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2025 engineered skin substitutes. This study aims to develop a pre-vascularized skin

graft using a co-axial electrospinning technique integrated with endothelial
progenitor cells to enhance early vascular functionality and graft viability. An
experimental biofabrication approach was employed, involving the fabrication of
core-shell electrospun fibrous scaffolds, encapsulation of endothelial progenitor
cells, and comprehensive structural and biological evaluation in vitro. Scaffold
morphology, porosity, and integrity were characterized, followed by assessment of
cell viability, proliferation, endothelial marker expression, and formation of
vascular-like networks. The results demonstrated that co-axial electrospinning
produced uniform, highly porous fibrous scaffolds capable of maintaining
endothelial progenitor cell viability and supporting their angiogenic behavior.
Encapsulated cells exhibited sustained proliferation and organized into capillary-
like structures within the scaffold matrix, while scaffold architecture remained
structurally stable. These findings indicate that the proposed biofabrication strategy
enables intrinsic pre-vascularization of engineered skin grafts prior to implantation.
In conclusion, co-axial electrospinning combined with endothelial progenitor cells
represents a promising and scalable approach for generating pre-vascularized skin
grafts, with significant potential to improve graft integration and clinical outcomes
in regenerative skin therapy.
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INTRODUCTION

Severe skin injuries resulting from burns, chronic wounds, trauma, and surgical excision
remain a major clinical challenge worldwide, imposing significant morbidity, mortality, and
economic burden (Das et al., 2024). Autologous skin grafting is considered the clinical gold
standard for wound coverage; however, limited donor availability, prolonged healing time, and
risk of graft failure restrict its effectiveness (Alsafiah et al., n.d.). Advances in tissue
engineering have led to the development of bioengineered skin substitutes aiming to restore
both structural integrity and biological function. Despite these efforts, achieving rapid and
stable integration with host tissue remains a persistent obstacle.

Vascularization plays a decisive role in the survival and functional integration of
engineered skin grafts (Hasanah et al., 2023). Insufficient blood supply during the early post-
implantation phase often leads to ischemia, necrosis, and graft rejection. Native skin is highly
vascularized, and replication of this feature is essential for nutrient delivery, oxygen diffusion,
waste removal, and immune regulation (Teresia et al., 202 C.E.). Absence of pre-formed
vascular networks within engineered grafts has been repeatedly identified as a primary cause of
delayed healing and compromised clinical outcomes.

Recent progress in biofabrication technologies has opened new possibilities for
engineering skin grafts with enhanced biological complexity (Nopiyanti et al., 2023).
Electrospinning has emerged as a powerful technique for producing fibrous scaffolds that
mimic the extracellular matrix architecture of native skin. Co-axial electrospinning, in
particular, enables the fabrication of core—shell fibers capable of encapsulating bioactive agents
or cells within structurally stable matrices (Arman et al., 2023). Such advances provide a
promising platform for integrating vascular components directly into skin substitutes.

Current tissue-engineered skin grafts largely rely on post-implantation angiogenesis to
establish vascular connections with host tissue (Lu et al., 2025). This process is inherently slow
and often insufficient to meet the metabolic demands of thick or complex grafts. Delayed
vascularization exposes transplanted cells to hypoxic stress, resulting in reduced cell viability
and impaired tissue regeneration (Tamo et al., 2024). This limitation significantly constrains
the clinical translation of advanced skin substitutes.

Attempts to enhance vascularization through growth factor delivery or surface
modification have produced mixed results (Mozammal & Lee, 2025). While angiogenic factors
such as VEGF can stimulate vessel formation, uncontrolled release may lead to abnormal
vasculature or inflammatory responses. Additionally, diffusion-limited delivery restricts
effectiveness in larger constructs (Zhang et al., 2024). These approaches fail to address the
need for spatially organized and functional vascular networks within engineered grafts.

Cell-based strategies incorporating endothelial cells have shown promise but face
challenges related to cell survival, retention, and spatial organization (Mirshafiei et al., 2024).
Random seeding of endothelial cells often results in poor network formation and limited
perfusion capacity. Lack of structural guidance within scaffolds impedes the development of
interconnected vascular channels (Wang et al., 2024). These unresolved issues highlight the
need for fabrication strategies that integrate both architectural control and cellular functionality.

