using GraphPad Prism version 9.0.0 (121). Multiple-
comparison one-way ANOVA was used to assess the significance of differences between
groups. A p-value of less than 0.05 (p < 0.05) was considered statistically significant.
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3. Results and Discussion
3.1. Preparation of the Scaffolds

Inspired by the essential role of ECM in maintaining the structural and mechanical
integrity of skin tissue, as well as by the need for bioactive support during skin tissue regen-
eration, this study presents the design of a novel biomaterial for skin tissue regeneration
composed exclusively of natural components: gelatin, L-ascorbic acid, and allantoin. In
order to replicate the natural ECM, gelatin was selected as the base material for constructing
a 3D porous scaffold due to its biocompatibility and structural similarity to collagen, while
ASA was used as a natural crosslinking agent to minimize the potential toxicity associated
with residues from conventional crosslinkers [18–20]. To enhance the bioactivity of the
scaffolds, a natural bioactive compound—allantoin—was used for incorporation into the
scaffolds due to its excellent biocompatibility and well-documented ability to promote
wound healing and skin tissue regeneration by stimulating fibroblast proliferation, mod-
ulating the inflammatory response, enhancing ECM synthesis, and providing additional
antibacterial activity beneficial for the treatment of chronic and infected wounds and skin
injuries [30–33]. Gelatin-based scaffolds were fabricated via a simple and environmentally
friendly approach through heat-induced crosslinking of gelatin by varying the contents
of ASA and by enrichment with allantoin, as illustrated in Scheme 1a. The content of
ASA was varied in order to evaluate its influence on the key scaffold properties, including
morphology, porosity, swelling behavior, adhesion to the skin tissue, biocompatibility
and allantoin release potential. A potential pathway of the crosslinking reaction between
gelatin and ASA is presented in Scheme 1b. In the initial step of crosslinking, ASA is
converted into reactive carbonyl compounds such as DHA, which can readily participate
in Maillard-type reactions with the ε-amino groups of gelatin [40]. This primary oxidation
product of ASA can act as a natural crosslinking agent for gelatin due to the presence of
two reactive carbonyl groups on its molecule, which may form covalent bonds with amine
groups from gelatin [26]. These carbonyl–amine reactions lead to covalent crosslinking
between gelatin chains. Obtaining covalent crosslinking of gelatin enhances the structural
stability of the gelatin-based scaffolds under physiological conditions and contributes to
the overall mechanical reinforcement of the scaffolds.

3.2. Structural Characteristics of the Scaffolds—FTIR Analysis

FTIR spectroscopy was used to investigate the molecular interactions between gelatin
and ASA and to confirm the incorporation of allantoin within the scaffold structure.
The FTIR spectra of the pure scaffolds’ components, including gelatin, ASA, and allan-
toin, as well as of the synthesized gelatin/ascorbic acid scaffold enriched with allantoin
(SG/0.25ASA/All), are presented in Figure 1. The FTIR spectrum of pure gelatin exhibited
absorption bands at around 1628 cm−1, 1519 cm−1, and 1443 cm−1, which are attributed to
the C=O stretching vibrations of peptide bonds (amide I), N–H bending vibrations coupled
with C–N stretching (amide II), and C–N stretching combined with N–H bending vibrations
(amide III), respectively [37]. Additionally, the broad absorption band centered around
3277 cm−1 is attributed to O–H stretching vibrations associated with hydroxyl groups
present in the gelatin [16,41]. The FTIR spectrum of pure ASA shows bands associated
with O–H stretching vibrations (around 3200–3500 cm−1), and C=O stretching (around
1751 cm−1) [42]. The FTIR spectrum of allantoin exhibited characteristic IR absorption
bands, including N–H stretching vibrations at around 3435 cm−1 and 3338 cm−1 and car-
bonyl (C=O) stretching vibrations near 1777 cm−1 and 1651 cm−1, which are commonly
attributed to the ureide functional groups of the molecule [43].
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Scheme 1. Summary of gelatin-based scaffold preparation. (a) Schematic representation of synthesis
route of the scaffold with or without allantoin. (b) Potential pathway of the crosslinking reaction
between gelatin and L-ascorbic acid.

