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Background. Chronic wounds pose a serious clinical and economic burden, and their effective treat-
ment requires the development of new biomaterials that promote tissue regeneration. Acellular dermal matri-
ces (ADMs) represent a promising regenerative strategy; however, their biological properties largely depend
on the manufacturing protocol. Objective. To compare the biocompatibility and cytotoxicity of two porcine
acellular dermal matrix variants, dry (d-ADM) and wet (w-ADM), and to evaluate the therapeutic efficacy of
the biocompatible matrix in an experimental porcine model of chronic full-thickness wounds. Methods. Bio-
compatibility was assessed in vitro using human umbilical cord-derived mesenchymal stem cells (hU-MSCs)
by evaluating cell morphology, viability, proliferation, and lactate dehydrogenase (LDH) release. The thera-
peutic efficacy of the selected ADM was investigated in a porcine chronic full-thickness excisional wound
model and compared with non-adhesive dressings and Promogran Prisma. Wound healing was evaluated
after 28 days using histological, immunohistochemical (TNF-a, TGF-p, Ki-67), and morphometric analyses.
Results. The wet ADM preserved hU-MSC morphology, viability, and proliferative capacity, whereas the dry
ADM induced marked cytotoxicity, increased LDH release, and extensive cell death. In vivo, treatment with
w-ADM significantly accelerated wound healing compared with both control dressings, resulting in com-
plete and stable re-epithelialization, minimal inflammatory infiltration, organized collagen remodeling, and
improved tissue architecture. Immunohistochemical analysis demonstrated significantly lower expression of
TNF-a, TGF-p, and Ki-67, indicating resolution of inflammation and transition toward tissue remodeling and
regenerative stabilization. Conclusions. Wet acellular dermal matrix demonstrated excellent biocompati-
bility and superior regenerative performance, whereas the dry matrix exhibited unacceptable cytotoxicity.
Wet ADM represents a promising scaffold for regenerative treatment of chronic wounds and warrants further
investigation as a clinically applicable biomaterial, including in combination with mesenchymal stem cell-
based therapies.

Keywords: chronic wounds, acellular dermal matrix, lyophilization, human umbilical mesenchymal stem
cells, biocompatibility, cytotoxicity, morphology.

of various origins continues to grow, posing or if the wound was referred to as chronic or com-
medical and economic challenges to society plex, even with no mention of duration. The defini-
and the healthcare system [1-3]. Chronic wounds are tion of “Hard-to-Heal” wounds includes a broader,

T he number of patients with chronic wounds defined as those with a duration of 3 weeks or longer,
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more functional/clinical definition used to describe
wounds that are not healing as expected, despite
standard treatment [4, 5]. As of today, in the global
burden for skin and subcutaneous diseases, chronic
wounds are not separated, but their prevalence is es-
timated at 1.67 per 1000 people [CI: 0.83-2.80] and
varies from 1.51 to 2.21 per 1000 people depending
on the origin [1, 6]. Diabetic ulcers, venous trophic
ulcers and pressure sores are the most common
causes for chronic wounds [6-8]. According to meta-
analysis (2019), chronic wounds prevail in women
aged around 70-80 years, in general, among people
older than 60 years [9].

Chronic non-healing wounds significantly re-
duce quality of life and lead to prolonged disability
with a substantial financial burden [7, 10, 11]. The
health care-related costs of chronic wounds in Aus-
tralia are approximately 2% of national health care
expenditure, more than AUD 3.5 billion [2]. In the
USA, total Medicare spending for all wound types
reportedly ranges from $28.1 billion to $96.8 billion
[8].

In chronic wounds, natural healing processes
are impaired due to infections, poor blood sup-
ply and reduced tissue regenerative capacity. Con-
ventional treatment methods, including surgery,
dressings and pharmacotherapy, often prove insuf-
ficient, particularly in cases of extensive or deep
injuries [3, 12]. Consequently, modern medicine
actively explores novel therapeutic approaches that
can stimulate tissue regeneration and accelerate the
healing of various types of wounds [1, 13-15].

