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Abstract
Chronic diabetic wounds, characterized by persistent infection and impaired 
tissue regeneration, remain a formidable clinical challenge. In the present study, 
a 3D-bioprinted asymmetric bilayer scaffold was developed by integrating 
electrospinning and 3D bioprinting technologies to achieve anti-infective and pro-
regenerative functions. The scaffold features a distinctive asymmetric architecture 
comprising a superficial layer (Layer S) and a basal layer (Layer B). Layer B, consisting 
of electrospun copper(I) oxide (Cu2O)–poly-ε-caprolactone nanofibers, serves as an 
effective antibacterial barrier specifically targeting methicillin-resistant Staphylococcus 
aureus (MRSA), while Layer S employs a 3D-bioprinted decellularized extracellular 
matrix hydrogel loaded with human bone marrow mesenchymal stem cell-derived 
extracellular vesicles (hBMSC-EVs) to facilitate tissue repair. Experimental results 
demonstrated that hBMSC-EVs significantly augmented fibroblast proliferation and 
migration, and the Cu2O-doped layer exhibited potent bactericidal activity against 
MRSA. In db/db diabetic mice, this asymmetric composite scaffold significantly 
accelerated wound closure compared to standalone treatments. Histological analysis 
further confirmed enhanced neovascularization and accelerated extracellular matrix 
reconstruction. Overall, this synergistic 3D-bioprinted bilayer system provides a 
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1. Introduction
Maintaining skin structural integrity is crucial for normal 
physiological function, but chronic non-healing wounds 
pose a significant challenge in the medical field.1,2 These 
wounds, defined as lesions that do not heal within a four-
week period, are particularly problematic in individuals 
with metabolic disorders such as diabetes mellitus. Among 
these, diabetic foot ulcers (DFUs) represent the most 
common and clinically burdensome subtype, accounting 
for approximately 50% to 70% of all non-healing wound 
cases,3 and are responsible for over 80% of non-traumatic 
lower-limb amputations.4 It is estimated that 15% to 25% 
of diabetic patients will develop a DFU in their lifetime. 
DFUs are characterized by deep tissue involvement, spatial 
variability, and heightened susceptibility to multidrug-
resistant bacterial infections.5,6 In China alone, there 
are more than 30 million cases of severe surface wounds 
reported each year, putting a heavy strain on healthcare 
resources.7,8 

Physiologically, chronic diabetic wounds represent 
a pathological stalemate. Although hyperglycemia is a 
systemic driver, impaired healing is sustained locally by 
persistent infection and impaired angiogenesis.9 These 
wounds are characterized by deep tissue involvement and 
spatial variability, which conventional dressings often 
fail to address. Consequently, there is an urgent demand 
for “smart” dressings that can simultaneously provide an 
antibacterial barrier, a biomimetic 3D architecture, and 
potent cues for vascular remodeling.10-12

To address these complex requirements, the 
integration of electrospinning and 3D bioprinting offers 
a transformative approach to scaffold design.13-16 Unlike 
traditional dressings that simply serve as barriers, this 
combined manufacturing approach allows for precise 
customization of porosity to facilitate gas exchange, 
while also replicating the structural characteristics of 
the natural extracellular matrix (ECM).17-23 Specifically, 
the controllable alignment of electrospun fibers provides 
spatial chemotactic cues that accelerate re-epithelialization, 
whereas 3D-bioprinted structures offer the mechanical 
integrity needed for deep tissue repair.24,25

The efficacy of regenerative scaffolds is significantly 

improved by incorporating biological cues, specifically 
extracellular vesicles (EVs) derived from human bone 
marrow mesenchymal stem cells (hBMSCs) (hBMSC-
EVs).26-29 hBMSCs play a pivotal role in tissue remodeling 
via paracrine effects, releasing EVs that modulate 
inflammatory cascades, promote microvascular tube 
formation, and suppress excessive fibrosis.30 By combining 
these bioactive components with a decellularized skin 
extracellular matrix (dSEM) hydrogel, a highly compatible 
microenvironment is created that closely resembles the 
natural wound environment. This unique combination 
offers a distinct advantage for promoting the swift and 
scarless healing of complex diabetic wounds.31,32

In the present study, we developed an innovative 
asymmetric bilayer composite biomimetic scaffold 
designed to simultaneously address infection and tissue 
repair. The scaffold was designed with dual functions, 
comprising a base copper(I) oxide (Cu2O)-doped 
antibacterial layer and a top regenerative dSEM-based 
hydrogel layer incorporating hBMSC-derived EVs. These 
hBMSC-derived EVs facilitate endogenous cell recruitment 
and accelerate healing.

Evaluation in a diabetic mouse model—a challenging 
environment characterized by impaired wound healing—
demonstrated the superior therapeutic efficacy of this 
composite scaffold. By integrating the potent antibacterial 
properties of Cu2O with the pro-regenerative effects of 
dSEM-EVs, this approach provides a high-performance 
solution for managing complex diabetic wounds. Our 
findings suggest that this synergistic strategy effectively 
drives the healing cascade in dysregulated metabolic 
conditions, offering a promising clinical alternative for 
chronic wound care.