Figure 1. FTIR spectra of pure gelatin (G), L-ascorbic acid (ASA), and allantoin (All), and the scaffold
based on gelatin and ascorbic acid enriched with allantoin (SG/0.25ASA/All).
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Compared with the FTIR spectrum of pure gelatin, the FTIR spectrum obtained for
the synthesized scaffold SG/0.25ASA/All displayed changes in amide regions, particu-
larly amide I and amide II, suggesting the occurrence of gelatin crosslinking. Evidence of
crosslinking gelatin with ASA was observed through a slight shift of the gelatin characteris-
tic absorption bands toward lower wavenumbers (from 1628 cm−1 to 1600 cm−1 for amide
I and from 1519 cm−1 to 1428 cm−1 for amide II), accompanied by a reduced intensity of
peaks, indicating the involvement of gelatin amino groups in molecular interactions and
a decrease in the number of free amide functionalities of gelatin. In addition, a new peak
was detected in the FTIR spectrum of SG/0.25ASA/All at around 1646 cm−1, which is
attributed to the C=O stretching of carboxyl groups introduced through interactions with
ASA. Furthermore, the disappearance of the C–H stretching absorption bands at 2999 cm−1

and 2914 cm−1, which are characteristic bands of ASA, indicates that ASA is not present in
its free form in the scaffold but is probably chemically bound within the gelatin network.
The successful incorporation of allantoin into the scaffold was confirmed by the appearance
of a novel absorption band in the FTIR spectrum of SG/0.25ASA/All at approximately
1777 cm−1. This absorption band is attributed to the C=O stretching vibrations of the
ureide functional group characteristic of allantoin [43,44]. The observed spectral shifts
and the presence of characteristic allantoin absorption bands confirm both effective gelatin
crosslinking and incorporation of the bioactive agent into the scaffold.

3.3. Morphology of the Scaffolds—SEM Analysis

The microstructural morphology of the gelatin/ascorbic acid scaffolds (SG/ASA)
and those enriched with allantoin (SG/ASA/All) was examined by scanning electron
microscopy (SEM), and the obtained micrographs are presented in Figure 2. The micro-
graphs of all samples reveal a highly porous microstructure with uniformly shaped and
interconnected pores, which is an essential parameter for efficient tissue regeneration as it
supports cellular processes and ECM deposition, while also enabling efficient transport
of nutrients, oxygen, and bioactive agents through the scaffold [45]. As can be seen from
Figure 2, the scaffolds enriched with allantoin possess thicker pore walls with a rougher
texture compared with the scaffolds without allantoin, indicating the successful incorpora-
tion of the bioactive compound. This phenomenon can be attributed to the fact that the
incorporation of allantoin may alter the viscosity and phase separation behavior of the
precursor solution during scaffold formation, thereby influencing pore architecture and
wall morphology [46,47]. Such effects have been previously reported for other biomaterial
systems, where the addition of bioactive molecules can modify polymer chain organization
and scaffold microstructure [46,47]. In addition, small granules/elongated structures were
observed within the pore walls of the scaffolds enriched with allantoin, further confirming
the presence and homogeneous distribution of allantoin within the scaffold structure. The
obtained porous morphology of the scaffolds is expected to promote favorable cell–material
interactions and thereby enhance the overall regenerative potential of the scaffolds for skin
tissue regeneration and wound-healing applications.

3.4. Porosity of the Scaffolds

Porosity is a key structural parameter that governs both the biological and mechanical
performance of scaffolding biomaterials intended for tissue regeneration applications [48].
The obtained values of porosity of the gelatin/ascorbic acid-based scaffolds, as well as for
those enriched with allantoin, are presented in Figure 3a. As can be seen, the porosity of
the scaffolds is in the range from 87.37 ± 0.35 to 92.39 ± 0.89%, which is in accordance
with the optimal interval reported for soft-tissue regeneration applications [49–51]. These
results clearly demonstrate that scaffold composition significantly influences porosity. Thus,
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increasing the content of ASA in the scaffold composition resulted in reduced scaffold
porosity, which can be attributed to a higher degree of crosslinking gelatin with a higher
amount of ASA. As the degree of crosslinking increases, the polymer network becomes
more compact and tightly organized [10]. Consequently, the available free volume within
the structure decreases, which results in lower overall scaffold porosity In contrast, the
scaffolds enriched with allantoin showed higher porosity compared with their counterparts
without allantoin. This effect can be explained by the hydrophilic nature of allantoin,
which enhances water uptake during scaffold preparation for lyophilization, leading to
the formation of larger ice crystals during freeze drying and, consequently, producing
scaffolds with larger pores [52]. Furthermore, the presence of allantoin may partially
hinder the crosslinking process, resulting in a reduced degree of crosslinking of gelatin
and, consequently, a more open porous structure. Overall, the scaffolds exhibited high
values of porosity of approximately 90%, providing a favorable microenvironment for cell
infiltration and tissue ingrowth while maintaining adequate structural integrity. These
findings highlight the structural suitability of the gelatin/ascorbic acid scaffolds enriched
with allantoin for soft-tissue regeneration applications and wound healing.