Today, four stages are recognized in wound
healing: hemostasis, inflammation, proliferation and
remodeling. Some authors merge hemostasis and in-
flammation [3, 12, 16]. Stages of proliferation (angio-
genesis, growth, re-epithelialization) and remodeling
require active involvement of extracellular matrix
(ECM), which consists of proteoglycans, hyaluronic
acid, collagen and elastin. And today, more than
700 artificial wound dressings are recommended for
treating skin defects, and the development of new
wound coverings remains robust [14, 17, 18]. Modern
biomaterials can actively influence wound healing
via absorbing exudate, removing excess fluid, main-
taining surface moisture, facilitating gas exchange,
maintaining appropriate temperature and/or pH, and
preventing additional mechanical trauma to tissues
[14, 19].

Acellular dermal matrices (ADMs), essentially
a type of extracellular matrix, are increasingly used

in healthcare to speed up skin regeneration and for
wound treatment [5, 19]. Such biomaterials enhance
wound healing compared to the current treatment
standards via enhanced vascularization, immu-
nomodulation and microbial protection [20, 21].
ADM is produced by decellularized skin grafts, re-
moving cells and cellular debris while preserving
the extracellular matrix structure and protein com-
ponents as much as possible to support tissue regene-
ration. These matrices can be derived from donated
human or animal skin and are used as “templates”
to restore damaged skin and muscle tissues [22, 23].
The main advantage of acellular matrices is their
ability to support the natural wound-healing process.
They provide mechanical support, reduce inflamma-
tion and infection risks, and stimulate angiogenesis.
ADM also helps retain wound moisture, creating op-
timal conditions for tissue regeneration. In chronic
wounds, where natural healing is disrupted, using
acellular matrices can be crucial in successful tissue
restoration [24, 25].

Hsieh et al. reported that hydrogel-treated
wounds were closed by day 14, without inflamma-
tion. Additionally, dermal fibroblast infiltration and
regeneration of hair follicles and sweat glands were
observed, as opposed to the control group [26]. Tog-
netti et al. achieved complete healing of a deep post-
traumatic wound of the foot in 7 weeks using human
ADM [27]. Brown et al. demonstrated that ADM-
based hydrogels improved diabetic wound healing
[28].

Hard-to-heal wounds have become particularly
relevant in Ukraine since the full-scale russian in-
vasion [29-31]. We are dealing not only with quite
common chronic wounds at diabetic feet, venous ul-
cers and pressure sores, but with wounds with tissue
deficiency, lack of muscles and bones due to blast
injuries and traumatic amputations. Long evacuation
from the battlefield leads to bacterial contamina-
tion, including multidrug-resistant flora, and nega-
tively affects the healing process. These devastating
wounds present a therapeutic challenge to restore
the protective skin barrier and preserve tendon and
muscle excursion, provide protective padding around
nerves and restore adequate joint motion [32].

The aim of our study is to compare the cytotoxi-
city and biocompatibility of two variants of porcine
acellular dermal matrices: dry ADM (d-ADM) and
wet ADM (w-ADM), and to evaluate the real thera-
peutic efficacy of the best ADM in an experimental
model of chronic wounds, both clinically and mor-
phologically.
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Materials and Methods

Ethics statement. All experimental procedures
involving animals were conducted in accordance
with internationally recognized bioethical standards
and principles of the European Convention for the
Protection of Vertebrate Animals used for Experi-
mental and other Scientific Purposes (Strasbourg,
1986) and the study was approved by the Bioethics
Committee (protocol No. 80 dated January 10, 2025)
of the Ivan Horbachevsky Ternopil National Medical
University.

Preparation of porcine decellularized dermis
matrices variants. Porcine skin was used to create
acellular xenografts. The skin was harvested indus-
trially. Animals were sourced from a commercial
farm operating under routine veterinary supervision.
Prior to inclusion in the study, all pigs underwent
veterinary examination and were certified as clini-
cally healthy, with no evidence of infectious or para-
sitic diseases. Only animals meeting these health
criteria and accompanied by official veterinary
documentation were enrolled in the study. Within
two hours of harvesting, the epidermal layer (0.3—
0.4 mm of thickness) was removed using a dermato-
me, followed by a second layer (1-1.2 mm thick),
which underwent physical and chemical processing.
Decellularization of dermis samples was performed
in four main steps [18]:

1. Freeze-thaw cycles: Samples were alternately
submerged in liquid nitrogen (-196) °C and warm
water +37°C three times.

2. Glycerin dehydration: Samples were soaked
in glycerin for 3 h.

3. Osmotic stress: Alternating immersion in
distilled water and hypertonic solution.

4. Detergent treatment: Samples were pro-
cessed with a 1 M NaOH solution for 1 h, followed
by removal of cellular debris using 1% SDS.