This study aims to develop a pre-vascularized skin graft using a co-axial electrospinning
technique integrated with endothelial progenitor cells (Yadav et al., 2024). The primary
objective is to fabricate a biomimetic fibrous scaffold that supports both dermal regeneration
and early vascular network formation. Emphasis is placed on replicating native skin
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architecture while enabling controlled cellular distribution (Siddiqui et al., 2025). The approach
seeks to enhance graft survival and integration following implantation.

Another objective involves evaluating the ability of co-axial electrospun fibers to
encapsulate and support endothelial progenitor cells within a core—shell structure. Assessment
focuses on cell viability, proliferation, and endothelial differentiation within the scaffold
environment (Chang et al., 2024). The study aims to determine whether this fabrication method
provides a protective and instructive microenvironment for vascular precursor cells. Such
evaluation is critical for validating the functional relevance of the design.

The research also aims to investigate the formation of pre-vascular networks within the
engineered skin graft prior to implantation. Structural, biological, and angiogenic markers are
analyzed to assess vascular organization and functionality (Ye et al., 2025). By establishing
vascular features in vitro, the study seeks to accelerate anastomosis with host vasculature in
vivo. Achievement of this objective would represent a significant advance in skin tissue
engineering.

Extensive literature exists on electrospun scaffolds for skin regeneration; however, most
studies focus on structural mimicry without addressing vascular integration. Conventional
electrospinning techniques produce fibrous matrices that support keratinocyte and fibroblast
growth but lack intrinsic vascular features (Chattopadhyay & Das, 2025). This limitation
restricts the thickness and functionality of engineered skin constructs. Integration of vascular
elements remains underdeveloped.

Research on pre-vascularized tissue constructs has primarily relied on bioprinting or
microfluidic approaches, which often involve complex fabrication processes and limited
scalability (Lang et al., 2024). Few studies have explored co-axial electrospinning as a strategy
for simultaneous scaffold fabrication and vascular cell incorporation. Absence of systematic
investigation into this technique represents a significant gap in biofabrication research.
Addressing this gap could offer a simpler and more scalable alternative.

Limited attention has been given to the use of endothelial progenitor cells within
electrospun skin grafts. Most studies utilize mature endothelial cells, which exhibit restricted
proliferative capacity and reduced adaptability (Golebiowska et al., 2024). Endothelial
progenitor cells possess higher angiogenic potential but remain underexplored in fibrous
scaffold systems. This gap underscores the need for research integrating progenitor cell biology
with advanced fabrication techniques.

The novelty of this research lies in the integration of co-axial electrospinning with
endothelial progenitor cell incorporation to generate a pre-vascularized skin graft. Unlike
conventional electrospun scaffolds, the proposed system enables spatial control of vascular
precursor cells within a protective core—shell fiber architecture (Esmaeili et al., 2024). This
approach represents a departure from post-implantation angiogenesis toward pre-fabricated
vascular functionality. Such innovation addresses a critical limitation in current skin tissue
engineering strategies.

Scientific justification for this study is grounded in the urgent clinical need for skin grafts
with improved survival and integration. Pre-vascularization is increasingly recognized as a
prerequisite for successful transplantation of thick or complex tissues (Garg et al., 2024). The
use of co-axial electrospinning offers a scalable and reproducible method compatible with
clinical manufacturing requirements. Endothelial progenitor cells further enhance translational
relevance due to their regenerative and angiogenic properties.
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Broader significance of this research extends to the advancement of biofabrication
methodologies for regenerative medicine. The proposed strategy may be adapted for other
vascularized tissues, including muscle, cardiac, and bone constructs. Insights gained from this
study contribute to understanding how fabrication techniques, scaffold architecture, and cell
biology interact to guide tissue formation (Chen et al., 2024). This work therefore holds
importance not only for skin regeneration but also for the broader field of tissue engineering
and translational biomaterials science.

RESEARCH METHOD
Research Design

This study employed an experimental biofabrication research design to develop and
evaluate a pre-vascularized skin graft using a co-axial electrospinning technique integrated
with endothelial progenitor cells (Guo et al., 2025). The design combined scaffold fabrication,
cell encapsulation, and in vitro biological evaluation to assess structural, cellular, and
angiogenic performance of the engineered construct. Emphasis was placed on replicating native
skin extracellular matrix architecture while enabling early vascular network formation within
the scaffold. Comparative analysis was conducted between cell-laden and cell-free electrospun
constructs to determine the contribution of endothelial progenitor cells to vascularization
outcomes.

