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ABSTRACT
Hypertrophic scars (HTSs) result from excessive collagen accumulation and impaired wound remodelling, leading to considerable 
aesthetic and functional concerns. Despite the availability of various treatment strategies, their clinical success remains limited, 
emphasising the need for alternative approaches. Human amniotic fluid (hAF), naturally enriched with cytokines and growth 
factors, has emerged as a promising biological material for tissue regeneration. This study investigated the therapeutic potential 
of two forms of hAF—pooled-frozen and pooled-frozen gamma-irradiated—in a rat model of hypertrophic scarring. Fifteen 
adult male Sprague–Dawley rats were randomly assigned to receive subcutaneous injections of either saline, pooled-frozen hAF, 
or pooled-frozen gamma-irradiated hAF at the wound margins on days 1, 3 and 5 following the induction of hypertrophic scars 
via talc powder application. After 21 days, wound healing was evaluated through histological and immunohistochemical analy-
ses. Both treatment groups demonstrated significantly improved wound healing compared to the control group. Granulation tis-
sue formation was enhanced in the treated groups, particularly in animals receiving gamma-irradiated fluid, which also showed 
superior collagen remodelling characterised by aligned and mature collagen bundles. Both treatment groups demonstrated an 
increase in M2 macrophage density, as evidenced by elevated Arg+/CD68+ cell ratios; however, this effect was more pronounced 
in the gamma-irradiated group, indicating a stronger shift towards a regenerative immune profile. Enhanced reepithelialisation, 
increased hair follicle density and reduced scar thickness were also observed. These findings suggest that gamma-irradiated 
hAF provides a more effective and minimally invasive therapeutic option for modulating scar formation and improving wound 
healing outcomes, supporting its potential translation into clinical applications for the management of hypertrophic scars.

1   |   Introduction

Hypertrophic scars are benign, fibroproliferative lesions that 
arise following deep dermal injuries, such as severe burns, 
surgical interventions, or traumatic wounds. Characterised by 

excessive collagen deposition, persistent inflammation, myo-
fibroblast hyperactivity and dermal tissue proliferation, HTSs 
manifest as raised, visible scars that do not invade surround-
ing tissues [1–3]. These scars result from aberrant wound heal-
ing processes driven by mechanical tension and dysregulated 
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extracellular matrix remodelling [4]. Clinically, HTSs cause cos-
metic disfigurement, functional impairment, pruritus and pain, 
significantly reducing patients' physical, psychological and so-
cial quality of life [5]. Consequently, there is a pressing need for 
innovative therapies that target the pathological mechanisms of 
HTS to improve both functional and aesthetic outcomes.

Human amniotic fluid offers a promising therapeutic avenue due 
to its unique regenerative properties observed in scarless foetal 
wound healing. Rich in growth factors (e.g., TGF-β, VEGF), 
cytokines and other bioactive molecules, hAF promotes cell 
migration, proliferation and metabolic activity, creating an opti-
mal environment for tissue repair [6, 7]. In the context of HTSs, 
hAF's anti-inflammatory properties and ability to modulate 
myofibroblast activity and collagen organisation may mitigate 
the fibrotic processes that drive scar pathology [8]. By regulat-
ing excessive extracellular matrix deposition and promoting 
balanced tissue remodelling, hAF has the potential to enhance 
the histomorphological structure of hypertrophic scars, improv-
ing their microscopic architecture and elasticity [9].

Despite its therapeutic potential, the clinical application of 
fresh hAF is hindered by significant biological and logistical 
challenges, including the risk of disease transmission, short 
shelf life and difficulties in storage and transport [10]. Fresh 
amniotic material, while effective as a temporary skin substi-
tute, poses infection risks that limit its practicality. To address 
these issues, gamma irradiation provides a standardised and 
effective sterilisation method that eliminates microbial con-
tamination while preserving the functional integrity of hAF's 
bioactive components [11]. Freezing further extends shelf life 
and facilitates long-term storage, overcoming logistical barriers. 
Pooling hAF from multiple donors ensures consistency in the 
biochemical and biological composition of the product, enabling 
standardised clinical applications. Additionally, acellular pro-
cessing reduces immunogenicity, minimising the risk of adverse 
immune responses in recipients.