The effectiveness of the decellularization proto-
col was assessed histologically at each step, as pre-
viously published [18, 33]. Post-detergent treatment,
dermis pieces underwent either freeze-drying in a
lyophilized (dried version of ADM, d-ADM) or im-
mersion in a triple solution (500 g CaCl, + 648 ml of
distilled water + 518 ml of ethanol) heated to 75°C
for 1 h using a water bath (wet version of ADM,
w-ADM). Sterilization of the resulting decellularized
matrices was performed using ultraviolet radiation.
Matrices were stored at room temperature in craft
envelopes (d-ADM) or as a 1:1 mixture of glycerin
and phosphate buffer at 4°C (w-ADM) (Fig. 1).
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d-ADM

Fig. 1. Dry (d-ADM) and wet (w-ADM) of acellular
dermal matrix

w-ADM

Isolation and cultivation of hU-MSCs. A
hU-MSC line was used for biocompatibility and
cytotoxicity assessment. Primary hU-MSC cultures
were isolated enzymatically from umbilical cord
tissue (following physiological childbirth with in-
formed patient consent) using collagenase | (Gibco,
Thermo Fisher Scientific, US) at a 0.075 mg/ml con-
centration. Dissociated cells were cultured in Ad-
vanced DMEM/F12 medium (Gibco, Thermo Fisher
Scientific, US) with 10% fetal bovine serum (FBS)
(Gibco, Thermo Fisher Scientific, US) at passage 0.
In subsequent passages, FBS concentration was re-
duced to 2%. Cultures were maintained at 37°C in a
CO, incubator with 5% CO,,.

Immunophenotyping was conducted at pas-
sage four via flow cytometry (Invitrogen mono-
clonal antibodies, Thermo Fisher Scientific, US)
and revealed approximately 98% CD73+, CD90+,
CD105+, CD34—, and CD45- cells. According to the
International Society for Cellular Therapy (ISCT)
34, it confirmed mesenchymal lineage. Cytogenetic
analysis in passage 5 showed no statistically signifi-
cant increase in spontaneous mutations compared to
primary culture.

Experimental design for assessing biocompati-
bility and cytotoxicity of ADMs. Passage-4 cells
were used for experiments. The study was conducted
in triplicate. To evaluate the biocompatibility and
cytotoxicity of d-ADM and w-ADM, 6-well culture
plates (Nunclon Delta Surface, Thermo Fisher Scien-
tific, USA) were used. Each well was seeded with
100,000 cells in 2 ml of growth medium (DMEM/
F12 Advanced + 2% FBS). Simultaneously, 1 cm?
dermal matrix pieces (pre-washed in distilled wa-
ter and phosphate buffer) were added to 3 wells per
plate, while the remaining three wells served as
negative controls (without matrices). The cultures
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were maintained for 5 days in a CO, incubator, with
daily assessments of hU-MSC morphology and
population density (confluence) using an inverted
microscope (Delta Optical, Poland).

Biocompatibility was assessed based on cell
condition and proliferation rates, with cell growth
analyzed after 5 days. Direct cytotoxicity was de-
termined by calculating the viability index, which
is defined as the ratio of live cells to total cells har-
vested from each well at the end of the experiment.
Cell counts were performed using a hemocytometer
and 0.4% trypan blue vital stain. Indirect cytotoxici-
ty was assessed via lactate dehydrogenase (LDH)
activity in the conditioned medium supernatant [34].

The conditioned medium for determining
LDH activity was collected from the wells of the
culture plates on the 5" day of the experiment,
before counting the cells. The supernatant of the
conditioned medium was stored at 4°C in tightly
sealed tubes for 2—3 days until LDH concentration
measurement. For the positive cytotoxicity control,
100,000 cells were seeded into each well of a sepa-
rate plate, and 20 pl of the lytic agent Triton X-100
was added to each well one hour before the end of
the experiment.

LDH cytotoxicity assay. LDH activity in su-
pernatants was measured spectrophotometrically
at 340 nm using 10-mm path-length cuvettes. The
kinetic UV method was performed on a Lambda
25 spectrophotometer (Perkin Elmer, USA) per the
instructions of the LDH detection kit (Felicit Diag-
nostics, Ukraine). The method is based on the LDH-
catalysed reaction:

Pyruvate+ NADH + H* + LDH —

— Lactate + NAD™.

