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Article 
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Abstract: This study evaluated the effects of two therapeutic approaches using a Bovine Collagen 
Matrix (BCM) and an innovative Amniotic Membrane Dressing (hAM-pe) in wound healing, 
integrating both clinical and mechanistic perspectives. Both treatments are collagen-based 
biomaterials, which play a crucial role in modulating the wound microenvironment, supporting 
cellular adhesion, and delivering bioactive molecules. While collagen-based therapies have been 
extensively studied in vitro and in small animal models, clinical translation remains limited. This 
study’s approach involved the simultaneous application of both treatments within a single patient, 
allowing a direct comparison of therapeutic outcomes. Clinically, hAM-pe demonstrated superior 
outcomes, accelerating wound closure, reducing inflammation, and eliminating the need for surgical 
intervention. Its practical advantages, including ease of application in outpatient settings, further 
enhance its translational potential. Mechanistically, hAM-pe treatment was associated with reduced 
expression of inflammatory markers (IL-1β, TNF-α, and CXCL-10), enhanced vascularization (VEGF, 
CD34), and a shift toward a regenerative macrophage phenotype (Arginase-1 expression). 
Conversely, BCM treatment led to prolonged inflammation, delayed tissue remodeling, and an 
adverse granulomatous response. These findings underscore the potential of hAM-pe as an 
alternative, non-invasive therapy for chronic wounds. Further investigations into its 
immunoregulatory mechanisms, particularly its influence on macrophage subsets and extracellular 
matrix remodeling, will provide valuable insights for optimizing regenerative wound care strategies. 

Keywords: amniotic membrane dressings; wound healing; collagen; immunomodulation; 
angiogenesis 
 

1. Introduction 

The human body's boundaries are defined by the skin, an organ that constantly interacts with 
microorganisms and external factors. The skin is a multilayered organ composed of the epidermis, 
which provides a barrier to traumatic external penetration, is a stratified squamous epithelium 
maintained by the proliferation and differentiation at the level of the basal epidermis, rich in 
keratinocytes, melanocytes, and Langerhans cells; the dermis, a connective tissue matrix that helps 
keeping the skin elastic and resistant to deformation, housing fibroblasts, macrophages, mast cells 
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and vascular structures, which supplies the entire skin with nutrients and oxygen; and the 
hypodermis or subcutaneous tissues, primarily adipose tissue, providing insulation and cushioning. 
Its integrity and functionality are essential for maintaining body homeostasis. Skin wounds, meant 
as a damage or disruption of the organ, activates immediate repair mechanisms aimed at restoring 
the skin's structure and function [1,2]. 

Human wound healing is a complex and highly efficient process that involves the interaction 
and coordination of multiple cell types and biochemical and physiological events during the 
sequential wound-healing steps: hemostasis, inflammation, angiogenesis, cell growth and 
proliferation, and remodeling. In chronic wounds, the healing process is disturbed by factors such as 
infection, hypoxia, necrosis and excessive levels of inflammatory cytokine secretion, that prolong one 
or more of the stages, leading to a continuous state of inflammation in the wound that perpetuates a 
non-healing state. Wound repair also involves the formation of granulation tissue, a premature form 
of scar tissue established to protect the underlying structures [3,4].  

During skin wound repair, the outcome can be either scar formation or tissue regeneration [5]. 
Scar formation involves rapid ECM deposition during the proliferative phase, primarily driven by 
fibroblasts, which may result in a less functional seal. In sharp contrast, tissue regeneration occurs 
over a longer period, requiring not only ECM deposition but also the remodeling of tissue 
architecture, guided by M2 macrophages, with an anti-inflammatory and tissue regenerative profile 
[6]. 

In the Western hemisphere, an estimated number of 100 million patients develop scars each year. 
Scarring represents a pressing clinical-medical challenge and a significant economic burden to the 
global healthcare system. The management of complex wounds, particularly in Latin America, poses 
a significant economic burden, with costs rising due to prolonged treatment and the need for 
specialized care [7]. In addition, to date, the underlying pathomechanisms of scar formation are only 
fragmentarily understood, offering limited options for targeted therapies. Consequently, clinical 
translation is lagging, while scar patients continue to seek therapeutic remedies [8]. 

Numerous strategies and biomaterials have been applied to repair skin damage. The ideal 
material for skin restoration should be biocompatible and biodegradable, and it should promote and 
support cell adhesion and proliferation. Since 1940, the human amniotic membrane (hAM) has been 
widely used in wound healing and various areas of tissue engineering and regenerative medicine. 
The hAM has shown great potential as an ideal biomaterial due to its growth factors and biological 
structure, which contains appropriate microarchitecture, epithelialization stimulation capacity, 
antibacterial properties, and low immunogenicity. There are different presentations of hAM used in 
the treatment of chronic ulcers. The fresh and cryopreserved forms require cold storage, and their 
preparation needs the use of antibiotic solutions to prevent tissue contamination. The lyophilized 
form has several advantages: a low probability of contamination, ease of storage at room temperature 
without the need for freezers or liquid nitrogen, and proper preservation of the tissue's physical 
properties [9]. Additionally, acellular fresh hAM has shown to improve the healing process as well, 
through the bioinductive properties of bioactive factors, proteases, cytokines and anti-inflammatory 
proteins, which remain after the decellularization process. The acellular membrane may also promote 
epithelialization while suppressing inflammation and scarring [10]. 

We have developed an innovative strategy employing lyophilized homogenized human 
amniotic membrane dressings sterilized by gamma radiation, named hAM-pe, applying it at intervals 
of 48–72 hours. This novel approach enables a controlled and sustained delivery of biological factors 
inherent to hAM into wounds and the simplicity of its application facilitates its use in diverse 
healthcare settings, including the medical office or even within a patient’s home environment, 
outperforming the fresh version of hAM in these aspects. 

In this study, we present a case that involves the simultaneous treatment of a large ulcer 
employing two different biomaterials: a commercially available bovine collagen matrix (BCM) and 
hAM-pe. The wound healing process under both treatments was analysed through histological 
evaluations and molecular biology methodologies. 
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2. Materials and Methods 

2.1. Patient and Skin Samples 

This study was approved by the Ethics Committee for Research of the Hospital El Cruce, 
Argentina. The patient agreed to participate in this study, and written informed consent was obtained 
from him. The study has been developed in compliance with the regulations concerning current legal 
aspects in the Argentine Republic, adhering to requirements regarding respect for patients' rights, 
and without violating any national or international ethical guidelines, as reflected in approval by the 
institution's human research review committee. 