While clinical experience with fresh or cryopreserved amniotic 
membranes is well-documented, the use of pooled, frozen and 
gamma-irradiated acellular hAF for hypertrophic scar treatment 
remains unexplored. This gap in the literature underscores the 
need for novel approaches to address HTS pathology. In this 
study, we experimentally evaluate the impact of pooled, frozen 
and gamma-irradiated acellular amniotic fluid on the histomor-
phological structure of hypertrophic scar tissue, focusing on its 
effects on collagen organisation, fibroblast activity and tissue 
architecture. By addressing this research gap, we aim to provide 
insights into the potential of processed hAF as a safe and effective 
therapeutic option for improving hypertrophic scar outcomes.

2   |   Materials and Methods

2.1   |   Animal Model and Ethical Approval

Wistar Albino rats aged 6–8 weeks were used for animal 
modelling (female, weighing 200–300 g). Rats were main-
tained in the animal facility at 23°C–26°C and in a 12-h light/
dark cycle with free access to standard food and clean water. 
Experimental protocols and procedures were approved by the 
Animal Experimental Management Committee (2019/32). 
Animals were acclimatised for 7 days prior to the start of the 
experiment to minimise stress.

HTSs were induced using a talc powder-based model to pro-
mote fibrosis and scar formation. Under general anaesthesia 
with 2%–3% isoflurane (Baxter, Deerfield, IL, USA) delivered 
via inhalation, the dorsal skin of each rat was shaved and disin-
fected with 70% ethanol. A 2 cm × 2 cm full-thickness excisional 
wound was created on the midline of the dorsum using a sterile 
scalpel. To induce hypertrophic scar formation, 0.5 g of sterile 
talc powder (USP grade, Sigma-Aldrich, St. Louis, MO, USA) 
was evenly applied to the wound bed immediately after exci-
sion in order to stimulate chronic inflammation and fibrosis.

2.2   |   Preparation of Human Amniotic Fluid

hAF was collected from healthy, consenting donors undergo-
ing elective caesarean sections. Donors were screened for infec-
tious diseases, including HIV, hepatitis B and C and syphilis, to 
ensure safety. Amniotic fluid was aspirated under sterile con-
ditions during caesarean delivery and immediately processed.

2.3   |   Pooled-Frozen hAF (PF-hAF)

Collected hAF samples from multiple donors were pooled to cre-
ate a standardised product with consistent biochemical composi-
tion. The pooled hAF was centrifuged at 1000 g for 10 min at 4°C 
to remove cellular debris, resulting in acellular hAF. The superna-
tant was filtered through a 0.22 μm sterile filter (MilliporeSigma, 
Burlington, MA, USA) to ensure sterility. The filtered hAF was 
aliquoted into 2 mL cryogenic vials and stored at −80°C until use. 
Prior to administration, PF-hAF was thawed at 37°C in a water 
bath and used within 1 h to preserve bioactivity.

2.4   |   Pooled-Frozen Gamma-Irradiated hAF 
(PFI-hAF)

A portion of the pooled, filtered hAF was subjected to gamma 
irradiation for additional sterilisation. Aliquots were irradiated 
at a dose of 25 kGy at a certified irradiation facility, following 
established standards for tissue sterilisation [12, 13]. Irradiated 
samples were stored at −80°C and thawed identically to PF-
hAF before use. The irradiation process was validated to elim-
inate microbial contamination while preserving the functional 
integrity of growth factors and cytokines, as confirmed by 
enzyme-linked immunosorbent assay (ELISA) for key bioactive 
molecules (e.g., TGF-β, VEGF) [14].

Summary

•	 Gamma-irradiated pooled amniotic fluid accelerates 
hypertrophic scar remodeling.

•	 Histomorphology shows reduced fibrosis and im-
proved tissue organization.

