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The present investigation evaluated the therapeutic performance of  multicomponent nanofibrous piezoelectric wound
dressings using immunohistochemical analysis of  major wound-healing biomarkers. Excisional wound tissues collected
from Yorkshire pig models on day 34 after injury were examined for the expression of  vascular endothelial growth factor
(VEGF), alpha-smooth muscle actin (α-SMA), tumour necrosis factor-α (TNF-α), and transforming growth factor-β3
(TGF-β3). Quantitative assessment of  stained tissue regions was carried out with Leica LAS imaging software to compare
the biological responses among the treatment groups. Among the tested formulations, WD4 exhibited significantly higher
TGF-β3 expression than the Standard Care group (Tukey HSD, P < 0.05), whereas the remaining comparisons were not
statistically significant. WD4-treated wounds exhibited relatively lower TNF-α expression than WD2 and the Standard Care
group; however, these differences were not statistically significant. One-way ANOVA demonstrated a significant difference
in α-SMA expression among the groups (P < 0.05). Tukey HSD analysis further showed significantly higher α-SMA expression
in the WD4 group than the standard care group, while the negative control also differed significantly from the standard care
group. In addition, VEGF expression gradually increased in the treated groups, with WD4 exhibiting the highest VEGF
expression among the treatment groups; however, the differences were not statistically significant. Overall, WD4 demonstrated
favourable modulation of  multiple wound-healing biomarkers, with statistically significant improvements observed for TGF-
β3 and α-SMA relative to the standard care group, while TNF-α and VEGF showed non-significant directional trends.
These results support the potential application of  multicomponent nanofibrous piezoelectric dressings as advanced
biomaterials for future clinical wound-care strategies.
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Introduction

Inflammation, cell proliferation, angiogenesis, extracellular matrix
(ECM) deposition, and tissue remodeling are all coordinated steps in
the intricate biological process of  wound healing, which eventually re-
stores damaged tissue’s structural and functional integrity. Each stage
of  repair is regulated by distinct cytokines, growth factors, and cellular
interactions that can be effectively visualized through histochemical and
immunohistochemical (IHC) techniques [1, 2]. Transforming growth
factor-β (TGF-β), tumor necrosis factor-α (TNF-α), alpha-smooth
muscle actin (α-SMA), and vascular endothelial growth factor (VEGF)
are among the biomarkers commonly linked to wound repair, and their
functions in inflammation, angiogenesis, fibrosis, and tissue remodel-
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ing are well known [3,4].
TGF-β plays an important role in fibroblast proliferation, extracel-

lular matrix synthesis, and scar formation during tissue repair. The bio-
logical effects of  this cytokine depend largely on its isoforms, where
TGF-β1 and TGF-β2 are generally associated with fibrosis, while TGF-
β3 has been linked to regenerative healing and reduced scar formation
[5, 6]. TNF-α  functions as an early inflammatory mediator released
primarily by macrophages and keratinocytes. Although transient TNF-
α activity supports immune cell recruitment and microbial defense, pro-
longed elevation may impair epithelialization and matrix remodeling
[7,8]. VEGF is considered a major regulator of  angiogenesis and vas-
cular permeability, stimulating endothelial cell proliferation and
neovascularization within granulation tissue [9,10]. In contrast, α-SMA
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serves as a marker of  activated myofibroblasts responsible for wound
contraction and extracellular matrix remodeling under biochemical and
mechanical stimulation [11,12]. Collectively, these markers provide a
useful framework for assessing different phases of  wound healing at the
tissue level.

Although rodent models are commonly used during preliminary
wound-healing investigations, large-animal models such as pigs and sheep
provide greater translational relevance because their skin architecture,
collagen organization, and healing characteristics closely resemble those
of  humans [13,14]. In particular, porcine skin demonstrates similarities
to human skin with respect to epidermal turnover, dermal structure,
and healing kinetics, making it highly suitable for evaluating biomaterials
and regenerative therapies [15,16]. Ovine models are also valuable for
studying large wounds and deeper dermal repair, especially in biomate-
rial and stem-cell-based applications [17,18]. Quantitative assessment
of  TGF-β, TNF-α, α-SMA, and VEGF expression in these models en-
ables direct evaluation of  inflammation, angiogenesis, fibroblast activa-
tion, and matrix remodeling during tissue repair, thereby strengthening
the translational significance of preclinical studies [19, 20].