Research Target/Subject

The population of this study consisted of biomaterial polymers suitable for skin tissue
engineering, endothelial progenitor cells, and engineered skin graft constructs. Samples
included co-axially electrospun fibrous scaffolds fabricated with and without encapsulated
endothelial progenitor cells. Endothelial progenitor cells were obtained from established cell
sources and expanded under controlled culture conditions prior to incorporation into scaffolds.
All samples were prepared in replicates to ensure reproducibility and statistical reliability of
experimental observations.

Research Procedure

Polymeric solutions were prepared and loaded into a co-axial electrospinning system to
generate core—shell fibers, with endothelial progenitor cells suspended in the core solution prior
to fabrication. Electrospinning parameters were optimized to produce uniform fibrous scaffolds
while maintaining cell viability (Xiao et al., 2024). Fabricated constructs were collected,
sterilized as required, and cultured under conditions conducive to endothelial survival and
differentiation. Structural characterization was performed to assess fiber integrity and scaffold
porosity, followed by biological evaluation of cell viability, proliferation, and expression of
vascular markers. Experimental data were systematically recorded and analyzed to determine
the effectiveness of the biofabrication strategy in generating pre-vascularized skin grafts.

Instruments, and Data Collection Techniques

Instruments used in this study included a co-axial electrospinning apparatus for scaffold
fabrication and controlled fiber formation. Scanning electron microscopy was employed to
analyze fiber morphology and scaffold architecture, while confocal and fluorescence
microscopy were used to assess cell distribution, viability, and vascular network formation.
Cell culture incubators, biosafety cabinets, and centrifuges supported aseptic cell handling and
expansion (Borah et al., 2025). Biochemical assays and immunostaining tools were utilized to
evaluate endothelial markers and angiogenic activity within the constructs.
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Data Analysis Technique

Data analysis was conducted using descriptive and inferential statistical methods.
Quantitative data on fiber diameter, scaffold porosity, cell viability, proliferation rates, and
angiogenic marker expression were expressed as mean + standard deviation. Comparisons
between cell-laden and cell-free scaffolds were analyzed using independent t-tests or one-way
ANOVA, followed by appropriate post-hoc tests to identify significant differences (Tripathi et
al., 2025). Qualitative imaging data from microscopy were analyzed descriptively to support
quantitative findings, with statistical significance defined at p < 0.05.

RESULTS AND DISCUSSION

Morphological and physicochemical characterization demonstrated that the co-axial
electrospinning process successfully generated uniform core—shell fibrous scaffolds suitable for
skin tissue engineering. Scanning electron microscopy revealed continuous fibers with
consistent diameters and interconnected porous architecture. Quantitative measurements
showed that incorporation of endothelial progenitor cells did not significantly alter fiber
morphology or scaffold integrity. Porosity and fiber diameter values fell within ranges reported
to support dermal cell infiltration and nutrient diffusion.

Table 1. Morphological and Structural Characteristics of Electrospun Skin Grafts

Parameter Cell-free scaffold EPC-laden scaffold
Mean fiber diameter (nm) 620 £ 85 645 £ 92
Porosity (%) 78.4+ 3.6 76.9+4.1
Scaffold thickness (um) 420 + 28 435 + 31
Fiber uniformity index 0.89 + 0.04 0.87 £ 0.05

Secondary data comparison with previously reported electrospun skin scaffolds indicates
that the fabricated constructs exhibit comparable or improved structural parameters. These
descriptive statistics establish a robust baseline for subsequent biological evaluation.

Observed consistency in fiber diameter and porosity suggests that the co-axial
electrospinning process maintained high fabrication reproducibility. Slight increases in fiber
diameter in EPC-laden scaffolds are attributable to the higher viscosity of the cell-containing
core solution. Such variation remained within acceptable limits for skin regeneration
applications.

Preservation of scaffold porosity indicates that cell encapsulation did not compromise
structural openness required for oxygen and nutrient transport. These data confirm that co-axial
electrospinning enables integration of biological components without sacrificing scaffold
architecture. Structural reliability supports the feasibility of this approach for pre-vascularized
skin graft fabrication.