•	 Demonstrates therapeutic potential of processed am-
niotic fluid in wound healing.
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2.5   |   Experimental Design

Rats were randomly assigned to three groups (n = 5 per group) 
using a randomisation sequence:

Control Group (CNT): Rats received 1 cc of sterile normal 
saline (0.9% NaCl, Hospira, Lake Forest, IL, USA) adminis-
tered subcutaneously at the wound margins on days 1, 3 and 
5 post-injury.

Pooled-Frozen hAF Group (PF-hAF): Rats received 1 cc of PF-
hAF administered subcutaneously at the wound margins on 
days 1, 3 and 5 post-injury.

Pooled-Frozen Gamma-Irradiated hAF Group (PFI-hAF): Rats 
received 1 cc of PFI-hAF administered subcutaneously at the 
wound margins on days 1, 3 and 5 post-injury.

2.6   |   Sample Collection

On day 21 post-injury, rats were euthanised under deep anaes-
thesia induced by intraperitoneal administration of xylazine 
(10 mg/kg) and ketamine (90 mg/kg), followed by exsanguina-
tion via cardiac puncture. Scar tissue, including a 5 mm margin 
of surrounding healthy skin, was excised using a sterile scalpel. 
Tissue samples were immediately fixed in 10% neutral buffered 
formalin (Sigma-Aldrich, St. Louis, MO, USA) for 24 h at room 
temperature for histological analysis.

2.7   |   Histological Analysis

Fixed scar tissue samples were dehydrated through a graded 
ethanol series, cleared in xylene and embedded in paraffin. 
Serial sections (5 μm thick) were cut using a microtome (Leica 
RM2235, Leica Biosystems, Wetzlar, Germany) and mounted on 
glass slides. Sections were stained with haematoxylin and eosin 
(H&E) for general morphology and Masson's trichrome for col-
lagen fibre assessment, following standard protocols.

2.8   |   Scar Thickness

Scar thickness was measured as the maximum vertical distance 
from the epidermal surface to the deepest point of the scar tis-
sue in H&E-stained sections. Measurements were taken at three 
random fields per section, with three sections per animal, using 
a calibrated light microscope (Olympus BX51, Olympus, Tokyo, 
Japan) equipped with image analysis software (ImageJ, NIH, 
Bethesda, MD, USA).

2.9   |   Granulation Tissue Formation

Granulation tissue was evaluated in H&E-stained sections 
by assessing the extent of new blood vessel formation, in-
flammatory cell infiltration and fibroblast density. A semi-
quantitative scoring system (0 = absent, 1 = mild, 2 = moderate 
and 3 = severe) was used by two blinded investigators to ensure 
objectivity.

2.10   |   Fibrosis

Fibrosis was quantified in Masson's trichrome-stained sec-
tions by measuring the intensity and organisation of collagen 
fibres. Collagen fibre density was assessed using ImageJ to 
calculate the percentage of blue-stained collagen relative to 
the total tissue area in three random fields per section. Fibre 
organisation was evaluated qualitatively for alignment and 
bundling patterns, with disorganised fibres indicating higher 
fibrosis.

2.11   |   Macrophage Subtype Infiltration

Immunohistochemistry (IHC) was performed to assess mac-
rophage subtype infiltration (M1 and M2). Sections were de-
paraffinised, rehydrated and subjected to antigen retrieval 
using citrate buffer (pH 6.0) at 95°C for 20 min. Endogenous 
peroxidase activity was blocked with 3% hydrogen peroxide. 
Sections were incubated with primary antibodies against 
CD68 (M1 marker, 1:100, Abcam) and Arginase 1 (M2 marker, 
1:150, Abcam) overnight at 4°C. Secondary antibodies con-
jugated with horseradish peroxidase (1:500, Dako, Glostrup, 
Denmark) were applied, followed by visualisation with 
3,3′-diaminobenzidine (DAB, Dako). Sections were counter-
stained with haematoxylin. Positive cells were quantified in 
three random high-power fields (400× magnification) per sec-
tion using ImageJ and the M1/M2 ratio was calculated to as-
sess inflammatory modulation.