2. Materials and methods
2.1. Preparation and characterization of hBMSC-EVs 
and 3D-printed dSEM-EV scaffolds

2.1.1. Preparation and characterization of hBMSC-EVs

Human bone marrow mesenchymal stem cells (hBMSCs) 
were acquired from the cell bank of the Chinese Academy 
of Sciences, Shanghai, China. When the hBMSCs 
reached 70% confluence, the culture medium (Senkicel, 

high-performance strategy for the targeted management of MRSA-infected chronic 
diabetic wounds.
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China) was replaced with a serum-free medium for 
hBMSC-EV isolation. This extraction process involved 
ultracentrifugation (Optima LE-80 K, Beckman Coulter, 
United States of America [USA]) at 100,000× g and 4 °C 
for a duration of 90 min.      

The isolated EVs were characterized morphologically 
using transmission electron microscopy (TEM; BIOTWIN, 
FEI, USA), and their size distribution was analyzed by 
nanoparticle tracking analysis (NTA; Nanosight NTA v3.2, 
Malvern, United Kingdom) after a 1:1,000 dilution with 
phosphate-buffered saline. For visualization of cellular 
uptake, the EVs were labeled with PKH26 fluorescent dye 
(Sigma-Aldrich, USA). Western blotting was performed 
to confirm the expression of EV-specific surface markers 
such as CD9, TSG101, and HSP70, and the absence of the 
negative marker calnexin. 

2.1.2. In vitro evaluation of hBMSC-EV bioactivity

The effects of hBMSC-EVs at concentrations of 3, 30, 
and 300 μg/mL on fibroblast proliferation and migration 
were evaluated using 3T3 cells (Procell, China). Cell 
proliferation was assessed using a CCK-8 assay (Beyotime, 
China). For the scratch test, cells were seeded in 6-well 
plates and cultured until they reached approximately 
100% confluence. A straight scratch was manually created 
in the cell monolayer using a sterile pipette tip. The wells 
were then washed three times with phosphate-buffered 
saline (PBS) to remove detached cells and debris. The cells 
were subsequently incubated in serum-free medium, and 
images of the scratch area were captured at 48 and 96 h. 
The wound area was quantified using ImageJ software 
(1.42, NIH, USA). The viability of the cells inside the 
dSEM-EV was detected through the CAM/PI Live/Dead 
staining kit (Invitrogen, Thermofisher, USA). The 10% 
GelMA hydrogel (GM60, EFL, China) and 4.5 mg/mL 
collagen hydrogel (Cebrary, Yeasen, China) were used as 
the control group.

2.1.3. Preparation and characterization of the 
3D-printed dSEM-EV scaffolds

Human skin tissue was obtained clinically, transported 
in sterile culture medium, and decellularized utilizing 
0.25% trypsin and 70% ethanol for 16 h to prepare 
dSEM. Concurrently, the intrinsic matrix composition 
was qualitatively and quantitatively profiled via liquid 
chromatography–mass spectrometry (LC-MS)-based 
proteomics. 

For the preparation and characterization of a printable 
dSEM-EV scaffold, the lyophilized dSEM powder was 
solubilized under continuous stirring for 48 h. Based 
on our established protocols, a dSEM-EV bio-ink was 

neutralized and formulated at optimized volumetric ratios 
of dSEM hydrogel (6 mg/mL) and hBMSC-EVs (300 μg/
mL).22 After printing, the dSEM-EV scaffold was incubated 
and crosslinked at 37 °C for 1 h, based on our previous 
protocol.22 The rheological properties of the prepared 
bio-ink were systematically characterized by HR-2 
Discovery rheometer (TA Instruments, USA) to confirm 
its printability and structural fidelity. Subsequently, 
an integrated 3D bioprinting system (Bio-Printer-WS, 
Regenove, China) was employed to fabricate the dSEM-EV 
scaffold at a printing speed of 3 mm/s by extruding and 
stacking the hydrogel in a layer-by-layer manner.

2.1.4. Cytocompatibility and protein release of the 
dSEM-EV scaffolds

Cell viability within the dSEM-EV scaffold was evaluated 
using a Calcein-AM/propidium iodide (CAM/PI) Live/
Dead staining kit (Invitrogen, Thermo Fisher, USA). A 
10% GelMA hydrogel (GM60, EFL, China) and a 4.5 mg/
mL collagen hydrogel (Cebrary, Yeasen, China) were used 
as control groups. The protein release profile of the scaffold 
was quantified on days 1, 3, 5, and 7 using a BCA protein 
assay kit (Thermo Fisher, USA).