A male, adult, patient was referred with a one-month history of fasciitis in the superolateral 
gluteal region, caused by an intramuscular injection. Upon admission, the patient already had a VAC 
device applied for one month, with the fasciitis resolved but a residual ulcer of approximately 60 cm2 
(11 cm x 8 cm) remaining. At the time the ulcer treatment was initiated, the patient was undergoing 
weekly chemotherapy for multiple myeloma. While preparing part of the ulcer bed for a skin graft 
using BCM, an alternative strategy of treatment with hAM-pe was simultaneously applied to another 
part of the ulcer bed. The BCM matrix was secured with sutures, and after 15 days, the silicone layer 
was removed, as recommended by the manufacturer. Biopsies for histological and molecular analysis 
were collected from the areas designated for each treatment using a 0.5 cm punch on day 0. After 49 
days of treatment, a second set of biopsies was taken following the same procedure. 

2.2. Treatments 

BCM is a commercial product described as a three-dimensional porous bi-layer sterile matrix 
consisting of a type I, purified, stabilized, freeze-dried bovine collagen and a polyester-reinforced 
silicone layer acting as a pseudo-epidermis [11]. 

hAM-pe are obtained by homogenizing, lyophilizing and sterilizing human amniotic 
membranes for which extensive donor screening is performed to ensure donor suitability. Material 
is obtained from the placenta of mothers after cesarean delivery, following informed consent. 
Together with placentas, a blood sample of the mother is provided and assessed for HIV, hepatitis B 
virus, hepatitis C virus, cytomegalovirus, human T lymphotropic virus, Treponema pallidum, 
Brucella spp, Trypanosoma cruzi, and Toxoplasma gondii. The placenta is placed in 4 °C sterile 
containers with saline solution and transported to the ******* Tissue Bank maintaining the cold chain 
using refrigerants and special containers allowing temperature control between 2 °C and 8 °C. 
Primary processing is done within 24 hours of the cesarean and involves manually separating the 
AM from the placenta under a Class 100 biological safety cabinet. The hAM is homogenized with a 
handheld homogenizer and transferred to circular molds of 5.5 and 6.0 cm diameter for the 
lyophilization process, using a BK-FD 10P lyophilizer. Then, the hAM-pe is packed inside 2 bags 
under a class 100 biological safety cabinet. After that, hAM-pe is sterilized through gamma radiation. 
The dressings were provided in circular shapes of 5.5 and 6.0 cm in diameter and 1.2±0.1 mm in 
thickness. All processes are carried out following Good Manufacturing Practices approved by the 
National Administration of Drugs, Foods and Medical Technology (ANMAT, Argentina) and ****** 
Tissue Bank approved by the National Institute for Ablation and Implant (INCUCAI, Argentina). 
Furthermore, control samples are sent to the microbiology service to determine the bioburden and to 
ensure sterilization was achieved with the range of gamma radiation employed (15-25 kGy). hAM-
pe remains in quarantine until all controls are completed. If stored at room temperature and away 
from direct light, this hAM-pe has a shelf life of 3 years [12]. 

2.3. Histological Analysis 

Four skin biopsies were formalin fixed, paraffinized and 5 µm cut in a microtome. The samples 
were provided with numerical labels, without identification regarding treatment or time.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2025 doi:10.20944/preprints202504.1200.v1

https://doi.org/10.20944/preprints202504.1200.v1


 4 of 24 

 

Hematoxylin & Eosine stained sections were examined in a blind manner by a specialist in 
histopathology. 

Samples were stained with Sirius Red according to the Picrosirius red technique [13]. Stained 
sections were analyzed using an Olympus BX53 microscope equipped with an Olympus DP73 
camera and polarizing filters, enabling the differentiation of collagen types based on birefringence 
properties. Under polarized light, collagen type I was visualized red-yellow, whereas type III fibers 
appeared green. For quantitative analysis, ten non-overlapping regions of interest (ROIs) were 
selected at 20X magnification, from specific regions. ROIs were obtained either from the superficial 
region referred as REGION 3 (Figure 2) or from deeper dermal layers located 50-100 µm below the 
surface, referred to as REGION 4 (Figure 2). Additionally, full-section scans were performed at 20X 
magnification to assess collagen distribution across broader tissue areas, designated as REGION 1 
and 2  (Figure 2). Collagen I and III areas were quantified using the open-source software ImageJ 
Version: 2.14.0/1.54f , employing threshold-based segmentation and area measurements. Statistical 
analysis was conducted to evaluate differences in collagen content among the defined regions. A two-
way analysis of variance (ANOVA) was performed followed by Bonferroni post hoc tests for 
comparisons relative to the control group, assuming ɑ=0.05. Data analysis and graphical 
representations were carried out using GraphPad Prism software for MacOS, version 8.2.1.  

CD34 immunohistochemical (IHC) staining was performed on skin biopsy sections to identify 
endothelial cells. Sections were deparaffinized, rehydrated, and subjected to antigen retrieval in 
citrate buffer (pH 6.0) at 95°C for 20 minutes. After blocking, sections were incubated with anti-CD34 
antibody (Leica, 1:50) for 1 hour at room temperature, then with an HRP-conjugated secondary 
antibody and developed using DAB substrate. Hematoxylin counterstaining was applied before 
mounting. For the quantification of CD34+ area, 10 ROIs, each with an area of 0.01 mm², no deeper 
than 200 µm, were captured at 2X magnification. Images were processed in ImageJ, converted to 8-
bit, and background-subtracted. Thresholding was applied to quantify positive IHC areas as a 
percentage of the total ROI area. An ANOVA followed by Tukey's post hoc test for multiple mean 
comparisons (α = 0.05) was performed. Subsequently, for vessel number and diameter quantification, 
manual counting of CD34-positive ring-like structures, corresponding to transverse vessel sections, 
was performed on three of these ROIs. The area of each vessel was measured as well. Finally, to assess 
superficial angiogenesis, the vessel survey was repeated at 10X magnification, employing the Hot 
Spot technique for morphometric analysis [14]. Three 0.01 mm² ROIs were selected per biopsy within 
the superficial 200 µm, including only connective or granulation tissue, avoiding epithelium. An 
unpaired two-tailed t-test with Welch's correction (α = 0.05) was applied to compare vascular cross-
section results. 

2.4. Molecular Biology Analysis  

Four biopsies were maintained in RNA later at -20ºC until processed for RNA extraction. Each 
biopsy was homogenized using an Ultraturrax blender, in tissue lysis buffer.  

RNA extraction was performed using Tiangen columns according to manufacturer instructions, 
followed by RNA retrotranscription with iScript kit. This step was performed 3 times to obtain at 
least 3 independent RT-qPCR results from each biopsy. Finally, quantitative gene expression relative 
to Actin levels was assessed in each biopsy using iQ BIO-RAD reaction kit under a classical 3 steps + 
Melting, qPCR protocol, in a CFX96 BIO-RAD RT System. PCR reactions were performed for 2 
minutes at 50°C and for 10 minutes at 95°C, followed by 40 amplification cycles with 1 minute 
annealing/extension at 60°C and 15 seconds denaturation at 95°C. The identity of PCR amplicons was 
verified through melting curve analysis. 