3.5. Mechanical Properties of the Scaffolds

The mechanical properties of scaffolds for tissue regeneration are a key parameter
that must be precisely designed because they directly affect cellular functionality, tissue
integration, and overall regenerative outcomes [8,53]. To effectively support skin tissue
regeneration, the mechanical properties of scaffolds must be designed to replicate the
native ECM of skin tissue, providing sufficient flexibility while maintaining structural
integrity during handling and wound contraction [53]. Inadequate mechanical matching
between a scaffold and native ECM of skin tissue—either excessive stiffness or insufficient
strength—may compromise cellular responses, cause patient discomfort, or lead to scaffold
failure [1,54]. Therefore, it is essential to characterize the mechanical properties of scaffolds
for skin tissue regeneration and wound healing.

 
Figure 2. SEM micrographs of the cross-section of the scaffolds based on gelatin/ascorbic acid—
SG/0.25ASA, SG/0.20ASA, and SG/0.10ASA—and scaffolds based on gelatin/ascorbic acid enriched
with allantoin—SG/0.25ASA/All, SG/0.20ASA/All, and SG/0.10ASA/All.
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Figure 3. Obtained results of (a) porosity (%) (* p < 0.05), (b) compression modulus (E, MPa)
(* p < 0.05), (c) equilibrium degree of swelling (qe) of the scaffolds (* p < 0.05, ** p < 0.01, and
*** p < 0.001), (d) photographs of the swollen scaffolds, and (e) photographs of the scaffold attached
to skin tissue at a moving joint, with bending angles varying from 0◦ to 120◦, and at palm side of
the finger.

The obtained values of the compression modulus (E) of the gelatin/ascorbic acid
scaffolds and their counterparts enriched with allantoin are presented in Figure 3b. The
obtained values of the modulus E were in the range from 0.81 ± 0.18 to 1.47 ± 0.07 MPa,
indicating dependence on the chemical composition of the scaffolds. The highest value
of the elastic modulus (E) was observed for the SG/0.20ASA scaffold, suggesting that
this gelatin-to-ASA ratio is optimal for enhancing the mechanical properties of gelatin
scaffolds crosslinked with ascorbic acid. It was observed that the incorporation of allantoin
significantly increased the values of E. This observation is in accordance with the obtained
SEM micrographs for the scaffolds, which revealed thicker walls of pores in scaffolds
enriched with allantoin. In addition, molecules of allantoin are presumed to occupy the
free space in the polymeric network, thereby promoting a more compact and structurally
cohesive matrix and, consequently, enhancing the mechanical strength of the scaffold.
Consequently, allantoin acts as a reinforcing filler, enhancing the mechanical strength of
the scaffolds compared with their allantoin-free counterparts. The obtained values of E
indicate that the gelatin/ascorbic acid-based scaffolds, both with and without allantoin,
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exhibited soft-tissue-matched mechanical properties within a physiologically relevant
range for skin tissue regeneration and wound healing, providing an appropriate balance
between structural support and compliance required to mimic the native environment and
to support cellular activities during the healing process [55].