2.2. Fabrication and evaluation of anti-infection 
and pro-regeneration properties of the composite 
scaffold

2.2.1. Fabrication of electrospun nanofibrous 
scaffolds and evaluation of anti-infection 
performance

Initially, PCL solutions (60,000 Mw; Sigma, USA) 
incorporating varying concentrations of Cu2O 
nanoparticles (Sigma, USA) were prepared. The mixture 
was then extruded through the polymer extruder (SJ25, 
Orotrim, China) and cooled to form granules. Subsequently, 
composite nanofibers with distinct diameters, spatial 
alignments, and porosities were fabricated using a 3D 
electrospinning machine (TL-Direct Writing 150, Tongli, 
China) at a voltage of 6 kV, a printing speed of 1,500 mm/
min, and a barrel temperature of 65 °C.33 The mechanical 
tensile strength of the scaffolds was evaluated using 
a universal materials testing machine (5969, Instron, 
USA). The surface elemental composition and oxidation 
state of copper were analyzed by X-ray photoelectron 
spectroscopy (XPS; K-Alpha, Thermo Scientific, USA). 
The surface morphology and pore distribution of the PCL/
Cu2O composite fibers were assessed utilizing scanning 
electron microscopy (SEM; Gemini 360, Zeiss, Germany). 
The surface wettability of the scaffolds was evaluated by 
water contact angle measurement using the sessile drop 
method (JC 2000D2H, China). The antimicrobial efficacy 
of the nanofibrous scaffolds was determined by the CAM/
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PI Live/Dead staining kit (Invitrogen, Thermofisher, USA). 
In addition, a zone of inhibition assay was performed using 
the Kirby–Bauer disk diffusion method. The diameters 
of the inhibitory zones against methicillin-resistant 
Staphylococcus aureus (MRSA) cultured on agar plates were 
measured and recorded to assess the scaffold’s antibacterial 
activity against drug-resistant pathogens.

2.2.2. Fabrication of the bilayer composite scaffolds 

A hybrid electrospinning and 3D bioprinting approach 
was utilized to fabricate the superficial layer (Layer S) and 
the basal layer (Layer B) of the dermal scaffold. Layer S was 
engineered with a fiber spacing of 300 μm, an intersecting 
angle of 90°, and a defined thickness of 50 μm. Layer B was 
constructed with a filament diameter of 200 μm, a spacing 
of 100 μm, an intersecting angle of 0°/90°, and a thickness 
of 3 mm, ultimately yielding a structurally integrated 
monolithic bilayer composite scaffold. 

2.2.3. Establishment of the animal wound model and 
evaluation of healing

Twenty-four male db/db diabetic mice were utilized 
to establish a circular full-thickness skin defect model 
on the dorsum under continuous gas anesthesia. The 
animals were subsequently randomly assigned to different 
treatment groups (four groups, n = 6 animals per group) 
to receive corresponding interventions. Macroscopic 
photographs of the wounds were taken on postoperative 
days 5, 10, 15, and 20. Upon completion of the observation 
period, the regenerative skin tissues at the wound sites 
were harvested, fixed in paraformaldehyde, embedded in 
paraffin, and sectioned. These sections were subsequently 
stained with hematoxylin and eosin (H&E) and Masson’s 
trichrome and subjected to immunohistochemical staining 
for histological evaluation of the healing cascade.

2.2.4. Differential gene expression and functional 
enrichment analysis

Differential gene expression analysis was performed 
using R packages to identify significantly altered genes. 
Functional enrichment analysis was then conducted for 
Gene Ontology categories, including biological process 
(BP), cellular component (CC), and molecular function 
(MF), as well as Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways.

2.2.5. RT-qPCR analysis

For quantitative real-time polymerase chain reaction 
(RT-qPCR) analysis, total RNA was isolated using an 
RNeasy Mini Kit (QIAGEN, USA). All qPCR experiments 
were performed on a QuantStudio 3 PCR System (Thermo 
Fisher Scientific, USA).

2.3. Statistical analysis

Statistical analyses were performed using GraphPad 
Prism (XXX, Graphpad, USA) and SPSS (XXX, IBM, 
USA). Quantitative data are presented as mean ± standard 
deviation. Differences between two groups were assessed 
using Student’s t-test. Comparisons among more than 
two groups at a single time point were performed using 
one-way ANOVA followed by an appropriate post hoc 
test. For wound-healing data measured across multiple 
postoperative time points, a two-way ANOVA/repeated-
measures analysis was performed as appropriate. A p-value 
of less than 0.05 was considered statistically significant.

3. Results
3.1. Isolation, characterization, and cellular 
internalization of hBMSC-EVs

To establish the biological foundation of the pro-
regenerative scaffold, hBMSC-EVs were successfully 
isolated via differential ultracentrifugation. Morphological 
evaluation using TEM revealed that the isolated hBMSC-
EVs exhibited a typical cup-shaped or spherical bilayer 
vesicular structure (Figure 1A). NTA further confirmed 
that the hydrodynamic diameter distribution of the EVs 
was highly homogeneous, predominantly concentrated 
within the expected nanoscale range (approximately 
100–200 nm) (Figure 1B). To confirm the cellular uptake 
capacity, hBMSC-EVs were fluorescently labeled with 
PKH26 (Figure 1C). Furthermore, Western blot analysis 
verified the robust expression of EV-specific positive 
surface markers (CD9, TSG101, HSP70), and the absence 
of expression of EV-specific negative surface markers 
calnexin (Figure 1D), thereby validating the high purity 
of the isolated vesicular fraction. Subsequent in vitro 
co-culture assays demonstrated that the PKH26-labeled 
EVs were efficiently internalized by the target mesenchymal 
stem cells, accumulating predominantly in the perinuclear 
region.