The results of this study, expressed as the Fold Increase in mRNA expression, were analyzed by 
comparing the threshold cycles (Ct) of specific genes relative to β-actin as the reference gene (ΔCt). 
The comparisons were made between biopsies obtained at initial and final time points under each 
treatment, or under different treatments at the same time point (ΔΔCt). The formula 2-ΔΔCt was used 
for Fold Increase calculation. The primer sequences are shown in Table 1 [15]. 
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Table 1. Primer sequences used for qPCR analysis. 

Amplicon Forward primer Reverse primer 

β-actin CCT GGC ACC CAG CAC AAT GCC GAT CCA CAC GGA GTA CT 

IL-1β TAC GAA TCT CCG ACC ACC ACT ACA G TGG AGG TGG AGA GCT TTC AGT TCA TAT G 

TNF-ɑ AAC CTC CTC TCT GCC ATC AA CCA AAG TAG ACC TGC CCA GA 

TGF-β ACC CAC AAC GAA ATC TAT GAC GCT CCA CTT TTA ACT TGA GCC 

Arginase 1 GTT TCT CAA GCA GAC CAG CC GCT CAA GTG CAG CAA AGA GA 

VEGF CAC TGC CTG GAA GAT TCA TGG TTT CAA TGG TGT GAG GA 

CCL-2 CGC CTC CAG CAT GAA AGT CT ATG AAG GTG GCT GCT ATG AGC 

IL-8 CAC CGG AAG GAA CCA TCT CA GGA AGG CTG CCA AGA GAG C 

CXCL-10 TCC ACG TGT TCA GAT CAT TGC TGA TGG CCT TCG ATT CTG G 

COL1A1 CGA AGA CAT CCC ACC AAT CAC TCA TCG CAC AAC ACC TTG C 

COL1A2 ACC TCA GGG TGT TCA AGG TG CTT CTC CAG CGG TAC CAG AG 

COL3A1 CTG GTC CTG TTG GTC CAT CT ACC TTT GTC ACC TCG TGG AC 

FAP ATG AGC TTC CTC GTC CAA TTC A AGA CCA CCA GAG AGC ATA TTT TG 

ɑ-SMA AGG GAG TAA TGG TTG GAA TGG TGA TGA TGC CGT GTT CTA TCG 

MMP-1 TCG CTG GGA GCA AAC ACA TTG GCA AAT CTG GCG TGA A 

MMP-2 CCT CTC CAC TGC CTT CGA TA GCC TGG GAG GAG TAC AGT CA 

TIMP-1 CGC TGA CAT CCG GTT CGT GTG GAA GTA TCC GCA GAC ACT CT 

2.5. Statistical analysis 

Statistical analyses were performed using GraphPad Prism Software. Group comparisons were 
analyzed using two-way analysis of variance (ANOVA) followed either by Tuckey`s or Sidak`s 
multiple comparisons tests. Two tailed unpaired t-tests were performed to compare molecular 
biology results. All graphical representations show the mean and standard deviation of at least 3 
independent samples. A level of p < 0.05 was considered statistically significant for all analyses. To 
represent the significance level (p-value) of a result, the standard representation is as follows: *: p ≤ 
0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001. 

3. Results 

3.1. The evolution of the wound treated with hAM-pe is associated with a faster progression of the re-
epithelialization front and a reduced local inflammatory activity 
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The patient was referred with a one-month history of fasciitis in the superolateral gluteal region, 
caused by an intramuscular injection. Upon admission, the patient already had a VAC device applied 
for one month, with the fasciitis resolved but an ulcer of approximately 60 cm2 (11 cm x 8 cm) 
remaining. A skin graft was recommended as the initial treatment approach. However, the patient 
declined the surgical option. To address this, an alternative treatment strategy was proposed. While 
preparing part of the ulcer bed using BCM, treatment with hAM-pe was simultaneously applied to 
another part of the ulcer bed (Figure 1B). The BCM dressing was secured with sutures, and after 15 
days, the silicone layer was removed (Figure 1C). This approach aimed to evaluate the effectiveness 
of each treatment in distinct zones of the wound without the need for subsequent skin grafting.  

From day 50, given the improved clinical progress observed in the zone treated with hAM-pe, 
this treatment was extended to the entire remaining ulcer until complete re epithelialization was 
achieved (Figure 1 F-H).  

After 49 days of treatment, the clinical evolution of the skin ulcer treated simultaneously with 
hAM-pe and BCM showed noticeable differences in the tissue response of each treated zone. In the 
portion of the ulcer treated with BCM, prominent, irregular granulations were observed, 
accompanied by whitish secretion consistent with fibrin deposits (Figure 1,ψ) and signs of edema 
(Figure 1, ε). This suggests increased vascular permeability, accumulation of interstitial fluid, and the 
presence of cellular debris indicative of the formation of inflammatory granulation tissue. In contrast, 
the portion treated with hAM-pe exhibited a more controlled and favorable progression. The wound 
edge in this zone showed significant advancement in the re-epithelialization process. Clinically, the 
re-epithelialized edge is evidenced by a glossy surface (Figure 1,*), suggesting the presence of an 
incipient keratin layer. Unlike the zone treated with BCM, no whitish secretion or noticeable edema 
was observed, which may reflect the reduced local inflammatory activity.   

Through the photographic record taken during the clinical follow-up of wound healing, 
comparisons were made that allowed for the estimation of the closure rate of each area of the ulcer. 
Between days 0 and 49, a 71% closure was achieved in the area treated with hAM-pe, compared to 
32% in the area treated with BCM. The daily percentage closure rate from day 0 to day 49 was 1.46% 
for hAM-pe treatment versus 0.66% for BCM. The reduced presence of inflammatory signs and the 
progression of re-epithelialization suggest a more favorable response in the zone treated with hAM-
pe. 
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Figure 1. Sequential photographs of the ulcer at various stages of treatment: (A) Day 0, at the time of biopsy 
collection, prior to initiating both treatments; (B) during the first application of hAM-pe in the lower left area 
and BCM in the upper right area of the ulcer; (C) on day 15, after removing the silicone layer covering the BCM; 
(D) and (E) Day 39 during one of the hAM-pe reapplications performed every 72 hours; (F) and (G) Day 49, at 
the time of comparative biopsy collection and the initiation of hAM-pe as the sole treatment until discharge (H). 
* indicates re-epithelialized areas, ψ indicates firbine depositions and ε indicates edematous regions. 