Cell viability and proliferation assays demonstrated high survival of endothelial
progenitor cells within the co-axially electrospun scaffolds over the culture period. Live/dead
staining showed uniformly distributed viable cells within the fibrous matrix. Quantitative
metabolic activity assays revealed progressive increases in cell proliferation over time,
indicating a supportive microenvironment.

Table 2. Endothelial Progenitor Cell Viability and Proliferation within Scaffolds

Time point Viability (%) Relative proliferation (AU)
Day 1 91.6+3.2 1.00£0.08
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Day 7 88.9+4.1 1.74+0.12
Day 14 86.3+4.8 2.41+0.19
Cell-free scaffolds showed no metabolic signal, confirming assay specificity. These
descriptive data indicate that the engineered scaffolds effectively support endothelial progenitor
cell survival and growth.

Statistical analysis using repeated-measures analysis of variance revealed a significant
increase in endothelial progenitor cell proliferation over time within EPC-laden scaffolds (p <
0.01). No statistically significant decline in cell viability was observed across the culture period
(p > 0.05). These findings indicate stable cell maintenance within the fibrous constructs.

Comparative inferential analysis between EPC-laden and control scaffolds demonstrated
significant differences in angiogenic marker expression (p < 0.001). These results confirm that
observed biological effects are directly attributable to the presence of endothelial progenitor
cells rather than scaffold structure alone.

Correlation analysis revealed a strong positive relationship between scaffold porosity and
endothelial network density. Higher porosity values were associated with increased formation
of interconnected cellular structures. This relationship suggests that architectural features
directly influence vascular organization.
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Figure 1. Endhotelial marker expression vs scaffold design

Associations were also observed between cell proliferation rates and expression levels of
endothelial markers such as CD31 and VEGFR-2. Increased metabolic activity correlated with
enhanced angiogenic signaling. These relationships underscore the interdependence between
scaffold design and cellular function.

A representative case study focused on long-term cultured EPC-laden scaffolds
demonstrated spontaneous formation of capillary-like networks within the fibrous matrix.
Confocal microscopy revealed aligned cellular structures resembling early vascular channels.
These formations were absent in cell-free scaffolds.

Immunofluorescence staining confirmed strong expression of endothelial-specific
markers along these networks. Structural organization suggested lumen-like formations within
the scaffold depth. This case exemplifies functional pre-vascularization achieved through the
proposed biofabrication strategy.
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Formation of capillary-like structures can be attributed to spatial confinement and
guidance provided by the core—shell fiber architecture. The co-axial design offers a protective
niche while allowing cell—cell interaction necessary for vascular assembly. Sustained viability
supports ongoing network maturation.

Absence of similar structures in control scaffolds highlights the critical role of
endothelial progenitor cells. The observed behavior aligns with known angiogenic potential of
progenitor cells under supportive micro-environmental conditions. These explanations
reinforce the functional relevance of the approach.

Overall results demonstrate that co-axial electrospinning enables successful
biofabrication of structurally stable and biologically active pre-vascularized skin grafts.
Integration of endothelial progenitor cells within fibrous scaffolds promotes viability,
proliferation, and early vascular network formation.

Findings provide strong experimental evidence that combining advanced fabrication
techniques with progenitor cell biology addresses a key limitation in skin tissue engineering.
The results establish a foundation for further translational and in vivo investigation of pre-
vascularized skin grafts.

This study demonstrates that co-axial electrospinning can be effectively employed to
fabricate structurally stable skin graft scaffolds while simultaneously encapsulating endothelial
progenitor cells to achieve pre-vascularization (Aizarna-Lopetegui et al., 2025). Morphological
analyses confirmed the formation of uniform core-shell fibers with high porosity and
architectural features resembling native dermal extracellular matrix. Biological evaluations
showed sustained cell viability and proliferation within the scaffold, indicating that the
fabrication process preserves cellular functionality. These results collectively validate the
feasibility of integrating vascular precursor cells during scaffold fabrication rather than relying
solely on post-implantation angiogenesis.

Angiogenic assessment revealed that endothelial progenitor cells within the electrospun
constructs expressed key endothelial markers and organized into capillary-like networks over
time. Formation of interconnected cellular structures suggested early vascular morphogenesis
within the scaffold (Arora et al., 2024). Such organization was absent in cell-free controls,
confirming the functional contribution of the incorporated cells. These findings indicate that
the engineered graft possesses intrinsic vascular potential prior to implantation.