3.2. Bioactivity of hBMSC-EVs on fibroblast cell 
proliferation and migration

The regenerative potential of the isolated hBMSC-EVs 
was evaluated in vitro. Cell viability and proliferation 
assessments revealed that the administration of hBMSC-
EVs significantly augmented the proliferative capacity of 
fibroblast cells (3T3 cells) in a concentration-dependent 
manner, with the highest concentration group exhibiting 
the most pronounced metabolic activity (p < 0.0001) 
(Figure 1E). Furthermore, the in vitro scratch wound 
healing assay corroborated these findings. Compared to 
the untreated control group, cells treated with hBMSC-
EVs demonstrated accelerated migratory behavior and 
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Figure 1. Characterization of human bone marrow mesenchymal stem cell-derived extracellular vesicles (hBMSC-EVs) and the biomimetic decellularized 
skin extracellular matrix-hyaluronic acid (dSEM-HA) composite hydrogel, and evaluation of their in vitro bioactivities. (A) Representative transmission 
electron microscopy image of hBMSC-EVs showing typical cup-shaped morphology. Scale bars: 500 nm; magnification: 18,500×. (B) Particle size 
distribution and concentration of BMSC-EVs as determined by nanoparticle tracking analysis (n = 3). (C) Immunofluorescence images demonstrating 
the cellular internalization of PKH26-labeled hBMSC-EVs (red) by recipient cells. Nuclei were counterstained with DAPI (blue). Scale bars: 50 μm; 
magnification: 400×. (D) Western blot analysis of EV-specific positive markers (CD9, TSG101, and HSP70) and the negative marker (calnexin). (E) Cell 
proliferation assessment via CCK-8 assay following treatment with gradient concentrations of hBMSC-EVs (3, 30, and 300 μg/mL) at days 2 and 4 (n = 
4). (F) Quantitative analysis of the wound closure rate in an in vitro scratch assay under different hBMSC-EV concentrations (n = 6). (G) Bubble chart 
displaying Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis based on liquid chromatography–
mass spectrometry proteomics of the dSEM. (H) Schematic illustration of the extraction and fabrication workflow for dSEM powder and the subsequent 
dSEM-EV hydrogel. (I) Representative fluorescence images showing cytoskeletal morphology (actin/DAPI, top) and cell viability (Live/Dead staining, 
bottom) of cells encapsulated within alginate and dSEM-EV hydrogels. Scale bars: 100 μm; magnification: 200×. (J) Macroscopic photographs of the 
lyophilized dSEM powder, solubilized dSEM precursor, and the final formulated dSEM-EV hydrogel. (K) Scanning electron microscopy micrographs 
illustrating the microstructural topology of native skin tissue, porous dSEM, and the crosslinked dSEM-EV hydrogel. Scale bars: 20 μm; magnification: 
600×. (L) Relative proliferation rates of cells cultured on alginate, GelMA, collagen, and dSEM-HA hydrogels over a 5-day period (n = 8). (M) Gene 
Ontology classification bar chart categorizing the identified proteomic profiles of dSEM into biological processes, cellular components, and molecular 
functions. Notes: Data are presented as mean ± standard deviation. Statistical significance was determined using one-way analysis of variance followed by 
Newman–Keuls post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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enhanced wound closure rates over the observation period 
(Figure 1F), indicating the potent chemotactic and pro-
migratory efficacy of the hBMSC-EVs. 

3.3. Fabrication and biocompatibility of the 
3D-printed dSEM-EV hydrogel

To construct a biomimetic microenvironment for EV 
delivery, a dSEM was derived from human skin tissues. 
LC–MS proteomics and subsequent bioinformatics 
analyses revealed that the dSEM is highly enriched in 
essential ECM components and signaling proteins (Figure 
1G and 1M), which are known to facilitate fibroblast 
adhesion and proliferation. Following a sequential process 
of lyophilization, cryomilling, and solubilization (Figure 
1H and 1J), the dSEM was then loaded with hBMSC-EVs 
to formulate a bioactive dSEM-EV hydrogel.

Scanning electron microscopy characterization 
demonstrated that the dSEM-EV hydrogel maintains a 
highly porous, interconnected microstructural topology 
similar to that of native skin tissue (Figure 1K). The 
biocompatibility of the composite hydrogel was evaluated 
using Live/Dead staining (Figure 1I) and CCK-8 
proliferation assays (Figure 1L). The results confirmed 
that the dSEM-based environment supports excellent 
cell viability, with negligible cell death (PI-positive) 
observed. Over a 5-day culture period, cells encapsulated 
within the dSEM-HA hydrogel exhibited a robust, time-
dependent exponential proliferation pattern, significantly 
outperforming conventional alginate, GelMA, or collagen-
only hydrogels (Figure 1L).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analyses 
(Figure 1G and 1M) further elucidated the molecular basis 
for this bioactivity, revealing significant enrichment in 
biological processes associated with extracellular structure 
organization, cell adhesion molecule binding, and focal 
adhesion dynamics. These proteomic and transcriptomic 
signatures mechanistically suggest that the dSEM-based 
microenvironment synergizes with hBMSC-EVs to 
orchestrate the complex cascade of wound healing and 
tissue regeneration.