Despite substantial progress in the development of  nanofibrous
wound dressings, only limited studies have systematically correlated bio-
material-driven biointerface interactions with immunohistochemical
markers associated with inflammation, angiogenesis, wound contraction,
and regenerative remodeling in clinically relevant animal models. Ad-
dressing this gap is essential for improving biomaterial design strategies
and enhancing the predictive value of  translational wound-healing re-
search.

Materials and Methods

Fabrication of  wound dressings

The bioactive formulations of  the wound dressings [21-23] designated
as WD2 (CGCaP/PLL-H) and WD4 (CGCaP/PEO-H) consisted of
deionized water (25 ml), glacial acetic acid (5 ml), chitosan (0.5 g), gela-
tin (0.5 g), and polyvinyl alcohol at a concentration of 2 g in WD2 and
1 g in WD4. Additionally, WD2 contained poly-L-lysine (750 μg), whereas
WD4 was incorporated with polyethylene oxide (0.6 g). The core and
shell nanofiber systems were composed of  acetone (15 ml), acetone-
extracted phytochemicals (8 ml), isopropanol (2.5 ml), IPA-extracted
phytochemicals (5 ml), cellulose acetate (2 g), and keratin (0.25 ml in the
shell layer). Taurine (0.02 g) was included in the core solution. Flow
charts indicating the preparation of  individual electrospinning solutions
are provided in the supplementary material (figures S1 to S3).

The wound dressings were fabricated using a coaxial electrospinning
approach. The base of  the matrix consists of  a cotton fabric pre-coated
with copper oxide nanoparticles. Directly onto this modified fabric base,
the core and shell solutions were electrospun via coaxial electrospinning
using an electrospinning machine (Royal Enterprise, Chennai, India).
After every layer of  core-shell fibers, a layer of  active solution-derived
nanofibers was laid, and thus the scaffold is multilayered. Sobha et al.
[24] described the specific chemical compositions of  the core, shell, and
active solutions used for electrospinning, together with the optimized
processing parameters of  voltage ranging from 15 to 25 kV, a flow rate
of 4 to 6 ml/h, and a needle-to-collector distance of 20 cm.

Characterization of  wound dressings

The morphology of  the fabricated wound dressings (WD2 and WD4)
was examined using field emission scanning electron microscopy
(FESEM) to evaluate the fiber architecture and surface characteristics
(AMETEK, Advanced Microanalysis Solutions). The average fiber di-
ameter was determined from representative micrographs using Image J
software by measuring randomly selected fibers. The piezoelectric
behaviour of  the electrospun membranes was assessed using
piezoresponse force microscopy (PFM) (MFP-3D-BIOV15, Asylum
Research, Santa Barbara, CA, USA, and Igor Pro V6), where amplitude
and phase responses were recorded to investigate their local electrome-
chanical properties. The zeta potential of  the dressing in solution was
estimated using a Horiba SZ-100.

The fabricated multicomponent nanofibrous piezoelectric wound
dressings were evaluated in three experimental animals identified as P1,
P2, and P3, and every animal received eight wounds with all treatment
conditions (negative control, standard care, WD2, and WD4) according
to a balanced wound-allocation matrix [24]. The in vivo investigation
focused on comparing these optimized dressings with clinically relevant
controls, namely standard care (Iodine-Povidone solution) and untreated
wounds (negative control). As the study design approved by the IEAC
allowed experiments with three pigs, the number of  controls was cho-
sen optimally in compliance with the recommendations of the Commit-
tee for the Control and Supervision of  Experiments on Animals (CCSEA)
(Certification Number: 1312/PO/RcBiBt-S/RcBiBt-L/09/CPCSEA).