3.6. Swelling Properties of the Scaffolds

The ability of scaffolds to absorb physiological fluids is an essential property for ef-
fective wound healing and skin tissue regeneration, as it regulates wound exudate and
supports tissue repair. Insufficient fluid management can result in wound dehydration,
while accumulation of excessive exudate can lead to tissue maceration and delayed heal-
ing [32]. The swelling behavior of the gelatin/ascorbic acid scaffolds, with and without
allantoin, was assessed in vitro under simulated physiological pH and temperature con-
ditions, and the obtained results, expressed as the values of the equilibrium degree of
swelling (qe), are summarized in Figure 3c. The qe values obtained for the scaffolds were in
the range from 6.21 ± 0.31 to 9.12 ± 0.41, indicating that the increasing content of ascorbic
acid decreased qe values, while the incorporation of allantoin increased the value of qe. This
trend could be attributed to a higher degree of crosslinking of gelatin with a higher amount
of ASA, which led to a reduced absorption capacity of the scaffolds, while the incorporation
of allantoin, which is a hydrophilic compound, increased the absorption capacity of the scaf-
folds. The photographs of the scaffolds in the equilibrium state of swelling are presented in
Figure 3d. The obtained qe values indicate that the absorption capacity of the scaffolds is
primarily influenced by the degree of crosslinking, while the incorporation of a hydrophilic
bioactive agent such as allantoin can enhance the swelling capacity of the scaffolds. This
balance between crosslinking density and hydrophilicity allows the modulation of scaffold
swelling capacity, which is important for effective exudate management in wound healing
and skin tissue regeneration applications.

The relationship between the mechanical properties and swelling behavior of the poly-
meric scaffolds was strongly influenced by the degree of crosslinking and the hydrophilicity
of the polymer network. Increasing the content of ascorbic acid (ASA) enhanced the degree
of crosslinking within the gelatin-based network, which improved mechanical stiffness but
reduced the free volume and mobility of polymeric chains, thereby limiting swelling capac-
ity and resulting in lower qe values. In contrast, the incorporation of allantoin increased
the hydrophilicity of the polymeric network due to its hydrophilic nature and promoted
water absorption, while molecules of allantoin probably occupied free space within the
polymeric network, contributing to a more compact, stable and mechanically stronger
network. Consequently, allantoin contributed to both the enhanced swelling capacity and
mechanical stability of the scaffold.

3.7. Skin Tissue Adhesion Properties of the Scaffolds

The tissue adhesive performance of scaffolds intended for skin tissue regeneration and
wound healing is a crucial attribute, as it enables conformal attachment to irregular and
dynamic wound surfaces, reduces the need for external fixation methods, and helps protect
the wound from contamination and mechanical stress [56]. In this study, the adhesion of
gelatin/ascorbic acid scaffolds, both with and without allantoin, was assessed by applying
the swollen samples to skin tissue at a moving joint, with bending angles varying from
0◦ to 120◦ (Figure 3e). The scaffolds maintained stable attachment throughout the range
of motion, demonstrating their potential for use on flexible skin regions. Scaffold adhe-
sion is primarily driven by interactions at the interface between the scaffold surface and
tissue, including hydrogen bonding, electrostatic interactions, and physical chain entan-
glement [57–59]. In the prepared scaffolds, gelatin provides numerous functional groups
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(e.g., amine, hydroxyl, and carboxyl groups) that can form hydrogen bonds with skin tissue
components as well as electrostatic interactions with oppositely charged phospholipids
in skin tissue membranes, thereby contributing to the stable adhesion of the scaffolds to
the skin tissue [60,61]. Additionally, the incorporation of hydrophilic allantoin increases
the swelling capacity of the scaffold, allowing it to absorb wound exudate/physiological
fluids and form a thin hydration layer at the scaffold–tissue interface. This hydration layer
promotes better interfacial contact, facilitating physical interactions, such as hydrogen
bonding and van der Waals forces, between the scaffold surface and the tissue, which
may enhance the overall adhesion of the scaffold to the tissue. The observed stable adhe-
sion of the scaffolds to skin tissue under dynamic conditions confirms that the developed
gelatin/ascorbic acid scaffolds enriched with allantoin possess suitable tissue-adhesive
properties for wound healing and skin tissue regeneration applications without the need
for additional fixation.