3.4. Rheological optimization and 3D bioprinting of 
the dSEM-EV hydrogel

To achieve high-fidelity additive manufacturing, the 
rheological properties of the dSEM-EV bio-ink were 
systematically evaluated. Oscillatory shear rheometry 
demonstrated that the bio-ink possessed optimal 
viscoelasticity and distinct shear-thinning behavior, 
which are prerequisites for smooth extrusion during the 

bioprinting process (Figure 2A). Macroscopic observations 
confirmed that the optimized bio-ink could be precisely 
extruded to fabricate highly ordered, self-supporting 
3D macroscopic architectures with tailorable geometric 
patterns (e.g., rectilinear and triangular infills) and varying 
porosities (Figure 2B). Cell viability measurements 
further indicated that the printed hydrogel could maintain 
excellent cell biocompatibility (Figure 2C), creating a 
favorable microenvironment for subsequent cell viability 
and attachment. The cytocompatibility and biological 
inductive properties of the scaffolds were rigorously 
assessed. Live/Dead fluorescence staining revealed 
that cells encapsulated within the 3D-printed grids 
maintained near-complete viability (predominantly green 
fluorescence) immediately after printing (day 0). By day 
3, the encapsulated cells exhibited robust morphological 
spreading and extensive cellular elongation along the 
printed struts, indicating excellent cell–matrix interactions 
(Figure 2D). Corresponding SEM morphological tracking 
corroborated these findings, visualizing extensive cellular 
anchorage and de novo ECM deposition on the scaffold 
surface over time (Figure 2E). 

To elucidate the intrinsic molecular mechanisms 
by which the EV-loaded composite scaffold accelerates 
tissue repair, transcriptomic profiling and RT-qPCR 
were conducted. Hierarchical clustering heatmaps of the 
global gene expression profiles revealed that cells cultured 
within the hBMSC-EV-loaded scaffolds exhibited a 
transcriptomic signature remarkably homologous to that 
of native skin tissue, significantly bridging the in vitro 
gap (Figure 2F). Concurrently, GO and KEGG pathway 
enrichment analyses highlighted the robust activation of 
critical regenerative cascades. The differentially expressed 
genes were predominantly enriched in pathways governing 
ECM organization, focal adhesion, angiogenesis, and 
Wnt signaling (Figure 2G). RT-qPCR validation further 
confirmed that the EV-loaded scaffolds profoundly 
upregulated the expression of critical pro-regenerative 
and matrix remodeling genes, such as Cdh2 (Figure 2H) 
and Col1a1 (Figure 2I), while precisely modulating the 
expression of matrix metalloproteinases (Mmp2, Mmp9) 
(Figure 2J and 2K). This sustained bioactivity is supported 
by the cumulative protein release profile (Figure 2L), 
which demonstrates a steady, controlled liberation of 
dSEM-EVs from the scaffold over 7 days, providing the 
necessary temporal signaling to drive these regenerative 
gene expression patterns. These molecular insights 
comprehensively demonstrate that the synergistic delivery 
of dSEM and hBMSC-EVs structurally and biologically 
orchestrates the microenvironment toward optimal wound 
regeneration.
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Figure 2. Rheological optimization, 3D bioprinting process, in vitro biocompatibility, and transcriptomic profiling of the human bone marrow 
mesenchymal stem cell-derived extracellular vesicle (hBMSC-EV)-loaded decellularized skin extracellular matrix (dSEM)-EV hydrogel scaffolds. (A) 
Rheological characterization detailing the dependence of the loss factor on angular frequency for bio-ink optimization (n = 3). (B) Sequential optical 
images (i–iv) illustrating the 3D bioprinting process of the formulated hydrogel into a highly ordered grid architecture. (C) Relative proliferation rates 
of target cells cultured in 2D cell culture plates, EV-free dSEM scaffolds, and hBMSC-EV-loaded dSEM-EV scaffolds evaluated over 5 days (n = 4). (D) 
Representative Live/Dead fluorescence micrographs of cells encapsulated within the 3D-bioprinted scaffolds at day 0 and day 3 (Green: viable cells; Red: 
dead cells). Scale bars: 100 μm/100 μm; magnification: 200×/600×. (E) Scanning electron microscopy images demonstrating the topological microstructure 
of the 3D-printed dSEM-EV scaffold at day 0 and day 3. Scale bars: 100 μm/100 μm; magnification: 200×/600×. (F) Hierarchical clustering heatmap of 
global transcriptomic profiles (RNA-seq) comparing cells in 2D culture, dSEM scaffolds, dSEM-EV scaffolds, and native skin tissue. (G) Bubble chart 
detailing the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis, highlighting the activation of extracellular 
matrix organization, angiogenesis, and cell-matrix interactions. (H–K) Quantitative RT-qPCR analysis of pro-regenerative Cdh2 (H), Col1a1(I), and 
matrix remodeling gene expressions Mmp2 (J), Mmp9 (K) in target cells subjected to different treatments (n = 3). Data are presented as mean ± standard 
deviation. (L) Cumulative protein release profile used as a surrogate measure of dSEM-EV release from the scaffold over 7 days. Statistical significance was 
determined using one-way analysis of variance followed by Newman–Keuls post hoc comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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3.5. Fabrication, physicochemical characterization 
of the PCL–Cu2O scaffold and the bilayer composite 
scaffold

Addressing the highly susceptible, multidrug-resistant 
bacterial microenvironment characteristic of chronic 
diabetic wounds necessitates a robust physical and chemical 
barrier. Consequently, the base PCL–Cu2O scaffold 
was systematically engineered. Macroscopic evaluation 
confirmed that adjusting the fabrication parameters and 
printing gaps (100–1,000 µm) enabled precise control of 
scaffold porosity, ensuring an optimized permeability for 
gas exchange (Figure 3A–3D).