2.12   |   Statistical Analysis

Data were analysed using GraphPad Prism version 9.0 
(GraphPad Software, San Diego, CA, USA). Normality was 
assessed with the Shapiro–Wilk test. Scar thickness, colla-
gen density and macrophage counts were compared across 
groups using one-way analysis of variance (ANOVA) fol-
lowed by Tukey's post hoc test for normally distributed data, 
or the Kruskal–Wallis test with Dunn's post hoc test for non-
parametric data. Granulation tissue scores were analysed using 
the Kruskal–Wallis test. Results are presented as mean ± stan-
dard deviation (SD) for parametric data or median (inter-
quartile range) for non-parametric data. A p-value < 0.05 was 
considered statistically significant.

3   |   Results

A HTSs model was successfully established in all rats by day 
21 following talc powder application, as evidenced by elevated, 
irregular scar tissue (Figure  1). On day 21, biopsy samples 
were collected from the CNT, PF-hAF and PFI-hAF groups 
(Figure 2A) for macro-morphological (Figure 2B) and histologi-
cal evaluations (Figure 3A).

3.1   |   Macro-Morphological Findings

Figure  2A schematically represents the experimental time-
line, indicating the initiation of the hypertrophic scar model 
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on day 0 and euthanasia on day 21. Although not shown in the 
schematic, subcutaneous treatments were administered at the 
wound margins on days 1, 3 and 5. The CNT group exhibited 
prominent hypertrophic scarring, characterised by raised, er-
ythematous and irregular scar tissue (Figure 2B). In contrast, 
the PF-hAF-treated group showed significant scar resolution, 
with reduced elevation and smoother surface texture. The 
PFI-hAF-treated group demonstrated the most pronounced 
improvement, with near-complete resolution of hypertrophic 
scarring, presenting a flatter, less erythematous scar surface 
closely resembling normal skin (Figure  2B). By day 21, the 
hypertrophic scar areas in the PF-hAF- and especially PFI-
hAF-treated groups exhibited near-complete HTS resolution, 
whereas the CNT group retained noticeable scars (Figure 2B).

3.2   |   Histological Analyses

Histological evaluation using haematoxylin and eosin (H&E), 
Masson's trichrome and immunohistochemistry provided de-
tailed insights into the histomorphological changes in scar tis-
sue (Figure 3A).

3.3   |   Reepithelialisation and Hair Follicle 
Migration

In the CNT group, H&E-stained sections revealed an irregu-
lar dermal matrix with increased fibrotic tissue, dense inflam-
matory cell infiltration and a lack of hair follicles, glandular 
structures and sweat glands in the subdermal wound areas. In 
contrast, the PF-hAF and PFI-hAF groups showed significant 
reepithelialisation and keratinisation, with a marked increase 
in hair follicle density within areas typically responsible for 
fibrotic scar development. Hair follicles were observed migrat-
ing from the hypodermis to the subdermis, with this progres-
sion being more evident in the PFI-hAF group (Figure  3A). 
Granulation tissue, a critical indicator of wound healing, was 
significantly increased in the PF-hAF and PFI-hAF groups 
compared to the CNT group. H&E-stained sections showed a 
median granulation tissue in the CNT group, indicating per-
sistent fibrotic activity (Figure  3A). In contrast, the PF-hAF 
group (p < 0.01 vs. CNT) and the PFI-hAF group (p < 0.01 vs. 
CNT, p < 0.05 vs. PF-hAF) suggested accelerated wound heal-
ing and reduced fibrosis. The PFI-hAF group exhibited a more 
dramatic healing trend, with minimal residual granulation tis-
sue and enhanced tissue remodelling (Figure 3B). Quantitative 
analysis of granulation tissue area per healed wound revealed 
a significant increase in both PF-hAF (p < 0.01 vs. CNT) and 
PFI-hAF (p < 0.01 vs. CNT) groups compared to the control, in-
dicating enhanced early wound healing response and fibroblast 
activation. Furthermore, analysis of hair follicle density showed 
a statistically significant increase in the PF-hAF (p < 0.003 vs. 
CNT) and PFI-hAF (p < 0.0001 vs. CNT) groups, with the PFI-
hAF group exhibiting the highest density (Figure 3B–D).