As a complementary parameter of clinical evolution, a histological evaluation was performed 
on biopsies taken from the zones treated with BCM and hAM-pe, which encompassed various layers 
of skin tissue (Figure 2). To perform a detailed and structured analysis of tissue organization and 
clarify potential changes in the regeneration processes of each, we defined four regions: REGION 1: 
Marked with a dashed line, corresponds to the base of the dermis, serving as a reference point for the 
underlying tissue structure. REGION 2: Delineated by a dash-dot line, represents the newly formed 
dermis, indicative of tissue regeneration and remodeling. REGION 3: Situated above the bold line, 
which demarcates the boundary of granulation tissue or the papillary dermis when covered by 
epithelium (highlighted with a dotted line). REGION 4: Located immediately beneath the bold 
boundary, this region provides insight into the deeper layers relative to the granulation tissue or 
papillary dermis (Figure 2, panels B & C). 
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Figure 2. Panel A: Diagrams in superior view (left) and transversal view (right) illustrating the overlap of ulcer 
edges on day 0 (solid line) and day 49 (dotted line). Blue references correspond to hAM-pe treatment, while red 
references indicate BCM treatment. Light circles and cylinders (a, c) represent biopsy sites collected before 
treatment and dark ones (b, d) refer to biopsies taken on day 49. Arrows indicate the consistent distance 
maintained for histological sampling, while molecular biology samples were collected closer to the ulcer center 
(not represented in the diagram on the right). Panels B and C: Microphotographs, of Hematoxylin & Eosin-
stained biopsy sections, from zones treated with hAM-pe (B, blue panel) and BCM (C, red panel). Images 
corresponding to samples obtained on day 0 (left), and day 49 (right). The alignment of these sections, as well as 
cylinders on diagrams, representing punch biopsies, highlights their spatial relationship to the original ulcer 
bed. The depth of the treatment application is marked by bold lines: blue for hAM-pe dressing and red for BCM 
layer.  To enhance clarity, key regions are highlighted as follows: REGION 1: Base of the dermis (dashed line). 
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REGION 2: Newly formed dermis (dash-dot line).  REGION 3: Above the bold line which marks the boundary 
of granulation tissue or papillary dermis, if covered by epithelium. REGION 4: Immediately beneath the 
aforementioned bold black boundary. 2X magnification. 

In the histological observations, we considered processes involving re-epithelialization and 
inflammation. Biopsies were taken from both areas at an equivalent distance from the initial wound 
margin (Figure 2, Panel A, arrows). In the zone treated with hAM-pe, a tongue of re-epithelialization 
was evident, which was absent in the biopsy from the zone treated with BCM (Figure 3). Therefore, 
it can also be inferred histologically that there is a faster progression of the re-epithelialization front 
after hAM-pe treatment. An important issue to analyse through tissue imaging is the elucidation of 
cellular processes, in which cell density, arrangement, and organization provide clues about them. In 
this regard, a structure formed by immune cells (epithelioid cells and multinucleated giant cells) 
consistent with a foreign body granulomatous reaction, was observed in REGION 2, between 250 to 
400 µm in depth, in the zone treated with BCM. This type of structure, which isolates the foreign 
body to reduce damage to the surrounding tissue, was not observed in the zone treated with hAM-
pe (Figure 3). 

 

Figure 3. Hematoxylin & Eosin-stained biopsy sections from the hAM-pe and BCM-treated zones, collected on 
day 49. 2X magnification. 

3.2. The treatment with hAM-pe improves the deposition and organization of the extracellular matrix 

The overall organization of the dermal ECM under BCM treatment, as observed in Hematoxylin 
& Eosin-stained biopsy sections, appears disorganized, with diffuse unstained white areas indicative 
of unstructured, edematous connective tissue. In contrast, the area under hAM-pe treatment, both 
beneath the reepithelialization tongue and in the surrounding tissue, exhibits homogeneous staining 
with no signs of extravascular erythrocytosis (Figure 3). 

Collagen is a structural component of many tissues and organs, including skin. Fibrillar collagen 
in the dermis contributes to the skin's elasticity and mechanical strength. It also serves as a natural 
substrate for cellular proliferation, attachment, and differentiation, and plays a key role in 
angiogenesis and epithelialization during the later stages of the healing process, ensuring tissue 
integrity and strength. The type, quantity, and organization of collagen fibers are crucial in wound 
healing, ultimately determining the tensile strength of the resulting scar. In particular, the ratio 
between type I and type III collagen fibers provides insight into whether the tissue has a normal 
composition or presents alterations. For instance, fibrotic tissue exhibits an increased presence of type 
III collagen, leading to a shift in this ratio compared to normal tissue. This collagen fiber ratio can 
provide information not only about its strength but also about its influence as a stimulus for other 
regenerative pathways [16].  

To asses the composition and spatial arrangement of collagen fibers deposited within the tissue, 
histological analyses were performed on biopsy samples stained with Picrosirius red. This technique 
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is widely utilized for the specific visualization and quantification of collagen fibers in histological 
sections, based on the color observed under polarized light and the percentage area occupied by each 
color in a series of non-overlapping ROIs. Under polarized light, Type III collagen fibers appear green 
while type I collagen fibers appear reddish  [17,18]. Assuming that the healing process occurs from 
the deepest layers of the ulcer toward the surface, in successive layers, the most recently synthesized 
tissue would be the one closest to the surface. It has been mentioned as REGION 3 in Figure 2, panels 
B and C, in which the alignment of these sections highlights their spatial relationship, referenced to 
the original ulcer bed, where treatments were applied. Figure 4 shows that this newly formed, most 
superficial tissue in REGION 3, has equal collagen type I/III ratios under both treatments, with an 
abundance of type III collagen, a hallmark of granulation tissue itself. No differences were observed 
in this provisional matrix. However, in REGION 4, located deeper than REGION 3, the hAM-pe zone 
treated exhibited a higher collagen I/III ratio, indicative of ECM maturation. 
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Figure 4. (A) Bar graph depicting the ratio of type I (red area) to type III (green area) collagen fibers  in newly 
formed tissue quantified in REGIONS 3 and 4 as indicated in Figure 2. Quantification was performed using 10 
representative regions of interest (ROIs) from each region, at 20X magnification. Statistical analysis was 
conducted using a one-way ANOVA followed by Bonferroni's post-hoc test. (B-C) Sirius Red staining of 
histological sections from biopsies collected from  zones treated with hAM-pe (B) and BCM (C) after 49 days of 
treatment. Images on the right show the staining observed under brightfield microscopy, and on the left, the 
stains observed under polarized light. Type III collagen fibers are identified in green, and type I collagen fibers 
are in red/orange. 1.25X magnification. 