To elucidate the surface chemical composition, XPS 
was conducted. The high-resolution scanning of the 
Cu 2p orbitals unambiguously verified the chemical 
state of copper on the scaffold surface (Figure 3F). 
Furthermore, the physical properties and antimicrobial 
efficacy against MRSA were rigorously evaluated 
across varying Cu2O concentrations (0–1.5%). Multi-
dimensional characterization, including water contact 
angle measurements and SEM micrographs, illustrated the 
impact of copper loading on scaffold morphology (Figure 
3E).

The bactericidal performance against MRSA and 
the corresponding cytocompatibility were specifically 
prioritized. Quantitative analysis of cell viability and 
antibacterial efficacy demonstrated a dose-dependent 
effect; while Cu2O endowed the scaffold with potent 
bactericidal activity (indicated by representative agar 
plates), the Live/Dead staining of fibroblasts confirmed 
the concentration-dependent cytocompatibility (FFigure 
3E, 3H, and 3I). Additionally, the cumulative release 
kinetics showed a sustained liberation of copper ions 
over a 14-day period (Figure 3G). Finally, the integrated 
asymmetric bilayer scaffold—comprising the 3D-printed 
dSEM-EV top layer and the electrospun PCL–Cu2O 
base layer—was characterized via SEM, revealing a 
monolithic microarchitecture with functional spatial 
compartmentalization (Figure 3J).

3.6. In vivo synergistic evaluation of diabetic wound 
healing and tissue remodeling 

To rigorously validate the translational potential of the 
composite Cu2O-dSEM scaffold, an in vivo full-thickness 
skin defect model in diabetic mice was established (Figure 
4A). Macroscopic digital tracking of the wound beds 
over a 20-day observation period (days 0, 5, 10, 15, and 
20) revealed distinctly accelerated wound closure kinetics 
in the intervention groups. The composite Cu2O-dSEM 
scaffold group exhibited the most profound reduction 
in residual wound area and the fastest healing rate, 

significantly outperforming the untreated control, the 
standalone Cu2O barrier, and the standalone dSEM-EV 
hydrogel (Figure 4B and 4C).

Histopathological evaluations at day 20 via H&E and 
Masson’s trichrome staining corroborated the macroscopic 
observations (Figure 4D). The composite scaffold 
promoted superior granulation tissue maturation and 
enhanced ECM deposition. Quantitative morphological 
analyses revealed a significantly higher relative collagen 
density and an optimized scar elevation index in the Cu2O-
dSEM group (Figure 4E and 4F), indicating functional 
tissue regeneration rather than fibrotic scar hyperplasia.

To further delineate the underlying in vivo regenerative 
mechanisms, comprehensive immunohistochemical 
profiling was performed. The composite scaffold induced 
a robust upregulation of CD31 (Figure 4G), signifying 
extensive neovascularization crucial for reperfusing the 
ischemic diabetic wound beds. Concurrently, heightened 
expressions of COL1 (Figure 4H) underscored accelerated 
ECM reconstruction and basement membrane maturation. 
The expression of pan-cytokeratin (panCK) (Figure 4I), 
hypoxia-inducible factor 1 alpha (HIF1α) (Figure 4J), 
vimentin (VIM) (Figure 4K), and laminin (LAM) (Figure 
4L) further validated the enhanced re-epithelialization and 
fibroblast recruitment driven by the EV-loaded hydrogel. 
Collectively, these comprehensive in vivo findings 
unequivocally demonstrate the spatiotemporal synergistic 
effects of the bilayer composite scaffold in eradicating 
intractable infections, stimulating microangiogenesis, and 
orchestrating high-quality dermal regeneration.