The decrease in absorbance at 340 nm, associa-
ted with NADH oxidation, is directly proportional to
LDH activity in the sample [35]. Negative controls
used supernatant of the conditioned medium from
wells without ADM. As a positive cytotoxicity con-
trol, the supernatant from wells treated with Triton
X-100 was used to measure the maximum LDH re-
lease, which occurs upon the destruction of all cells.
Optical density measurements of the samples were
conducted at a temperature of 25°C.

Cytotoxicity index calculation. The cytotoxici-
ty index (CTI) was calculated using the formula:

CTI = (A,,, LDH/A_,, LDH) x100%,
where A, LDH is the experimental LDH activity

(UMl), and A, LDH is the maximum LDH activity
of positive controls (U/l).

Statistical analysis. LDH activity tests for
each control and matrix variant were performed in
eight replicates. The mean change in light absorban-
ce (AA/min) values for test solutions was con-
verted into LDH activity (U/l) using the formula:
AA/minx4925 = U/L LDH. Mean square values and
95% confidence intervals were calculated. Differen-
ces were considered significant at P < 0.05.

Modelling of a full-layer wound. White pigs
with a body mass of 15 kg were used for experimen-
tal studies. The animals were kept in vivarium con-
ditions following international care principles and
experimental research using laboratory animals.

The experiment (modelling impaired excisional
wound) was performed under thiopental sodium
anaesthesia (80 mg/kg, intramuscularly). Full-thick-
ness wounds were created on the back of pigs by
excising the skin and subcutaneous adipose tissue
down to the level of the superficial fascia using a
scalpel. Wounds of a size of 5 x 5 cm were on both
sides of the spine. Bilateral wounds were formed on
both sides of the spine, with a minimum distance
of 4 cm between them [36]. To limit spontaneous
wound contraction and ensure a consistent wound
area over time, incisions were made to disrupt ac-
tomyosin fibres, thereby reducing the contractile
activity of the wound edges [37, 38]. Without such
intervention, full-thickness wounds in this model
tend to contract and close spontaneously by day 28,
regardless of the local treatment method (Fig. 2).

Wound No.1 was covered with the non-adhe-
sive aseptic dressing.

Wound No.2 after the formation was covered
with Promogran Prisma (3M™ Promogran Prisma™
Matrix; Systagenix, Gargrave, UK), a collagen
wound matrix consisting of a sterile, freeze-dried

Fig. 2. The modeled uncovered wound on a pig
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balanced combination of 44% oxidized regenerated
cellulose, 55% collagen and 1% silver.

Wound No.3 was covered with a porcine wet
acellular dermal matrix (w-ADM).

All wounds were additionally covered with ad-
hesive dressings for better fixation.

The morphological assessment of wound
healing and biopsy from central and marginal areas
of the wounds was performed in 28 days.

Morphological studies. Tissue samples were
fixed in a 10% neutral buffered formalin solution.
Further processing was carried out using a LOGOS
ONE tissue processor, and paraffin blocks were made
using a TEC 2800 tissue embedding station. Thin
sections of 5-6 um thickness obtained on a manual
rotary microtome AMR 400 were stained with he-
matoxylin and eosin, azan I11 with chromium. The
histological specimens were examined using a
MICROmed SEO SCAN light microscope and pho-
to-documented using a Vision CCD Camera with an
image output system for histological specimens.

Immunohistochemical studies. Immunohisto-
chemical studies were performed on paraffin sec-
tions (4 um thick) of skin from the central and mar-
ginal wound areas. The process of deparaffinization
and recovery of antigens was carried out in Target
Retrieval Solution buffers (Agilent Technologies,
USA) with low (6) or high (9) pH in a KOS multi-
functional microwave tissue processor (Milestone,
Italy).

The following rabbit polyclonal primary anti-
bodies were used for immunohistochemical detec-
tion of target proteins:

- Anti-TGF beta-1 (PA5-145251, Invitrogen,
USA);

- Anti-TNF alpha (BS-0078R, Invitrogen,
USA);

- Anti-Ki-67 (ab16667, Proteintech, USA) for
Ki-67+ cells.