Further supporting the idea that tissue reconstruction occurs from the ulcer base toward the 
surface, 400 µm of tissue, named as REGION 2 (Figure 2, panels B and C), were synthesized on top 
of the bed ulcer where the treatments were applied. Under BCM treatment, although this region 
exhibits a higher collagen I/III ratio, collagen deposition was focal and displayed an irregular 
organization, particularly in areas of granulomatous foreign body reaction at a depth of 200 to 300 
µm—approximately the same depth at which the treatments were applied (Figure 5d, arrows). In 
contrast, hAM-pe dressings induced a fibrillar-like collagen organization, appearing as parallel 
red/yellow lines in Figure 5b, dashed line. Meanwhile, the tissue beneath the original bed ulcer 
continued to mature under the effects induced by each treatment. Thus, REGION 1 in the biopsies 
taken on day 49 evolved from what was designated as REGION 1 in the biopsies taken on day 0. To 
analyse changes in the architecture of these deepest regions, comparative analyses were made 
between these six regions (Figure 5). In both original tissues on top of which treatments were applied 
(REGION 1, day 0) the collagen type I/III ratio revealed equal proportions, with type III 
predominance. After 49 days of treatment, the ratio was higher in REGION 1, the deepest one, for the 
zone treated with hAM-pe. As mentioned earlier, the more organized pattern of red fibers (collagen 
I) observed in this deeper and older region, together with the elevated collagen I-to-III ratio compared 
to the more superficial and immature neighboring REGION 2, suggests the progression of a 
remodeling process, which appeared  more advanced under hAM-pe treatment.  

Since many of the aforementioned estimates are based on distinguishing collagen fiber types 
using Picrosirius red staining, and considering that this methodology has been reported to have 
certain inaccuracies [19], it was deemed appropriate to further investigate these hypotheses through 
the evaluation of molecular markers. The results of these analyses are presented in the following 
sections. 
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Figure 5. Top: The bar graph represents the ratio of type I to type III collagen fibers quantified in a complete 20X 
magnification scan of REGIONS 1 and 2 as indicated in Figure 2 and replicated in the histology map below. No 
statistical comparison was performed. Bottom: Microphotographs of the dermis base (REGION 2 and 1) from 
biopsies taken after 49 days of treatment: BCM (d) and hAM-pe (b), at 20X magnification. Arrows point to focal 
areas of collagen deposition while dashed lines highlight the arrangement of type I collagen fibers. 

3.3. The hAM-pe treatment promotes angiogenesis and vascularization in the repair tissue 

In order to analyze the vascularization state of the new tissue in the wound under both 
treatments the cell surface marker CD34, a transmembrane glycoprotein expressed on hematopoietic 
and endothelial progenitor cells, was analyzed through CD34 immunostaining on biopsy sections. 
CD34 is a robust and functional marker of vascularization because its detection reflects the presence 
and activity of key cells involved in vascular formation and remodeling [14]. When analising the 
initial biopsies, no differences were identified in the number of vessels present in the superficial 
region of the two biopsies (Figure 6 d, day 0). No differences were observed in their calibre either 
(additional data). Both observations support an equivalent vascularization between the areas set to 
receive the two treatments. After 49 days of treatment, images were significantly different under each 
treatment (Figure 6a and 6b). The zone treated with hAM-pe exhibited a larger CD34-reactive area 
(Figure 6c) along with an increased count of CD34-positive circular structures indicative of blood 
vessels (Figures 6d, day 49). Additionally, a larger vessel diameter was observed in the same zone, 
as revealed by the microvascular sections of all detected structures examined at higher magnification 
(Figures 6e). These findings indicate that hAM-pe treatment significantly enhanced both the number 
and calibre of newly formed blood vessels over time, compared to BCM treatment. 
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Figure 6. CD34+ Area: (a-b) CD34 immunohistochemistry: Representative images, at 2X magnification, of 
sections under hAM-pe (a) and BCM (b) treatments, at day 49 show three structures fulfilling the criteria for 
vascular identification, marked with red arrows. An unpaired two-tailed t-test with Welch's correction (α = 0.05) 
was applied to compare vascular cross-section results. (c) Quantification of the area, expressed as a percentage, 
corresponding to the positive signal of the CD34 marker in biopsies from regions treated with both therapies, by 
day 49. The quantification of CD34+ area in regions treated with hAM-pe and BCM was performed using 
immunohistochemistry (IHC). Student’s t-test, p < 0.001. (d) Comparison of microvessels density (number of 
microvessels/mm2) between treatments, at both timepoints, at 2X magnification. Statistical analysis was 
performed using ANOVA followed by Tukey's post hoc test for multiple mean comparisons (α = 0.05) was 
performed. Significant differences are indicated as follows: # for comparisons between treatments, and * for 
comparisons between time points. (e) Comparison of microvascular cross-sectional area in both zones at the end 
of each treatment, at 10X magnification. Two tailed, Welch´s t test for unequal size and SD was applied to 
compare group means, p<0,0001. 

3.4. Tissues repaired under the action of hAM-pe are likely in a more advanced stage of wound healing 

In the preceding sections, we demonstrated that treatment with sterilized, processed human 
amniotic membranes (hAM-pe) significantly accelerates re-epithelialization, reduces local 
inflammatory activity, enhances the organization of the extracellular matrix, and promotes 
angiogenesis and vascularization within the repairing tissue. These clinical and histological findings 
provide a foundation for investigating the expression of associated molecular markers, thereby 
offering deeper insights into the underlying mechanisms driving these reparative processes.  

At the molecular level, we focused on analysing key markers of interest, categorized into three 
groups based on the wound healing process they are involved in: inflammation, chemotaxis and 
angiogenesis, and extracellular matrix synthesis and remodeling. 

As previously described, the results of this study were analyzed by comparing the expression 
levels of specific genes relative to Actin, which was used as a reference gene (ΔCt). These comparisons 
were made across different zones (ΔΔCt) in biopsies collected at two time points under both 
treatments, allowing comparisons either within treatments or between them (Figure 7). The Fold 
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Increase (FI) within treatments for all evaluated markers, except for MMP-1, whose expression was 
undetectable in the initial biopsies but was observed in the biopsies collected on day 49, are plotted 
in Figure 8. Alternatively, the FI values were compared across biopsies collected at each time point 
under each treatment. It is important to note that with this technique, a FI of 1 indicates equivalent 
expression between the biopsies analyzed.  

 
Figure 7. Schematic representation of the strategy used for the comparative analysis of treatments based on the 
following criteria: Dashed, vertical arrows indicate expression changes between biopsies from  different 
treatments at the initial (a - c)  or final (b - d) time points. Bold horizontal arrows represent comparisons within 
treatments, between biopsies obtained at the final and initial time points for hAM-pe (b-a) and BCM (d-c), 
respectively. Letters a) - d) correspond to  those used in Figure 2 to identify each biopsy. 