4. Discussion
Chronic diabetic wounds represent a formidable clinical 
challenge, primarily characterized by persistent bacterial 
infections, impaired angiogenesis, oxidative stress, and 
a dysregulated inflammatory microenvironment that 
collectively impede the normal healing cascade.34,35 
Traditional wound dressings act as passive barriers 
and do not effectively target the complex pathological 
characteristics of diabetic wounds, such as the need for 
ongoing protection against infections and promotion of 
tissue regeneration.36,37 To address this gap in treatment, 
we have developed a unique asymmetric bilayer composite 
scaffold. This scaffold consists of two distinct layers, a 
3D-bioprinted dSEM-EV hydrogel top and an electrospun 
PCL–Cu2O nanofibrous base layer. This design allows for 
the integration of both antimicrobial properties and tissue 
regeneration capabilities in a spatially and temporally 
controlled manner, leading to improved healing outcomes 
in chronic diabetic wounds. The dSEM-EV hydrogel top 
layer provides a supportive environment for cell growth and 
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Figure 3. Structural characterization, Cu2O loading optimization, and evaluation of antibacterial properties and cytocompatibility. (A, B) Gross morphology 
and quantitative porosity analysis of scaffolds fabricated using different printing paths (Paths A–D). (C, D) Visual appearance and porosity comparison of 
scaffolds with varied grid spacings (100–1,000 μm). (E) Multi-dimensional characterization of scaffolds with varying Cu2O concentrations (0–1.5%): gross 
views, water contact angle measurements, Scanning electron microscopy (SEM) images, Live/Dead staining of fibroblasts, and representative agar plate 
images of methicillin-resistant Staphylococcus aureus (MRSA) colonies. (F) X-ray photoelectron spectroscopy Cu 2p high-resolution spectrum confirming 
the chemical state of copper on the scaffold surface. (G) Cumulative release kinetics of copper ions from the PCL–Cu2O scaffold over a 14-day period. (H, I) 
Quantitative analysis of cell viability (H) and antibacterial efficacy against MRSA (I) showing the dose-dependent effects of Cu2O. (J) Schematic illustration 
of the integrated asymmetric bilayer scaffold (3D-printed dSEM-EV top and electrospun PCL–Cu2O base) with corresponding SEM characterization of the 
microarchitecture. Data are presented as mean ± standard deviation (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

migration, promoting tissue regeneration. Meanwhile, the 
PCL–Cu2O nanofibrous base layer acts as a barrier against 
bacterial infections, preventing further complications in 
the wound healing process. The combination of these two 
layers creates a synergistic effect, enhancing the overall 
healing potential of the scaffold. By targeting multiple 
aspects of diabetic wound pathology simultaneously, 

our novel scaffold aims to address the complex nature of 
chronic diabetic wounds and improve patient outcomes. 
With its unique design and multifunctional properties, this 
composite scaffold represents a promising advancement in 
the field of wound care, offering new possibilities for the 
treatment of challenging diabetic ulcers. The regenerative 
core of our composite scaffold relies fundamentally on the 
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Figure 4. The asymmetric composite scaffold significantly accelerated wound closure in vivo. (A) Representative gross images of wounds in the Ctrl, Cu2O, 
dSEM-EV, and Cu2O-dSEM groups on days 0, 5, 10, 15, and 20. (B) Representative wound-area tracings/segmentation maps corresponding to panel A. (C) 
Quantification of wound area over time. (D) Representative histological and immunofluorescence images of wound tissues collected on day 20, including 
hematoxylin and eosin (H&E) staining, Masson’s trichrome staining, and immunochemical (IHC) staining for the CD31, COL1, pan-cytokeratin (panCK), 
hypoxia-inducible factor 1 alpha (HIF-1α), vimentin (VIM), and laminin (LAM) in different groups on 20 days. (E) Relative collagen density and (F) scar 
elevation index among the groups (Ctrl, Cu2O, dSEM-EV, and Cu2O-dSEM) on day 20. (G–L) Quantification of CD31 (G), COL1 (H), panCK (I), HIF1a 
(J), VIM (K), and LAM (L) staining among the groups (Ctrl, Cu2O, dSEM-EV, and Cu2O-dSEM) on day 20. Statistical significance was determined using 
one-way analysis of variance followed by Newman–Keuls post hoc comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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bioactive properties of hBMSC-EVs. Mesenchymal stem 
cells have been extensively documented to orchestrate tissue 
remodeling through paracrine mechanisms, releasing 
EVs enriched with proteins, lipids, and nucleic acids that 
modulate inflammatory cascades, promote angiogenesis, 
and suppress excessive fibrosis.38,39 Functionally, hBMSC-
EVs significantly enhanced fibroblast proliferation 
and migration in a concentration-dependent manner, 
corroborating their established role in promoting 
cellular events critical for wound re-epithelialization and 
granulation tissue formation.40,41 These findings align 
with recent studies demonstrating that stem cell-derived 
EVs accelerate cutaneous wound healing by delivering 
pro-regenerative miRNAs and growth factors to recipient 
cells.29,42

In order to effectively deliver bioactive EVs and 
create a supportive environment for the recruitment of 
endogenous cells, we utilized a dSEM hydrogel as the 
top scaffold layer. The dSEM has been demonstrated to 
maintain crucial components of the ECM, such as collagen 
and glycosaminoglycans, which play a vital role in cellular 
adhesion, proliferation, and matrix restructuring.18 Through 
our extensive transcriptomic analysis, we discovered 
that the dSEM environment significantly enhanced 
biological processes related to ECM organization, cell 
adhesion molecule binding, and focal adhesion dynamics. 
These findings underscored the notable activation of 
pathways associated with angiogenesis and inflammatory 
modulation, illustrating how the biomimetic qualities of 
the dSEM work in harmony with hBMSC-EV cargo to 
facilitate effective wound healing. These results align with 
previous studies showing that ECM-derived hydrogels 
offer more favorable environments for cell survival and 
function compared to synthetic polymer matrices.43,44 