3.8. Biocompatibility Assays of the Scaffolds

Cytocompatibility is a fundamental preliminary parameter that must be evaluated
before a scaffold can be considered for in vivo application, including tissue engineering
and wound healing [33,62]. The cytocompatibility of the developed gelatin/ascorbic acid
scaffolds, and those enriched with allantoin, was evaluated using human keratinocyte
(HaCaT) cells. HaCaT cells were selected due to keratinocytes representing the predominant
cellular component of the epidermis and playing key roles in numerous physiological and
pathological processes, including the regulation of complex mechanisms of wound healing,
water and electrolyte balance, modulation of inflammatory and immune responses, and
various mechanisms associated with carcinogenesis [63]. Additionally, HaCaT cells play
a critical role in re-epithelialization and skin barrier restoration during wound healing
and skin tissue regeneration [63]. The obtained results of the cytocompatibility of the
scaffolds are presented in Figure 4a as percentages of cell viability. The results showed
that all prepared scaffolds revealed a cell viability above 80% (ranging from 87.96 ± 1.87 to
96.31 ± 3.48%), confirming their biocompatibility and suitability for contact with skin cells.
The observed moderate reduction in cell viability of the SG/0.20ASA and SG/0.10ASA
scaffolds may reflect cellular adaptation to the scaffold environment or the influence of
scaffold composition [64,65]. A clear influence of ASA content in the scaffold composition
on the response of keratinocyte cells was observed, as the scaffold containing a higher
ASA amount (SG/0.25ASA) showed a proliferative effect on HaCaT cells (up to 96.31%).
Among the tested samples, SG/0.10ASA showed the lowest proliferative effect on HaCaT
cells (87.96%). The incorporation of allantoin into the scaffolds did not significantly affect
cellular responses, except for the SG/0.20ASA scaffold, where the incorporation of allantoin
improved the proliferative effect compared with its allantoin-free counterpart. The observed
favorable response of keratinocytes in contact with the scaffolds highlights the potential of
the developed scaffolds as promising candidates for skin tissue regeneration and wound-
healing applications.

3.9. Antibacterial Properties of the Scaffolds

Bacterial infection represents a major challenge in wound healing and skin tissue
regeneration because it prolongs the inflammatory phase, disrupts collagen synthesis,
impairs epidermal cell migration, and can lead to additional tissue damage and serious
health consequences for patients [1,6]. For this reason, antibacterial activity is a key
requirement in the design of wound dressings and scaffolds for skin tissue engineering.
The microorganisms that are commonly associated with wound infection are Staphylococcus
epidermidis, Escherichia coli, and Pseudomonas aeruginosa [6]. Accordingly, in the present
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study, the antibacterial activity of the prepared scaffolds was evaluated against both Gram-
positive bacteria S. epidermidis and Gram-negative bacteria E. coli to assess their potential to
control infection in wound healing and skin tissue regeneration applications.

Figure 4. (a) HaCaT cell viability of the scaffolds (* p < 0.05 ** p < 0.01), (b) the antibacterial assay
against E. coli and S. epidermidis bacteria (the inhibition zone around the scaffolds based on gelatin
and ascorbic acid and those enriched with allantoin is evident in the presented images), and (c) the
release profiles of allantoin obtained from scaffolds based on gelatin and ascorbic acid.

The obtained results of the antibacterial assessment of the scaffolds are presented in
Figure 4b. The inhibition zones around the scaffolds based on gelatin and ascorbic acid, and
those enriched with allantoin, are evident in the presented images (Figure 4b), indicating
that all synthesized scaffolds exhibited antibacterial activity against both tested bacteria. No
bacterial growth was observed either directly underneath the scaffold samples or in their
immediate environment, demonstrating both contact- and diffusion-based antimicrobial
effects of the scaffolds. These findings indicate that the scaffolds based on gelatin and
ascorbic acid and those enriched with allantoin are capable of suppressing bacterial growth
and can, therefore, be considered as promising candidates for the treatment of infected
wounds as well as for the prevention of secondary infections during wound healing and
skin tissue regeneration.