FIGURE 1    |    Hypertrophic scar model in a rat on day 21. The red-
circled area highlights the HTS tissue, appearing elevated and irregular, 
characteristic of hypertrophic scars.

FIGURE 2    |    Results showing recovery and wound healing in the rat groups: (A) A schematic representation of the study where the HTSs model 
was established on the dorsal region of the rats. Treatments (CNT, PF-hAF and PFI-hAF) were administered via intraperitoneal injection on days 1, 
3 and 5. (B) The healing process of hypertrophic scars in different groups is visually displayed, demonstrating distinct changes in scar morphology, 
with prominent scarring in the CNT group, partial resolution in the PF-hAF group and near-complete resolution in the PFI-hAF group.
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3.4   |   Comparison of Scar Thickness 
Between Groups

Scar thickness was significantly higher in both treatment 
groups compared to the control group (p = 0.0001 for PF-hAF 
vs. CNT; p = 0.0007 for PFI-hAF vs. CNT), indicating the pres-
ence of robust early granulation tissue formation in response to 
hAF administration. However, no statistically significant differ-
ence was observed between the PF-hAF and PFI-hAF groups 
(p = 0.234), suggesting that while both treatments effectively 
modulated wound architecture, their impact on scar thickness 
was comparable (Figure 3C).

3.5   |   Granulation Tissue Scoring Table

Semi-quantitative histological scoring of granulation tissue for-
mation in different treatment groups. Scoring was based on the 
extent of new blood vessel formation, inflammatory cell infiltra-
tion and fibroblast density in H&E-stained sections. Two blinded 

investigators independently evaluated each sample using a scale 
from 0 to 3 (0 = absent, 1 = mild, 2 = moderate and 3 = severe) 
(Table 1).

3.6   |   Collagen Accumulation

Masson's trichrome staining demonstrated significant improve-
ments in collagen organisation in the treatment groups com-
pared to the CNT group. In the CNT group, collagen fibres were 
densely packed, disorganised and haphazardly arranged, indic-
ative of excessive fibrosis. The PF-hAF group showed reduced 
collagen density and improved fibre alignment, with more par-
allel and evenly distributed fibres (Figure 3A).

3.7   |   The Role of Arginase-1 and CD68

Arg-1 played a dominant role in fibrosis regulation, while 
CD68 served as a critical but complementary factor during 

FIGURE 3    |    Histological and quantitative evaluation of wound healing in the hypertrophic scar model. (A) Representative histological images 
of scar tissue on day 21 from the CNT (A, D), PF-hAF (B, E) and PFI-hAF (C, F) groups. Upper row (A–C): Haematoxylin and eosin (H&E) stain-
ing demonstrating incomplete (A) and complete dermal remodelling with organised skin appendages (B, C). Lower row (D–F): Masson's trichrome 
staining showing dense and disorganised collagen fibres in the CNT group (D), compared to more structured and aligned collagen bundles in both 
treatment groups (E, F). Scale Bar: 400 μm for both H&E and Masson's trichrome. (B) Quantitative assessment of granulation tissue area per healed 
wound. Both PF-hAF and PFI-hAF groups showed significantly higher granulation tissue area compared to the control (p < 0.01). (C) Scar thickness 
was significantly greater in both PF-hAF and PFI-hAF groups compared to CNT (p < 0.0001 and p < 0.001, respectively), suggesting enhanced early 
healing responses. (D) Hair follicle density per healed wound area. Both treatment groups showed significantly increased follicle numbers compared 
to CNT (p < 0.01 for PF-hAF, p < 0.0001 for PFI-hAF), with the PFI-hAF group displaying the highest density.
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the wound healing process. Immunohistochemical staining 
revealed minimal expression of both CD68 and Arg-1 in the 
CNT group, consistent with limited regenerative activity. In 
the PF-hAF and PFI-hAF groups, a significant increase in 
both CD68 and Arg-1 expression was detected (p < 0.01 vs. 
CNT for both markers). The PFI-hAF group exhibited the 
highest Arg-1 expression, particularly surrounding hair folli-
cles in the subdermal and dermal regions, indicating success-
ful regeneration of structural components (Figure  4A). The 
PF-hAF group also showed elevated Arg-1 expression, but to 
a lesser extent than PFI-hAF (p < 0.05 vs. PFI-hAF). These 
findings highlight the enhanced regenerative capacity of PFI-
hAF in modulating fibrosis and promoting tissue remodelling. 
Specifically, CD68 expression, indicating total macrophage 
infiltration, was significantly higher in the PF-hAF and PFI-
hAF groups, with the rate of CD68+ cells in the HTS model 
increasing from the CNT group to the PF-hAF group (p < 0.01 