For the markers related to inflammation (Figure 8, panel A), a decrease in the expression of  
TNF-α to one-fifth of its initial value was observed using hAM-pe, while it was stable under BCM 
treatment. Also, a more than 60-fold increase in the expression of IL-1β was noted with the use of 
BCM, while it was stable under hAM-pe treatment. These findings suggest that BCM induces a 
sustained inflammatory state, while hAM-pe exerts a negative modulatory effect on inflammation. 
Although M2 associated cytokine TGF-β expression slightly and equally increased under both 
treatments, ARG-1 expression, also related to M2 profiling, showed a significantly higher increase 
under treatment with hAM-pe compared to the zone treated with BCM. 

Also, chemotaxis and vascularization biomarkers (Figure 8, panel B), which are expected to 
increase during the proliferative stage and decrease afterwards, were studied. A marked decrease in 
VEGF expression was identified on day 49 under BCM treatment compared to its initial expression. 
In contrast, during treatment with hAM-pe, a stable expression of the vascular endothelial growth 
factor was observed, consistent with a successfully achieved angiogenesis process.  CCL2, IL-8 and 
CXCL-10 were overexpressed by day 49 regarding its initial expression under BCM treatment, while 
they were underexpressed by hAM-pe, which indicates that hAM-pe dampened chemotaxis of 
monocytes, T cells and neutrophils respectively promoting evolution to the remodeling phase. 

Finally, panel C on Figure 8 summarizes biomarkers regarding deposition and remodeling of 
the ECM. One of the most abundant protein components of the ECM is collagen, whose deposition is 
fulfilled by activated α-SMA myofibroblasts. No differences were detected between treatments in α-
SMA expression, consistent with the transition from the proliferation phase to the remodeling stage. 
It is important to recall that during the proliferative phase, the space created by the wound is 
progressively filled with a provisional matrix primarily composed of type III collagen, a homotrimer 
encoded by the col3a1 gene. While the granulation tissue matures into newly synthesized dermis, 
type III collagen is enzymatically removed and replaced by type I collagen, which is a heterotrimer 
composed of two chains encoded by the col1a1 gene and a third chain encoded by the col1a2 gene. 
An increase in COL1A1 expression was observed throughout the treatment with hAM-pe, while its 
expression decreased in the final biopsy compared to the initial one in the area treated with BCM, 
and the same tendency, but without statistical significance was observed for COL1A2. Also, the 
expression changes in both type I collagen chains within hAM-pe treatment were equal.  No 
differences in COL3A1 expression were observed between either treatment. To evaluate the 
enzymatic degradation of protein components of granulation tissue required to advance ECM 
remodeling, the expression of the metalloproteinases MMP-1 and MMP-2, their inhibitor TIMP-1, 
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and the transmembrane serine protease expressed in fibroblasts and myofibroblasts, FAP, were 
analyzed. MMP-1 expression was undetectable in the initial biopsies but became detectable in the 
biopsies collected on day 49, being-10 fold higher in the BCM treated zone than under hAM-pe 
treatment. After 49 days of treatment with BCM, FAP level was four times higher than the one on 
day 0 (p ≤ 0.01), and MMP-2 expression doubled its initial level (p ≤ 0.01), indicating that ECM protein 
component removal remained active. Additionally, no increase in MMP-2 inhibition was observed, 
as TIMP-1 expression in the BCM-treated area remained at the same level as at the start. However, it 
was higher than in the area treated with hAM-pe (p ≤ 0.0001), where a favorable correlation was 
found in the decrease of both proteases and their inhibitor, characteristic of an advanced remodeling 
stage. 
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Figure 8. Gene expression analysis of inflammatory, pro-regenerative, and extracellular matrix-related markers 
in different treatment conditions. (A) Expression levels of inflammatory cytokines (IL1β, TNFα) and 
immunomodulatory markers (TGFβ, ARG-1). (B) Angiogenic and chemotactic factors (VEGF, CCL2, IL-8, CXCL-
10). (C) Extracellular matrix components (COL1A1, COL1A2, COL3A1) and fibroblast activation markers (FAP, 
α-SMA, MMP-2, TIMP-1).  In this figure, each bar represents comparisons within treatment, between biopsies 
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obtained at the final and initial time points for hAM-pe (blue) and BCM (white) treatments. Gene expression 
levels are presented as fold increase relative to the control condition (dashed line). Statistical significance was 
determined by two-tailed unpaired t-tests. All graphical representations show the mean and standard deviation 
of at least 3 independent RT-PCR experiments. Significance levels indicated as follows: *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. 

4. Discussion 

 This study had two primary objectives: a clinical one, aimed at evaluating the efficiency of the 
therapeutic process and its impact on the patient, and a mechanistic one, focused on unraveling the 
molecular, cellular, and tissue-level mechanisms underlying the observed healing progression. 

Both treatments implemented in this study, hAM-pe and BCM,  are composed of a collagen-
rich matrix. Collagens can directly modulate the wound microenvironment, serve as a scaffold for 
cell adhesion and function, or deliver biologically active or antimicrobial agents to promote wound 
healing. Most of published studies on collagen-based biomaterials rely on in vitro models or small 
animal studies. Preclinical studies using porcine models are essential to assess the translational value 
of fundamental research findings. While rapid advances are being made in the development of 
customized collagen scaffolds or nanoparticles incorporating stem cells and other bioactive 
molecules, research translating these innovations into clinical practice remains limited [20]. In this 
context, the simultaneous application of both treatments in a single patient, and even within different 
zones of the same wound, provides a unique clinical approach to evaluate their effectiveness and 
derive conclusions with translational relevance. hAM-pe has demonstrated favorable clinical 
outcomes in previously reported cases [17], with no adverse effects and successful wound closure in 
large diabetic foot ulcers (DFUs). As this study involves a single clinical case, it lacks interindividual 
heterogeneity. However, this limitation is also a strength, as the application of both treatments in the 
same patient minimizes variables inherent to heterogeneous population studies. By maintaining a 
rigorous approach that acknowledges these limitations while valuing the consistency observed across 
multiple analyzed variables, robust conclusions can be drawn. hAM-pe therapy demonstrated 
several advantages: it does not require an operating room or specialized personnel, does not need 
suture, is stable at room temperature, and thus can be transported and applied in an outpatient 
setting or by the patient or trained caregivers under medical supervision, even in their own home. 
These characteristics simplify the management of chronic wounds, as previously observed in DFU 
treatment [17]. In this case, the clinical evolution under hAM-pe treatment was so favorable, with a 
faster wound closure rate, absence of edema and diminished inflammation signs such as fibrin 
deposition (Figure 1), that the therapeutic decision was made to continue its use until complete 
wound closure, allowing the patient to avoid surgical intervention for a skin autograft. This approach 
not only prevented the need for surgery, postoperative recovery, and associated costs but also had a 
direct positive impact on the patient's emotional well-being and significantly improved quality of life 
by enabling home-based recovery. 