The animals were put to death by overdosing on thiopentone injec-
tion on day 34 following wound induction. Samples of  the wound tissue
were taken and stored in 10% neutral buffered formalin. A veterinary
pathologist conducted a holistic pathological examination of  every ani-
mal to find any significant internal or external abnormalities. As de-
scribed in the supplementary material, wound tissues were processed
for immunohistochemical analysis using tissue sections measuring ap-
proximately 2–3 μm in thickness. The research pathologist then looked
at the produced slides using a light microscope. Quantitative analysis of
the percent-stained area for TGF-β3, TNF-α, α-SMA, and VEGF was
carried out using Leica LAS imaging software.

Results

Characterization of  wound dressings

Characterization of WD2 and WD4 demonstrated that the fabricated
electrospun dressings possessed the structural and functional properties
required for wound healing applications. FESEM images revealed a uni-
form, bead-free fibrous network with an interconnected porous archi-
tecture, while fiber diameter measurements confirmed consistent fiber
formation. PFM analysis verified the electromechanical activity of  the
membranes through characteristic amplitude and phase responses, indi-
cating that the electrospun fibers retained their piezoelectric functional-
ity. Together, these findings indicate that WD2 and WD4 combine
favourable morphology and piezoelectric responsiveness, supporting their
potential as multifunctional wound dressing materials.

The physicochemical characterization of  WD2 and WD4 confirmed
the successful fabrication of  electrospun wound dressings with proper-
ties favourable for wound healing applications. FESEM analysis revealed
uniform, bead-free nanofibrous architecture with interconnected pores,
while fiber diameter measurements were 135.7 ± 34.7 nm for WD2 (fig-
ure S4) and 151.5 ± 46.7nm for WD4 (figure S5). Piezoresponse force
microscopy further confirmed the electromechanical behaviour of  the
dressings, with piezoelectric coefficients of  24.03 pm/V for WD2 and
28.15 pm/V for WD4 (figure S6), demonstrating the retention of pi-
ezoelectric functionality following electrospinning [24]. These findings
demonstrate that WD2 and WD4 possess the structural integrity and

Figure 1: Multicomponent nanofibrous dressings used for
histochemical evaluation of  four key biomarkers in wound
healing
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piezoelectric properties required for wound dressing applications. Zeta
potential analysis showed high positive charges for both formulations
(WD2: +57.7 mV; WD4: +94.6 mV), suggesting excellent colloidal sta-
bility and enhanced potential for interaction with cells (figure S7).

The four reported biomarkers (figure 1) were selected to represent
key biointerface-responsive pathways associated with regenerative re-
modeling (TGF-β3), inflammation (TNF-α), angiogenesis (VEGF), and
myofibroblast-mediated contraction (α-SMA).

Transforming growth factor β3

Immunohistochemical examination demonstrated detectable TGF-β3
expression in all experimental groups, confirming its involvement dur-

ing the wound-healing process (figure 2). The lowest mean percent-
stained area was recorded in the Negative Control group (12.85), fol-
lowed closely by the Standard Care group (13.14). In comparison, wounds
treated with WD2 and WD4 exhibited higher TGF-β3 expression, with
mean values of  15.74 and 17.17, respectively (table 1). WD2- and WD4-
treated wounds exhibited higher TGF-β3 expression than the control
groups. Although the overall ANOVA did not demonstrate a significant
difference among all groups (F = 2.25, P ≥ 0.09), Tukey HSD analysis
identified a significant difference between the Standard Care and WD4
groups (P = 0.0368) (table 2).

Figure 2: TGF-β3 expression in the tissue sections of  the
three experimental animals after 34 days (10x and 50μm scale)

Figure 3: TNF-α expression in the tissue sections of  the three
experimental animals after 34 days (10× and 200μm scal

Treatment Animal Wound 
Percent-stained area 

TGFβ3 TNF-α α-SMA VEGF 
Negative  P1 W7 8.78  ±  0.42 7.63  ±  0.71 15.69  ±  3.1 2.86  ±  0.76 