vs. CNT) and the PFI-hAF group (p < 0.001 vs. CNT, p < 0.01 
vs. PF-hAF, Figure 4B).

4   |   Discussion

hAF has garnered significant attention for its potential in 
wound healing, primarily due to the action of mesenchymal 
stem cells (MSCs), growth factors and other regenerative mech-
anisms [15–18]. Unlike other stem cell-based therapies, mini-
mally manipulated hAF is not subject to the same ethical and 
legal restrictions, making it a promising candidate for clinical 
applications [19]. This is particularly relevant given the growing 
demand for ethical, accessible and non-invasive wound heal-
ing treatments. In our study, we demonstrated that hAF, when 
immediately pooled, frozen and gamma-irradiated (PFI-hAF), 
has a direct and significant impact on HTS wound healing. 
Unlike previous studies focusing on complex stem cell-based 
treatments, our research highlights that PFI-hAF, in its pure, 
pooled and irradiated form, acts as a minimally manipulated 
product while effectively promoting tissue repair. This finding 
positions PFI-hAF as a sustainable and practical solution for 
clinical wound care, requiring minimal processing and offering 
convenient storage options, such as room-temperature stability 
for dried forms.

Our approach aligns with prior efforts to enhance the safety and 
usability of amniotic products. For instance, Nakamura et  al. 
developed a sterilised, freeze-dried amniotic membrane using 

TABLE 1    |    Semi-quantitative histological scoring of granulation 
tissue formation in different treatment groups.

Group
Granulation tissue 
score (mean ± SD)

Statistical 
significance 
(vs. control)

Control 0.8 ± 0.4 —

PF-hAF 2.1 ± 0.3 p < 0.01

PFI-hAF 2.3 ± 0.2 p < 0.01

FIGURE 4    |    CD68 and Arginase-1 expression in wound healing tissue: (A) Immunohistochemical staining of CD68 (upper row: A, B, C) and 
Arginase-1 (lower row: D, E, F) in the HTS tissue of the CNT, PF-hAF and PFI-hAF groups, respectively. Red arrowheads indicate positive staining 
for macrophages (CD68) and M2 macrophages (Arginase-1). (A—A, A—D) CNT group: Minimal CD68 and Arg-1 expression. (A—B, A—E) PF-hAF 
group: Increased CD68 and Arg-1 expression. (A—C, A—F) PFI-hAF group: Highest CD68 and Arg-1 expression, particularly surrounding hair folli-
cles, indicating successful regeneration. (B) Quantification of Arg+/CD68+ cells macrophage density in healed wound tissues CNT, PF-hAF (p < 0.01 
vs. CNT) and PFI-hAF (p < 0.001 vs. CNT, p < 0.05 vs. PF-hAF).
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a special vacuum-packaging process combined with gamma ir-
radiation, addressing sterilisation and preservation challenges 
[20, 21]. Similarly, studies from India have explored fresh am-
nion [22–24] or amnion preserved in antibiotic solutions [22, 25], 
while Rehni et al. [26] investigated dried amniotic membranes 
for burn wound care. Our study expands on these concepts by 
demonstrating that dried amniotic fluid—rather than just the 
amniotic membrane—can effectively treat scars, including 
HTS. The ability of dried amniotic fluid to be stored at room 
temperature simplifies logistics and long-term storage, a key 
advantage over fresh or non-irradiated forms. Moreover, pooled 
amniotic fluid enhances safety and reliability by offering protec-
tion against viral and pyrogenic contamination. Non-sterilised 
amniotic fluid poses significant risks of fungal, bacterial, or 
viral infections from the donor, emphasising the clinical rele-
vance of gamma-irradiated hAF. To date, few studies have in-
vestigated the clinical efficacy of gamma-irradiated amniotic 
membranes [27], and only one study has specifically examined 
gamma-irradiated amniotic fluid [14]. Our findings build on this 
limited body of work, providing novel evidence of PFI-hAF's ef-
ficacy in HTS management.