Secondary antibodies were part of the Mouse/
Rabbit PolyVue™ HRP/DAB detection system
(Diagostic BioSystems, USA). Counterstaining of
the sections was performed with Mayer’s hematoxy-
lin (Biognost, Croatia).

Morphometric studies. Quantitative assess-
ment of the results of immunohistochemical studies
was performed in ImageJ software by processing
the documented histograms using the functions
“Color Deconvolution”, “Threshold” and “Analyze
Measure”. Morphometrically, the epidermis’ thick-
ness and the number of fibroblastic cells per unit
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area were also determined in the wound’s marginal
and central regions. For the data obtained within
one group, the arithmetic mean (M), the error of
the arithmetic mean (m), and the standard deviation
were determined (o). The normal distribution deter-
mined the reliability of the difference between the
data according to Student’s t-test. Differences were
considered significant at a value of P < 0.05.

Results

Evaluation of the biocompatibility and poten-
tial cytotoxicity of the two variants of acellular der-
mal matrices (ADMs)

Our first step was to identify the cytotoxici-
ty and biocompatibility of two variants of porcine
ADMs, dry (d-ADM) and wet (w-ADM). In vitro co-
cultivation of human umbilical-derived mesenchy-
mal stem cells (hU-MSCs) with the corresponding
xenogeneic biomaterial was used.

We analyzed the morphological changes,
proliferation rates, viability of cultured cells, and
levels of Lactate Dehydrogenase (LDH) released
by damaged cells into the conditioned medium.
In the presence of w-ADM, hU-MSCs maintained
their shape and proliferative activity, compared to
the control group (Fig. 3, A, B; Table 1). In contrast,
d-ADM had a pronounced inhibitory effect on the
viability of cultured cells. Only a few MSCs were
observed along the edges of the wells in this variant
(Fig. 3, C), while dead cells were detected near the
acellular dermis (Fig. 3, D).

The MSC viability index on day 5 did not dif-
fer between the control and w-ADM groups (Fig. 4,
A). The negative impact of dry dermis on cultured
MSCs was evident in a 12.8-fold reduction in the
number of live cells in wells containing d-ADM
(Fig. 4, B).

The viability index of hU-MSCs is a critical
marker of the biocompatibility of xenogeneic dermal
matrices with human cells. This indicator is a direct
test of the material’s cytotoxicity. However, some
researchers recommend conducting an additional
indirect cytotoxicity test based on the levels of LDH
in the medium [39]. LDH is rapidly released into the
cell culture supernatant when the plasma membrane
is damaged. This index is a biomarker of cell dama-
ge, including apoptosis and necrosis [39]. The total
LDH activity in wells with d-ADM was over 9 times
higher than the control level (Fig. 4, B). This sharp
increase positively correlates with the number of
dead cells and indirectly witnesses the toxic effect of
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Fig. 3. Morphology and population density of hU-MSCs cultured in the presence of decellularized dermal
samples on day 5 of the experiment. 100x magnification. A — Control; B — MSCs in a well with w-ADM; C —
MSCs along the edge of a well with d-ADM; D — Dead cells near d-ADM

Table 1. Cell population density in culture wells
with and without the presence of ADM at different
experimental time points

Timepoint | Control \ d-ADM \ w-ADM
Day 1 15% 5% 12%
Day 3 40% 0-1% 38%
Day 5 65% 0-1% 60%

the d-ADM matrix. In contrast, this indicator for the
wells with w-ADM did not statistically differ from
the control group.

The next step of the study was to estimate the
effectiveness and efficiency of the w-ADM experi-
mentally on the modelled full-layer wound. On the
28" day, we compared the wound healing process
of wounds covered by non-adhesive aseptic wound
dressing, Promogran Prisma matrix and w-ADM.