These findings set the stage for the subsequent discussion, which will focus on elucidating the 
underlying molecular, cellular, and tissue-level mechanisms, as outlined in the second objective of 
this study. 

Each healing stage involves different processes led by various immune cells. Initially, microbes 
and cellular debris phagocytosis is achieved by neutrophils, which are the first immune cells to 
respond to an injury, migrating in response to DAMPs, chemoattractants such as CXCL-10 and IL-8 
and growth factors such as PDFG and VEGF. Monocyte recall, differentiation into macrophage and 
its polarization are extensively studied and play a key role in leading phases during wound healing 
response. Monocyte migration from the bloodstream into the wound site, followed by in-site 
differentiation into macrophages is promoted by molecules such as CCL-2. Persistent infiltration 
might lead to excessive inflammation and delayed healing [21]. The evidence of our study indicates 
a persistence of the inflammatory state, after 49 days of BCM treatment while being resolved under 
hAM-pe treatment. This was confirmed at the molecular level, with a high expression of the 
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chemoattractants CXCL-10, IL-8 and CCL-2, under BCM treatment, while dampened under hAM-pe 
(Figure 8, panel B). In wound tissues, the literature reports that inflammation results in the 
recruitment of dermal fibroblasts by VEGF, for instance, and their subsequent activation by FAP. 
Increased ɑ-SMA induces its transition to a myofibrotic phenotype characterized by promoting stress 
fiber formation. This way, pathological wound healing is prolonged and can lead to chronic non-
healing wounds. This is in alignment with the significantly increased expression of FAP, also 
interrelated with the media tendency observed for ɑ-SMA, found under BCM treatment, and absent 
where hAM-pe was applied (Figure 8, panel C).  

Also, in response to tissue damage or infection, the initial macrophages typically display an M1 
inflammatory phenotype and release pro-inflammatory factors like tumor necrosis factor (TNF-ɑ), 
nitric oxide (NO), and IL-1. These mediators are crucial for initiating antimicrobial mechanisms, 
including oxidative processes that eliminate invading pathogens. However, they also contribute to 
impaired wound healing, with sustained polarization toward an M1 phenotype being a key factor 
driving the development of chronic wounds. On the other hand, M2 exhibit potent antiinflammatory 
activity, with TGF-β secretion which contributes to tissue regeneration and wound repair by 
promoting fibroblast differentiation into myofibroblasts, by enhancing expression of tissue inhibitors 
of metalloproteinases (TIMPs) that block the degradation of extracellular matrix (ECM) and by 
directly stimulating the synthesis of interstitial fibrillar collagens in myofibroblasts [22]. M2 
macrophages regulate wound healing through ECM turnover via MMPs and TIMPs, phagocytosis of 
debris, secretion of chemokines recruiting fibroblasts and immune cells. They also act as APCs to 
promote TH2 and TReg cell responses, limiting fibrosis, and express immunoregulatory proteins like 
IL-10 and Arginase 1 to reduce inflammation and enhance repair [23,24]. At the molecular level, the 
chronic wound environment is dominated by persistent inflammatory signaling, with high levels of 
markers such as IL-1β and TNF-ɑ while dermal substructure formation and re-epithelialization are 
impeded [25]. This aligns with our observation of increased expression of IL-1β only under BCM 
treatment, while a downregulated expression of TNF-ɑ was found only under hAM-pe treatment 
(Figure 8, panel A). These findings lead us to conclude that there should be different mechanisms 
triggered either by BCM to induce the persistent inflammatory signaling observed, or by hAM-pe to 
resolve the initial inflammation.  

A critical process during healing and favorable wound closure is the formation of granulation 
tissue, where cell migration, ECM deposition, angiogenesis, and vascularization play essential roles 
[26]. In complex wounds, dysfunctional angiogenesis can lead to edema and inadequate tissue 
oxygenation, ultimately compromising the healing process [27]. Fibroblast cells expressing VEGF are 
accountable for enhanced numbers of blood vessels and accelerating angiogenesis in the wound 
healing process, which under hAM-pe treatment was positively observed at molecular, histological 
and clinical levels. VEGF plays important roles in other processes such as the recruitment of 
macrophages and fibroblasts, neovascularization, increasing vascular permeability, and also 
promoting its activation, ECM deposition, epithelial cell migration, generally promoting wound 
healing [28,29]. VEGF underexpression under BCM treatment, together with CD34 IHC findings, 
would indicate an unpaired angiogenic process. On the other hand, there is a positive correlation in 
both methods that reinforces the hypothesis that hAM-pe promoted and achieved a stable 
vascularization process. 

IL-1β and TNF-α, released by macrophages and platelets from the provisional matrix during the 
inflammatory response, play a pivotal role in guiding fibroblasts to the wound site promoting 
chemotaxis by inducing the production of classical chemokines and upregulating adhesion molecules 
on endothelial cells [30]. After 49 days of treatment, and having synthesized a provisional matrix, a 
decrease in fibroblast chemotaxis is expected. (Figure 8, Panel B). For inflammation-related markers, 
TGF-β, often considered a pro-resolutive mediator of inflammation [21], does not appear to play a 
central role in this context. However, significant changes between treatments were observed in other 
pro-inflammatory mediators, specifically IL-1β and TNF-α. These findings suggest that BCM induces 
a sustained inflammatory state, while hAM-pe exerts a negative modulatory effect on inflammation, 
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though through different mechanisms. Finally, the marked increase in Arg-1 expression suggests 
both fibroblast activation and a macrophage metabolic shift toward an M2-like profile—a hypothesis 
that requires further investigation, particularly given the cellular complexity of the biopsies analyzed 
[31]. The dermis contains a dense network of tissue macrophages, which contribute to tissue 
homeostasis, inflammation, and pathogen clearance [32]. Dermal macrophages are partly replenished 
by circulating monocytes, which fuel the resident population, especially in case of tissue damage or 
inflammation. The complexity of the tissue, containing blood and lymphoid vessels, hair bulbs, 
sebaceous glands, and peripheral nerves, allows for the development of distinct macrophages 
populations. Based on studies indicating that alternatively activated macrophages accumulate 
independently of blood-derived monocytes [33], we propose another mechanism promoted by hAM-
pe considering its proximity and participation during fetal development, involving the proliferation 
enhancement of certain tissue-resident macrophage populations of fetal origin, with pro-resolutive 
and regenerative capacity. This hypothesis requires further exploration of the macrophage’s 
populations in the histological sections, but surface markers have not yet been thoroughly identified. 
A third mechanism that might contribute to explaining the response under hAM-pe treatment, 
involves the promotion of efferocytosis, a process that, when impaired slows the healing progress 
[34], and that efficiently helps to resolve the inflammatory response, promoting angiogenesis and 
matrix remodeling. As wound healing involves a variety of cells, a wide range of them can exert 
phagocytosis themselves but also, the signaling molecules associated with efferocytosis can also 
interact with wound cells and differentially affect their re-epithelialization, vascularization, matrix 
remodeling, and other functions [21].  