In addition to promoting tissue regeneration, effective 
management of the highly susceptible, multidrug-
resistant bacterial microenvironment in diabetic wounds 
necessitates a robust physical and chemical barrier.45 To 
address this need, we systematically engineered a base 
electrospun PCL–Cu2O layer. Our previous research has 
shown that these electrospun nanofibers have controlled 
porosity and spatial alignment, allowing for adequate gas 
exchange and providing chemotactic cues to potentially 
accelerate re-epithelialization.13,46 A key feature of the 
Cu2O-doped scaffold is its potent antibacterial activity 
against MRSA, a common pathogen in chronic wounds 
that can lead to serious complications. This antibacterial 
effect is believed to be due to the release of copper ions, 
which create reactive oxygen species and disrupt bacterial 
membrane integrity.47-49 The bilayer architecture, with dense 
electrospun nanofibrous membrane seamlessly adhered to 

the highly porous 3D-printed dSEM-EV matrix, provided 
both structural integrity and dual-functional spatial 
compartmentalization essential for coordinated infection 
control and tissue regeneration.

Our composite scaffold was tested for its therapeutic 
effectiveness in treating full-thickness skin defects in 
diabetic mice with impaired healing, a model similar to 
human diabetic wounds. Immunohistochemical analysis 
provided insights into the regenerative processes occurring 
in vivo. The scaffold promoted the growth of new blood 
vessels, as evidenced by increased levels of CD31, which 
is essential for improving blood flow to ischemic diabetic 
wounds. This is consistent with the known pro-angiogenic 
properties of both hBMSC-EVs and dSEM components,50,51 
Heightened collagen type I expression suggested enhanced 
ECM deposition and remodeling, whereas increased 
laminin expression supported improved basement-
membrane maturation. Enhanced expression of panCK 
and VIM validated improved re-epithelialization and 
fibroblast recruitment driven by the EV-loaded hydrogel, 
while upregulated LAM suggested improved dermal–
epidermal junction integrity. The modulation of HIF-1α 
expression indicated potential involvement of hypoxia-
responsive pathways in the observed angiogenic response, 
aligning with previous reports linking EV-mediated 
HIF-1α regulation to wound healing.52

Importantly, the anti-inflammatory properties observed 
in our study warrant further discussion. Macrophage 
polarization from the pro-inflammatory M1 phenotype 
to the pro-regenerative M2 phenotype represents a 
critical checkpoint in the transition from inflammation to 
proliferation during wound healing.53,54 While our current 
investigation did not extensively characterize macrophage 
responses, the transcriptomic signatures of dSEM-EV 
scaffolds revealed significant enrichment of pathways 
related to inflammatory modulation. It is well-established 
that persistent M1 polarization can lead to chronic 
inflammation in diabetic wounds.55 Therefore, it is important 
for future studies to systematically investigate whether our 
composite scaffold can promote M2 polarization. This 
may involve mechanisms that interact with the NF-κB 
pathway, as seen in recent studies on immunomodulatory 
hydrogel systems.56,57 Such investigations would provide a 
deeper mechanistic understanding and potentially reveal 
additional therapeutic targets.

Several limitations of this study should be acknowledged. 
First, while we demonstrated the antibacterial efficacy of 
PCL–Cu2O against MRSA, a comprehensive evaluation 
against polymicrobial biofilms commonly encountered in 
chronic wounds would strengthen clinical translatability.58 
Second, the long-term fate of implanted scaffolds, including 
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degradation kinetics and potential toxicity of degradation 
byproducts, requires extended in vivo observation. Third, 
although we employed a clinically relevant diabetic mouse 
model, larger animal studies with wound geometries 
more closely mimicking human pathophysiology would 
provide additional preclinical validation.59 Fourth, the 
precise molecular mechanisms by which hBMSC-EVs and 
dSEM synergistically promote angiogenesis and modulate 
inflammation warrant further elucidation through targeted 
signaling pathway inhibition studies.

5. Conclusion
In this study, we successfully developed an asymmetric 
bilayer composite scaffold integrating 3D-bioprinted 
dSEM-EV hydrogel with electrospun PCL–Cu2O 
nanofibers, which structurally mimics native skin 
architecture. The top dSEM-EV layer exhibited excellent 
biocompatibility and bioactivity, significantly promoting 
fibroblast proliferation and migration through activation 
of ECM organization and angiogenesis-related pathways. 
The base PCL–Cu2O layer provided robust antibacterial 
activity against MRSA, effectively addressing the persistent 
infection challenge in diabetic wounds. In vivo evaluation 
in a db/db diabetic mouse model demonstrated that 
the composite scaffold significantly accelerated wound 
closure, promoted neovascularization, enhanced collagen 
deposition, and facilitated re-epithelialization compared to 
standalone treatments. Accordingly, this study introduces 
a novel strategy that combines 3D bioprinting and 
electrospinning technologies to engineer a multifunctional 
scaffold with spatiotemporal “anti-infection and pro-
regeneration” synergy, specifically designed to tackle the 
complex microenvironment of chronic diabetic wounds, 
thereby providing a basis for further development of 
advanced wound-management strategies.
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