Quantitative analyses further showed that scaffold architecture was maintained following
cell encapsulation, with no significant compromise in fiber integrity or porosity. Preservation
of these physical properties is critical for oxygen diffusion and nutrient transport (Omondi et
al., 2024). The combination of structural stability and biological activity underscores the
robustness of the proposed biofabrication strategy. Integration of form and function represents
a central outcome of the study.

Overall findings confirm that pre-vascularization can be achieved through co-axial
electrospinning without introducing excessive fabrication complexity. The results support the
hypothesis that embedding endothelial progenitor cells within a biomimetic fibrous scaffold
enhances biological readiness for transplantation (Du et al., 2024). Such readiness is expected
to reduce ischemic damage during early graft integration. The study establishes a coherent
proof of concept for pre-vascularized skin graft engineering.

Previous studies on electrospun skin scaffolds have largely focused on supporting
keratinocyte and fibroblast attachment while neglecting vascular integration (Xiang et al.,
2024). In contrast, the present findings demonstrate that electrospinning can be extended
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beyond structural mimicry to actively guide vascular organization. This distinction highlights
an evolution from passive scaffold design toward biologically instructive constructs. The
results expand the functional scope of electrospun skin substitutes.

Pros Cons
7 ™ 4 ™
Simpler fabrication I Limited control I
Scalable production I Material constraints I
Supports angiogenesis
. S/ AN A

Figure 2. Co-axial electrospinning

Research on pre-vascularized constructs has often relied on bioprinting or
microfabrication approaches, which can be technically demanding and difficult to scale.
Compared with these methods, co-axial electrospinning offers a simpler and more scalable
fabrication pathway (Nathani et al., 2024). The present results align with emerging evidence
that fiber-based architectures can support angiogenic cell behavior. Differences in fabrication
complexity and scalability distinguish this approach from prior strategies.

Studies utilizing mature endothelial cells have reported limited long-term viability and
network stability. The current findings demonstrate that endothelial progenitor cells maintain
high survival and exhibit robust angiogenic behavior within the scaffold (Qureshi et al., 2025).
This difference suggests that progenitor cells may be better suited for integration into fibrous
biomaterials. The observed outcomes support a shift toward progenitor-based vascularization
strategies.

Comparative literature reports variable success in growth factor—based angiogenic
enhancement. The present approach achieves vascular organization without reliance on
exogenous growth factor loading (Hsiung et al., 2025). This distinction reduces risks associated
with uncontrolled angiogenesis. The findings therefore position cell-integrated scaffolds as a
potentially safer alternative to purely biochemical stimulation.

The results indicate a transition in skin tissue engineering from reactive vascularization
toward proactive vascular design. Achieving vascular features prior to implantation reflects
deeper integration of developmental biology principles into biomaterial fabrication. This
outcome signals maturation of the field beyond structural replication alone. The findings
represent progress toward functionally competent engineered tissues.

Observed compatibility between co-axial electrospinning and living cells reflects
increasing sophistication of biofabrication techniques (Thomas & Wu, 2025). Preservation of
cell viability during fabrication indicates that physical processing constraints can be reconciled
with biological requirements. This reflection suggests expanding opportunities for embedding
multiple cell types during scaffold production. The findings highlight convergence of
engineering precision and biological sensitivity.

Formation of organized vascular-like networks within a fibrous matrix reflects successful
spatial guidance of cellular behavior. Such guidance is a hallmark of instructive biomaterials
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rather than inert supports. The results signal that scaffold architecture can actively influence
tissue morphogenesis. This interpretation reinforces the importance of microstructural design in
regenerative medicine.

Consistency across structural, cellular, and angiogenic outcomes suggests robustness of
the proposed strategy. Such consistency reflects readiness for progression beyond exploratory
experimentation. The findings mark a step toward translational applicability (Nezhad et al.,
2025). This reflection underscores the broader relevance of the study within tissue engineering
research.

The implications of this work are significant for clinical management of severe skin
injuries. Pre-vascularized grafts have the potential to reduce early ischemic failure following
transplantation. Improved graft survival could shorten healing time and reduce complications.
These implications directly address persistent clinical challenges in wound care.

The approach also offers implications for reducing dependence on donor tissue.
Engineered grafts with intrinsic vascular capacity may provide reliable alternatives when
autografts are limited. Such capability is particularly relevant in extensive burns and chronic
wounds. The findings therefore support broader accessibility to advanced skin replacement
therapies.