W8 25.68  ±  1.5 8.95  ±  1.44 17.12  ±  4.54 3.57  ±  1.93 

P2 W1 10.5  ±  0.1 7.92  ±  0.7 13.27  ±  5.4 4.18  ±  0.66 

W2 10.21  ±  0.56 3.07  ±  0.46 10.24  ±  0.96 1.64  ±  0.4 

P3 W3 11.28  ±  0.06 9.3  ±  7.34 16.44  ±  3.28 9.55  ±  2.47 

W4 10.65  ±  0.13 6.68  ±  0.29 8.25 ± 2.14 2.82 ± 2.78 

Average  ±  SD 12.85 ± 0.54 7.26 ± 2.73 13.5 ± 1.6 4.1 ± 1.02 

Standard P1 W1 14.36 ± 0.71 6.07 ± 0.11 6.65 ± 3.72 10.18 ± 0.38 

W2 11.77 ± 0.1 13.17 ± 7.9 13.7 ± 6.4 3.22 ± 1.41 

P2 W3 16.24 ± 0.82 5.83 ± 0.7 4.95 ± 0.19 3.47 ± 0.38 

W4 9.09 ± 0.00 6.23 ± 1.16 9.03 ± 5.17 3.53 ± 0.55 

P3 W5 12.5 ± 1.65 16.03 ± 1.98 9.48 ± 0.4 1.77 ± 0.26 

W6 14.92 ± 1.12 23.48 ± 1.02 12.68 ± 0.95 5.49 ± 2.38 

Average  ±  SD 13.14  ± 0.62 11.8 ± 2.88 9.41 ± 2.66 4.61 ± 0.84 

WD2 P1 W3 23.84  ± 1.47 9.75 ± 0.96 10.6 ± 5.03 4.55 ± 9.95 

W4 14.78 ± 0.19 19.82 ± 1.14 16.23 ± 1.32 8.66 ± 4.99 

P2 W5 13.45 ± 0.0 7.52  ± 1.54 8.76 ± 0.95 5.27 ± 3.67 

W6 14.75 ± 3.88 2.72 ± 0.00 14.8 ± 4.6 4.64 ± 1.92 

P3 W7 14.89 ± 0.04 13.14 ± 8.84 11.06 ± 5.83 3.44 ± 0.97 

W8 12.72  ± 0.03 13.99 ± 3.72 12.17 ± 2.46 1.9 ± 1.01 

Average  ±  SD 15.74 ± 1.55 11.16 ± 3.25 12.27 ± 2.06 4.74 ± 2.11 

WD4 P1 W5 22.03 ± 0.1 5.36 ± 0.14 11.74 ± 2.58 4.37 ± 1.74 

W6 21.73 ± 0.63 20.26 ± 1.43 15.73 ± 1.75 7.61 ± 6.04 

P2 W7 13.78  ± 0.51 3.85 ± 1.02 15.26 ± 3.01 3.84 ± 3.61 

W8 9.77  ± 1.79 6.6 ± 0.11 13.11 ± 3.53 6.29 ± 1.15 

P3 W1 23.65  ± 0.03 7.34 ± 0.39 13.72 ± 1.54 11.2 ± 1.2 

W2 12.05 ± 0.02 15.05  ± 0.2 10.99 ± 1.53 2.19 ± 0.47 

Average  ±  SD 17.17 ± 0.68 9.74 ± 0.55 13.43 ± 0.84 5.92 ± 2.09 

Table 1: Percent-stained area TGFâ3, TNF-α, α-SMA and VEGF of  wounds treated with
Negative, Standard, WD2 and WD4
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Tumour necrosis factor (TNF-α)

Noticeable variation in TNF-α expression was observed among the ex-
perimental groups (figure 3). The Negative Control group demonstrated
the lowest mean percent-stained area (7.26), whereas the Standard Care
group showed a marked increase (11.8). A comparable level of  TNF-α
expression was detected in WD2-treated wounds (11.16), while WD4-
treated wounds displayed relatively lower expression (9.74) compared to
WD2 and Standard Care groups (table 1). WD4-treated wounds exhib-
ited relatively lower TNF-α expression than WD2 and the Standard Care
group. However, neither the overall ANOVA nor Tukey HSD analysis
demonstrated statistically significant differences among the treatment
groups (table 2). Therefore, these findings are interpreted as non-sig-
nificant biological trends. These findings suggest that WD2 maintained
an active inflammatory response required during the healing phase,
whereas the moderated TNF-α expression observed in WD4 may indi-
cate progression toward inflammation resolution and transition into the
proliferative stage of  repair.