In foetal tissues, skin regeneration occurs without scarring due to 
a diminished inflammatory response, attributed to differences in 
the size and maturity of macrophages, neutrophils and mast cells 
compared to adult tissues [28]. Macrophages, key regulators of 
immune responses and tissue repair, are classified into M1 (pro-
inflammatory) and M2 (pro-regenerative) subtypes, though they 
exist along a continuum of intermediate states. M1 macrophages, 
induced by bacterial metabolites, interferon-gamma (IFN-γ), or 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
secrete pro-inflammatory cytokines and phagocytose dead cells 
and pathogens [29]. In contrast, M2 macrophages, activated by 
interleukin-13 (IL-13) and/or interleukin-4 (IL-4) [30], promote 
tissue repair by secreting anti-inflammatory cytokines and an-
giogenic factors, facilitating scarless tissue closure [29]. Our study 
found that PFI-hAF significantly enhanced M2 macrophage ac-
tivity, as evidenced by the lowest M1/M2 ratio and the highest 
Arg+/CD68+ cell density. These results align with Tumentemur 
et  al. [14], which demonstrated that gamma-irradiated amni-
otic fluid enhances M2 macrophage activation, promotes tissue 
regeneration and modulates inflammation. The shift from M1 
to M2 macrophages in the PFI-hAF group likely contributes to 
the observed reduction in granulation tissue by day 21, reflect-
ing a more advanced healing stage with reduced fibrotic activ-
ity. Histologically, this reduction in granulation tissue suggests a 
faster transition from the proliferative phase to the remodelling 
phase, potentially due to decreased angiogenesis and accelerated 
extracellular matrix maturation, which are hallmarks of scar res-
olution in HTS [31]. This mirrors foetal wound healing dynam-
ics and suggests that PFI-hAF may partially recapitulate scarless 
healing mechanisms in adult tissues.

Our analysis revealed that PFI-hAF significantly enhanced re-
epithelialisation compared to PF-hAF, with no such effect in 
control wounds. Re-epithelialisation, a crucial component of 
wound healing, occurs at the edges of full-thickness wounds 
and contributes to epidermal restoration, ensuring proper 
wound closure through submarginal thickening and tissue re-
modelling [32]. Impaired re-epithelialisation can lead to chronic 
wounds or abnormal scarring [33]. Compared to amniotic 

fluid-derived stem cells (AFSC), amniotic fluid itself appears to 
play a more prominent role in the early stages of wound heal-
ing [34]. Our findings highlight PFI-hAF's ability to promote 
complete wound healing and improve scar tissue quality, as 
evidenced by increased hair follicle density and reduced scar 
width. Histologically, the enhanced re-epithelialisation in the 
PFI-hAF group, coupled with increased hair follicle migration, 
indicates a restoration of normal dermal architecture, which is 
critical for functional and aesthetic outcomes in HTS healing. 
The presence of hair follicles in the subdermal and dermal re-
gions suggests a regenerative process akin to foetal wound 
healing, where appendage regeneration contributes to scarless 
repair [35]. This finding underscores PFI-hAF's potential to not 
only close wounds but also regenerate skin appendages, a key 
differentiator from traditional scar treatments. The reduction in 
granulation tissue area following PFI-hAF treatment indicates 
an accelerated transition to the remodelling phase, consistent 
with prior studies like Fukutake et al. [15], which demonstrated 
amniotic fluid's wound-healing-promoting effects.