3.10. In Vitro Allantoin Release Properties of the Scaffolds

The main concept of the proposed scaffold design is to provide both structural and
bioactive support for wound healing and skin tissue regeneration within a single multifunc-
tional system. In this approach, the highly porous 3D ECM-mimicking architecture serves

https://doi.org/10.3390/pharmaceutics18030391

https://doi.org/10.3390/pharmaceutics18030391


Pharmaceutics 2026, 18, 391 15 of 19

as a physical framework that promotes cellular processes and tissue ingrowth, while the
release of the incorporated bioactive agent provides biochemical stimulation of key regener-
ative mechanisms. Allantoin was the selected bioactive agent for incorporation into the 3D
porous scaffold based on gelatin and ASA due to its known ability to stimulate proliferation
of cells, modulate inflammatory responses, and enhance collagen and extracellular matrix
synthesis [66,67]. To evaluate the bioactive functionality of the scaffolds enriched with
allantoin, the in vitro allantoin release study was performed under simulated physiologi-
cal conditions of pH and temperature, and the obtained release profiles are presented in
Figure 4c. The obtained data demonstrated that scaffold composition strongly influenced
release behavior. Scaffolds with higher ASA contents (SG/0.25ASA/All) exhibited a slower
release, whereas those with lower ASA contents (SG/0.20ASA/All and SG/0.10ASA/All)
displayed faster release kinetics. This phenomenon can be explained by differences in the
swelling capacity of the scaffolds. The scaffolds obtained using a higher amount of ASA
showed a lower equilibrium degree of swelling, probably due to the presence of crosslinks
within the polymeric network, which hinder the mobility of polymeric chains and limit
fluid uptake into the polymeric network. As a result, the dynamic of swelling and diffusion
of active agents through the polymeric network occurs more gradually, leading to slower
release of active agents. In contrast, scaffolds obtained with a lower content of ASA possess
a higher equilibrium degree of swelling and a more porous, open, and flexible polymeric
network architecture, which makes fluid uptake easier and promotes faster diffusion of
active molecules through the polymeric network. This enhanced fluid transport contributes
to faster release of active agents. During the initial phase of release (first 5 h), approximately
50% of allantoin was released from SG/0.25ASA/All, 75% from SG/0.20ASA/All, and 86%
from SG/0.10ASA/All, highlighting the scaffold composition-dependent release pattern.
This release trend can be attributed to differences in the degree of gelatin crosslinking
induced by ASA content. Scaffolds with a higher degree of crosslinking exhibited reduced
fluid uptake/limited swelling capacity, which hindered diffusion of allantoin through the
polymeric network, resulting in slower release. In contrast, SG/0.10ASA/All, with a lower
degree of crosslinking and higher swelling capacity, showed faster release of allantoin
as the diffusion of allantoin through the swollen polymeric network is better. After the
initial burst phase of release, all scaffolds exhibited a slower, sustained release of allantoin,
while maintaining the same trend of release. Notably, the developed gelatin/ascorbic acid
scaffolds enriched with allantoin provided release of allantoin for up to 76 h, indicating
that the release profiles can be effectively tailored by adjusting scaffold composition. These
tunable release kinetics, combined with the multifunctional properties of the scaffolds,
highlight the potential of the proposed scaffolds as a promising strategy for improved skin
tissue regeneration and wound healing.

4. Conclusions
This study demonstrates that fully natural gelatin/L-ascorbic acid scaffolds enriched

with allantoin represent a promising multifunctional platform for advanced wound heal-
ing and skin tissue regeneration. The proposed simple preparation procedure by heat-
induced crosslinking of gelatin with varying contents of ASA enabled the formation of
a highly porous and interconnected ECM-replicated architecture with tunable porosity
(87.37–92.39%) and compressive modulus values (0.81–1.47 MPa) within the range relevant
for soft-tissue applications. Importantly, incorporation of allantoin improved scaffold per-
formance by enhancing swelling capacity and mechanical properties. All prepared scaffolds
exhibited antibacterial activity against both Gram-negative (E. coli) and Gram-positive (S.
epidermidis) bacteria, indicating their ability to suppress bacterial colonization and support
infection prevention during wound healing. Furthermore, the scaffolds exhibited good
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cytocompatibility toward human keratinocytes, with cell viability above 80% for all sam-
ples, thereby confirming their suitability for direct contact with skin tissue. The scaffolds
showed sustained release of allantoin for up to 76 h, with tunable release kinetics by varying
scaffold composition. These findings confirm that the developed scaffolds successfully inte-
grate structural support, soft-tissue-matching mechanical properties, exudate management,
antimicrobial functionality, keratinocyte-supportive properties, and controlled bioactive
release within a single fully natural system, offering a biologically inspired strategy for
improved skin regeneration and wound management.
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