Alpha-smooth muscle actin (α-SMA)

α-SMA expression, which reflects myofibroblast activation and wound
contraction, was prominently detected in the negative control (13.5) and
WD4 (13.43) groups, both demonstrating comparable mean percent-
stained areas (table 1, figure 4). WD2-treated wounds showed moder-
ately elevated α-SMA expression (12.27), while the Standard Care group
exhibited the lowest expression level (9.41). One-way ANOVA demon-
strated significant differences in α-SMA expression among the experi-

mental groups (F = 3.02, P < 0.05). Tukey HSD analysis revealed sig-
nificantly higher α-SMA expression in WD4 compared with the Stan-
dard Care group (P = 0.00998). A significant difference was also ob-
served between the negative control and Standard Care groups (P =
0.0286), whereas the remaining pairwise comparisons were not statisti-
cally significant (table 2).

Vascular endothelial growth factor (VEGF)

VEGF amount remained comparatively low across all experimental
groups; however, treated wounds showed a gradual increase in expres-
sion levels (figure 5). The negative control group recorded the lowest
mean percent-stained area (4.11), followed by the Standard Care group
(4.61). WD2-treated wounds demonstrated a slight increase in VEGF
expression (4.74), whereas WD4-treated wounds exhibited the highest
mean expression (5.92) (table 1). However, neither one-way ANOVA
nor Tukey HSD analysis demonstrated statistically significant differences
among the groups (table 2). Elevated VEGF expression in WD4-treated
wounds suggests enhanced angiogenic activity, which is important for
neovascularization, oxygen supply, and granulation tissue development
during wound healing.

Discussion

The coordinated modulation of  TGF-β3, TNF-α, α-SMA, and VEGF
observed in this study reflects a well-regulated wound-healing response
in the treated groups. WD4 demonstrated significantly greater TGF-β3
expression than the Standard Care group, suggesting improved regen-

Biomarker One-way 
ANOVA  

Negative 
vs. 

Standard  

Negative 
vs. WD2 

Negative 
vs. WD4  

Standard 
vs. WD2 

Standard 
vs. WD4 

WD2 vs. 
WD4 

TGFβ3 F value 0.02372 1.8778 3.2104 3.5119 4.942 0.4934 

P value 0.879 0.1844 0.08694 0.07427 0.0368* 0.4898 

Tukey HSD NSD NSD NSD NSD SD NSD 

TNF-α F value 3.9494 3.6344 1.5392 0.0535 0.5588 0.3059 

P value 0.05948 0.06974 0.2278 0.8192 0.4626 0.5858 

Tukey HSD NSD NSD NSD NSD NSD NSD 

α-SMA F value 5.4908 0.5358 0.002567 2.9734 7.9496 0.7407 

P value 0.02856* 0.4719 0.9601 0.09867 0.009983* 0.3987 

Tukey HSD SD NSD NSD NSD SD NSD 

VEGF F value 0.173 0.2369 1.6967 0.01059 0.8863 0.6301 

P value 0.6815 0.6313 0.2062 0.919 0.3567 0.4358 

Tukey HSD NSD NSD NSD NSD NSD NSD 

Table 2: One-way ANOVA and Tukey HSD pairwise comparison of  TGF-β3, TNF-α, α-SMA, and
VEGF expression among the Negative Control, Standard Care, WD2, and WD4 groups

Note: SD - Significant difference (p<0.05); NSD - No significant difference (p>0.05)

Figure 4: α-SMA expression in the tissue sections of  the three
experimental animals after 34 days (10× and 200μm scale)

Figure 5: VEGF expression in the tissue sections of  the three
experimental animals after 34 days (10× and 200μm scale)
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erative remodeling. This can be attributed to better tissue organization
and less scar formation, according to earlier research, especially in trans-
lational large-animal wound models [5,17,18,25,26]. Although the re-
maining pairwise comparisons were not statistically significant, the overall
expression pattern supports the regenerative potential of  the developed
dressing. An essential inflammatory cytokine in the initial phases of
wound healing is TNF-α. While transient TNF-α activity is necessary
for immune cell recruitment and defense against infection, prolonged
elevation may impair tissue remodeling and delayed healing [7,8,27]. In
the present investigation, WD4 exhibited relatively lower TNF-a expres-
sion than WD2 and the Standard Care group. However, these differ-
ences were statistically insignificant.