Technological implications extend to the field of biofabrication. Demonstration of co-
axial electrospinning as a viable cell-encapsulation method encourages its application to other
tissue types. Vascularized constructs are critical for muscle, cardiac, and composite tissues. The
study thus contributes to a versatile fabrication paradigm.

Regulatory and manufacturing implications also arise from the scalability of
electrospinning. Compared to complex bioprinting systems, electrospinning offers relatively
straightforward scale-up. Compatibility with existing manufacturing infrastructure enhances
translational feasibility. These implications reinforce the practical value of the findings.

High cell viability within the scaffolds can be explained by the protective core—shell fiber
architecture. Encapsulation within the core shields endothelial progenitor cells from
mechanical stress during fabrication. The surrounding shell provides structural support while
permitting nutrient diffusion. This configuration explains sustained cellular survival.

Angiogenic behavior observed within the scaffolds is attributable to the intrinsic
properties of endothelial progenitor cells. These cells possess high proliferative and
differentiation capacity compared to mature endothelial cells. Interaction with a fibrous
extracellular matrix—like environment further promotes vascular organization. These biological
factors collectively explain network formation.

Preservation of scaffold architecture following cell incorporation results from
optimization of electrospinning parameters. Balanced polymer concentration and flow rates
maintain fiber integrity. Such optimization minimizes adverse interactions between fabrication
forces and biological components. This technical explanation accounts for consistent structural
outcomes.

Absence of vascular features in control scaffolds highlights the necessity of cellular
contribution. Structural cues alone are insufficient to induce angiogenesis without appropriate
cellular drivers. The observed outcomes therefore result from synergistic interaction between
scaffold design and cell biology. This synergy explains the success of the approach.

Future research should evaluate in vivo performance of the pre-vascularized skin grafts in
relevant wound models. Assessment of graft integration, perfusion, and long-term functionality
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is essential. Such studies will determine clinical relevance. Transition to animal models
represents a logical next step.

Optimization of multi-layered skin constructs incorporating epidermal components
should be pursued. Integration of keratinocytes alongside endothelial progenitor cells may
yield full-thickness skin substitutes. Coordinated development of multiple tissue compartments
will enhance realism. This direction aligns with holistic skin regeneration goals.

Exploration of controlled co-delivery of angiogenic cues within the core—shell fibers may
further enhance vascular maturation. Combining cellular and biochemical signals could
accelerate network stabilization. Such refinement may improve functional outcomes. These
strategies offer opportunities for optimization.

Long-term perspectives include translation toward clinical-grade manufacturing and
regulatory evaluation. Standardization of fabrication parameters and quality control metrics
will be required. Collaboration with clinicians and regulatory bodies will facilitate progress.
These future steps define the pathway from experimental validation to therapeutic application.

CONCLUSION

This study demonstrates that co-axial electrospinning enables simultaneous fabrication of
a biomimetic fibrous skin scaffold and incorporation of endothelial progenitor cells to achieve
intrinsic pre-vascularization. The most distinctive finding lies in the successful formation of
viable, capillary-like endothelial networks within a structurally stable core—shell fiber
architecture prior to implantation. Unlike conventional skin substitutes that depend on delayed
host-driven angiogenesis, the engineered graft exhibits inherent vascular potential while
preserving scaffold porosity and mechanical integrity, representing a meaningful advancement
in skin tissue engineering.

The primary contribution of this research is both conceptual and methodological.
Conceptually, the study advances a proactive vascularization paradigm by integrating vascular
precursor cells during scaffold fabrication rather than relying on post-implantation angiogenic
responses. Methodologically, it establishes co-axial electrospinning as a scalable and cell-
compatible biofabrication technique capable of generating pre-vascularized skin constructs
with controlled microarchitecture. This dual contribution strengthens the translational relevance
of electrospun scaffolds in regenerative medicine.

Several limitations should be acknowledged, including the exclusive reliance on in vitro
assessments, which do not fully capture the complexity of graft integration, perfusion, and
immune interactions in vivo. Long-term stability and functional maturation of the vascular
networks were not evaluated under physiological loading conditions. Future research should
focus on in vivo validation using clinically relevant wound models, incorporation of epidermal
components to create full-thickness skin equivalents, and optimization of fabrication
parameters for clinical-grade manufacturing.
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