HTS formation reflects the remodelling phase of wound healing, 
where collagen synthesis occurs alongside the degradation of 
vascular and cellular components. An imbalance between colla-
gen production and degradation can lead to excessive deposition 
and irregular scar formation. Amniotic membranes are a potent 
source for wound healing due to their rich content of MSCs, col-
lagen matrices and growth factors [36]. In our study, the control 
group exhibited collagen accumulation and irregular collagen 
bundles, while PF-hAF and PFI-hAF-treated wounds displayed 
thicker collagen fibres with regular borders, aligned parallel to 
the epidermis. PFI-hAF resulted in the most organised colla-
gen structure and the greatest reduction in granulation tissue 
area, suggesting that gamma irradiation enhances hAF's ther-
apeutic properties by optimising collagen remodelling and im-
proving scar quality. This finding is consistent with Yang et al. 
[34], which showed that amniotic fluid promotes well-organised 
collagen bundles and facilitates wound closure. The improved 
collagen organisation likely results from growth factors in hAF, 
such as transforming growth factor-beta (TGF-β) and epider-
mal growth factor (EGF), which regulate fibroblast activity and 
extracellular matrix deposition [37]. Histologically, the transi-
tion to thicker, more parallel collagen bundles in the PFI-hAF 
group not only enhances scar quality but also likely improves 
the biomechanical properties of the healed tissue, such as ten-
sile strength and elasticity, which are critical for preventing 
contractures and improving patient outcomes [38]. The reduced 
collagen density in treated groups further suggests a balanced 
remodelling process, minimising the risk of excessive fibrosis, 
which is a common challenge in HTS management.

The mechanisms underlying PFI-hAF's efficacy likely involve 
macrophage modulation and the action of growth factors. 
Macrophages phagocytize pathogens, matrix debris and necrotic 
tissue, while also regulating the progression to fibrosis [39–43]. 
In our study, PFI-hAF increased M2 macrophage activity, sug-
gesting a regenerative response, though high CD68 expression 
indicates an ongoing inflammatory phase. This balance sug-
gests that PFI-hAF enhances the transition from inflammation 
to regeneration, aligning with studies emphasising macrophage 
phenotypes in tissue repair [44, 45]. Histologically, the increased 
M2 macrophage activity likely contributes to the observed 
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improvements in collagen organisation and granulation tissue 
resolution, as M2 macrophages are known to secrete matrix 
metalloproteinases (MMPs) and tissue inhibitors of metallopro-
teinases (TIMPs) that regulate extracellular matrix remodelling 
[46]. This interplay between macrophage phenotype and histo-
logical outcomes underscores the multifaceted role of PFI-hAF 
in promoting a regenerative microenvironment. Previous re-
search has shown that monocytes and macrophages in amniotic 
fluid are of foetal origin [47–49] and Lopez et al. [50] found these 
cells abundant in the chorioamniotic membrane but absent in 
the umbilical cord. Our findings, combined with Tumentemur 
et al. [14], suggest that hAF may directly influence macrophage 
phenotype, potentially shifting Th1 to Th2 responses, which 
could further modulate immune responses in wound healing.

In conclusion, our study supports the use of irradiated hAF as 
an effective and minimally manipulated therapeutic option for 
enhancing wound healing, reducing scarring and improving the 
overall appearance of scars. The potential for hAF in wound 
care, especially in clinical settings, is immense and further 
studies are warranted to optimise its application and ensure 
its broad clinical efficacy. By integrating PFI-hAF into regen-
erative medicine strategies, such as combination therapies with 
bioengineered scaffolds or growth factor-enriched dressings, we 
may further enhance its therapeutic impact, offering a novel ap-
proach to scarless healing in adults.
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