Myofibroblasts play an essential role in extracellular matrix remod-
eling and biomechanical stabilization during tissue repair [11,12,18]. The
observed increase in α-SMA expression therefore suggests that the de-
veloped nanofibrous piezoelectric dressings positively influenced tissue
remodeling and contractile healing responses. During wound healing,
angiogenesis and neovascularization are primarily regulated by VEGF.
Improved vascular development and the repairing tissue’s oxygen sup-
ply are suggested by the slow rise in VEGF expression seen in the treated
groups, especially in WD4. One-way ANOVA together with Tukey HSD
analysis demonstrated significantly higher α-SMA expression in WD4
than in the Standard Care group, supporting enhanced myofibroblast
activity and tissue remodeling induced by the developed dressing.

VEGF is a principal regulator of  angiogenesis and neovascularization
with improved oxygen supply within the healing tissue [9,10,16,29], as-
sumed to be induced by the applied dressing. Balanced angiogenic sig-
naling is critical for maintaining granulation tissue formation without
promoting excessive or disorganized vessel growth [8]. Although WD4
exhibited the highest VEGF expression among the treatment groups,
neither the overall ANOVA nor Tukey HSD analysis demonstrated sta-
tistically significant differences. These findings therefore suggest a
favourable angiogenic trend that requires confirmation in larger studies.

Collectively, the findings demonstrate that multicomponent
nanofibrous piezoelectric wound dressings can effectively regulate in-
flammatory, regenerative, angiogenic, and contractile pathways involved
in tissue repair. Among the evaluated formulations, WD4 consistently
exhibited the most balanced biological response, supporting its poten-
tial application in advanced wound-healing strategies and translational
biomaterial research.

There are some noted limitations to this study. Only at the terminal
trial endpoint (day 34), which was chosen to evaluate tissue remodeling
and total wound recovery after therapy, was immunohistochemical as-
sessment carried out. As a result, it was impossible to assess the tempo-
ral expression patterns of  biomarkers linked to the proliferative and
inflammatory stages of  healing, especially TNF-α and VEGF. A more
thorough knowledge of  the dynamic biological reactions generated by
the created wound dressings would be possible with future research that
included numerous sampling time points (e.g., days 3,7,14, and 34).

This study’s inability to measure the in vivo electrical output pro-
duced by the piezoelectric dressings is another limitation. The suggested
process is predicated on the idea that the animals’ typical physiological
movements and the resulting skin deformation during regular walking
may have supplied enough mechanical stimulation to trigger the piezo-
electric fibers. Nevertheless, there was no direct measurement of  the
electrical impulses produced in the wound environment. Future studies
that combine biological results with in vivo electrical data might shed
further light on the molecular role of  piezoelectric stimulation in wound
healing.

Conclusion

The present study demonstrates that multicomponent nanofibrous pi-
ezoelectric wound dressings can effectively regulate molecular pathways
associated with wound healing. Significant improvements in TGF-β3
and α-SMA expression relative to the standard care group, together with
favourable but non-significant trends in TNF-α and VEGF expression,
suggest that WD4 promotes multiple aspects of  wound repair, includ-
ing regenerative remodeling, wound contraction, inflammation resolu-

tion, and angiogenesis. Among the evaluated formulations, WD4 con-
sistently exhibited the most balanced wound-healing response charac-
terized by moderated inflammatory activity and enhanced regenerative
signaling. Overall, these findings support the translational relevance of
immunohistochemical biomarker assessment for evaluating advanced
biomaterial-based wound dressings and their potential future clinical
application.
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