Collagen type I is the major fibrillar collagen in tendon and normally forms parallel fiber bundles 
to provide the major tensile resistance to mechanical forces. It may also be involved in regulating cell 
proliferation, migration, and differentiation of mesenchymal stem cells. Collagen type III is found in 
early-stage granulation tissue formation in wound healing and is organized as a meshwork of smaller 
collagen bundles, believed to have a prominent role in regulating tissue regeneration [35–38]. 
Superficial granulation tissue (REGION 3) was similar across both treatments while the superficial 
reticular dermis exhibited a higher collagen I/III ratio with hAM-pe treatment (REGION 4, Figure 4). 
This evidence indicates that hAM-pe accelerates the remodeling process, finding more mature 
architectures in deeper layers of the dermis. Physiologically, as the proliferative phase resolves, the 
remodeling of granulation tissue begins with the removal of collagen III. Wound healing then 
progresses through the remodeling phase with the synthesis and deposition of collagen I, while the 
expression of proteases gradually decreases. The primary focus at this stage is to stabilize the newly 
formed tissue. Consequently, fibroblasts should produce less FAP to prevent excessive ECM 
degradation, which could weaken the newly formed scar. Additionally, the expression of both 
studied metalloproteinases is expected to decrease. FAP expression remained stable after 49 days of 
hAM-pe treatment, whereas it markedly increased under BCM treatment. A hypoxic, poorly irrigated 
environment induces FAP expression [39], which correlates with the lower vascularization observed 
in the BCM-treated area. IL-1β and TNF-α can also regulate the expression of FAP in activated 
fibroblasts [40]. In the early stages, inflammation promotes fibroblast activation and FAP expression, 
creating an environment conducive to the initiation of the proliferative phase, but its constituent 
expression might impede moving into the remodeling phase. The increased expression of FAP during 
BCM treatment, along with its higher expression in this zone compared to the area treated with hAM-
pe, correlates with the BCM-treated zone being at an earlier stage of wound progression, more 
characteristic of the inflammation/proliferation phase, with active fibrosis and granulation tissue 
degradation. This aligns with the observed increase in metalloproteinases. In contrast, in the hAM-
pe-treated area, fibroblast activity has already been moderated, reflecting the remodeling phase, 
where fibroblast and metalloproteinase activity is maintained but at a more controlled level [41]. 
Overall, the results from the hAM-pe treatment indicate a controlled balance between ECM synthesis 
and degradation. In this case, the use of the BCM, a commercial product composed of a bi-layer sterile 
matrix with purified and stabilized type I bovine collagen, led to the induction of a granulomatous 
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foreign-body reaction (Figure 3). This reaction highlights potential issues with biocompatibility when 
using xenogeneic-derived scaffolds. In contrast, hAM-pe, derived from the human amniotic 
membrane, offers a more favorable solution [42]. The presence of both epithelial and mesenchymal 
cells in hAM results in the production of collagen types I, III, and V, immunomodulatory molecules 
characteristic of the embryonic environment, contributing to a more organized extracellular matrix 
(ECM) that supports tissue regeneration [43]. Importantly, the biodisponibility of collagen in hAM-
pe addresses a key limitation in ECM synthesis—the availability of hydroxyproline [44]. By providing 
a more accessible and physiologically relevant source of collagen, hAM-pe may better satisfy the 
hydroxyproline requirement, thus enhancing ECM synthesis and overall tissue repair. This improved 
biodisponibility and better ECM organization in hAM-pe present a compelling advantage over BCM, 
which struggles with both biocompatibility and collagen availability, ultimately impacting its 
regenerative potential. 

5. Conclusions 

The results observed in this patient´s extensive ulcer simultaneously treated with BCM and 
hAM-pe address hAM-pe to be an innovative, well-tolerated dressing, that accelerated healing, 
promoted inflammation resolution, and restored tissue functionality in a practical way. The new 
strategy eased treatment, improved patient outcome, optimized recovery time, and reduced costs or 
complications, which might eventually have a direct impact on the healthcare system and mainly, on 
patient's life quality.  
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The following abbreviations are used in this manuscript: 
α-SMA Alpha-Smooth Muscle Actin 
ANMAT National Administration of Drugs, Food, and Medical Technology (Argentina) 
ANOVA Analysis of Variance 
APCs Antigen-Presenting Cells 
Arg-1 Arginase-1 
BCM Bovine Collagen Matrix 
CCL2 C-C Motif Chemokine Ligand 2 (Monocyte Chemoattractant Protein-1, MCP-1) 
CD34 Cluster of Differentiation 34 (marker of hematopoietic and endothelial progenitor cells) 
col1a1 Collagen Type I Alpha 1 Chain 
col1a2 Collagen Type I Alpha 2 Chain 
col3a1 Collagen Type III Alpha 1 Chain 
Ct Threshold Cycles 
CXCL-10 C-X-C Motif Chemokine Ligand 10 (Interferon gamma-induced protein 10) 
DAMPs Damage-Associated Molecular Patterns 
DFU Diabetic Foot Ulcer 
ECM Extracellular Matrix 
FAP Fibroblast Activation Protein 
hAM Human Amniotic Membrane 
hAM-pe Lyophilized homogenized human amniotic membrane dressings sterilized by gamma radiation 
IL-1β Interleukin 1 beta 
IL-8 Interleukin 8 
INCUCAI National Central Unique Institute for Ablation and Implant Coordination (Argentina) 
MMP-1 Matrix Metalloproteinase-1 
MMP-2 Matrix Metalloproteinase-2 
RNA Ribonucleic Acid 
ROI Region of Interest 
RT-qPCR Reverse Transcription Quantitative Polymerase Chain Reaction 
TGF-β Transforming Growth Factor Beta 
TIMP-1 Tissue Inhibitor of Metalloproteinases-1 
TNF-α Tumor Necrosis Factor alpha 
VAC Vacuum-Assisted Closure 
VEGF Vascular Endothelial Growth Factor 
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