A
* 5k

100
80
60
40

* 20

g 0
Control %
d-ADM
w-ADM

Structural changes of the full-layer wound
covered with a non-adhesive aseptic wound
dressing. Histology showed that a covering with a
non-adhesive aseptic dressing did not promote the
epithelization of the full-layer wound in 28 days. We
observed granulation tissue with intense mononu-
clear infiltration and extensive interstitial haemor-
rhage; vessels with sludge effect and erythrocyte
stasis. It corresponded to the second phase of granu-
lation formation (Fig. 5.1, A). In the deeper layers of
the dermis, a phase of partial remodeling occurred
(fibre components were destroyed, often fragmen-
ted, homogenized); areas of their disintegration
(Fig. 5.1, B). Fibroblastic cells were elongated with
eosinophilic cytoplasm, their nuclei were intensely
basophilic, often with signs of pyknosis (Fig. 5.1, C).
Morphometry found that the number of fibroblast
cells was (538 + 25) cells/mm?. Histoleukocyte in-
filtrates formed clusters, or they were diffusely lo-

600
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B 100

w
U/L

w-ADM

ntrol
Contro d-ADM

Fig. 4. A — Viability index of hU-MSCs with and without the presence of ADM, showing % of living cells.
B — Total LDH activity in the conditioned medium, U/l. *Significant difference compared to control, P < 0.001;

**significant difference compared to d-ADM, P < 0.001
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Fig. 5.1. Microscopic changes in the central area and deep layers of the dermis of full-layer wound No 1
(non-adhesive aseptic wound dressing) after 28 days of experiment. Magnification: x 100. A: 1 — blood-filled
vessels, 2 — hemorrhages, 3 — fibrillar collagen structures. Azan 11l chrome stain. B: 1 — diffuse hemorrhages,
2 — collagen fibers in the granulation composition, 3 — newly formed vessels. Azan IIl chrome stain. C: 1 —
granulation tissue, 2 — full blood vessels, 3 — interstitial hemorrhages, 4 — fibroblasts, 5 — leukocyte infiltra-
tion. Hematoxylin and eosin staining. D: I — blood vessels, 2 — granulation, 3 — fibroblasts, 4 — mononuclear
infiltration, 5 — hemorrhages. Hematoxylin and eosin staining

calized between the fibers. In the deeper layers of
the dermis, the intercellular substance was oedema
with the formation of characteristic slightly oxyphi-
lic light voids (Fig. 5.1, D).

In the marginal area of the wound, a thin layer
of the epidermis with destructive changes was pre-
served. Acanthosis with parakeratosis was detected.
The epithelial cells of all layers were edematous; as
a result, the cells had a clear, slightly oxyphilic cyto-
plasm, and their nuclei were hyperchromic (Fig. 5.2,
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A). There was a decrease in the layers of epithelial
cells in the stratum spinosum layer, their intercellu-
lar junctions were disturbed, and pericellular oede-
ma was detected. The epithelial cells of the stratum
basale had an irregular shape, their nuclei were pleo-
morphic, intensely basophilic, and there were no mi-
totic division figures (Fig. 5.2, B, C). The thickness
of the epidermis was (56.88 & 2.81) pum. The inflam-
matory reaction manifested by the diffuse mononu-
clear infiltration in the dermis of the peripheral areas
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Fig. 5.2. Microscopic changes in the marginal area of full-layer wound No. 1 (non-adhesive aseptic wound
dressing) after 28 days of experiment. Hematoxylin and eosin staining. Magnification: x100. A: 1 —epidermis,
2 — acanthosis in the form of budding, 3 — infiltrated dermis. Hematoxylin and eosin staining. Magnification:
x100. B: 1 — epidermis, 2 - epidermal invaginations, 3 — vessels in granulations. Hematoxylin and eosin
staining. Magnification: x100. C: I — epidermis, 2 — hemorrhages. Azan Il chrome stain. Magnification. x100.
D: I — epithelial acanthosis, 2 — collagen fibers, 3 — interstitial hemorrhages. Azan Il chrome stain

of skin damage (Fig. 5.2, A, D). The number of fibro-
blastic cells in this area was (2115 + 104) cells/mm?.

Structural changes of the full-layer wound
covered with Promogran Prisma matrix. Applica-
tion of Promogran Prisma in 28 days finalized in epi-
thelial regeneration in the central area of the wound,
which was uneven and had an unclear stratification.
The cells were tightly interconnected, indicating the
integrity of the components of intercellular interac-
tion (Fig. 6.1, A). The thickness of the epidermis was
(39.23 £+ 1.92) um. The intensity and distribution of
histoleukocyte infiltration were moderate. Intensely
oxyphilic interstitial hemorrhages were diffusely lo-
calized (Fig. 6.1, B). In the superficial layer of the
dermis, there were many hematogenous and fibro-
blastic cells. The number of fibroblastic cells in this
zone was (963 + 47) cells/mm?. Collagen fibres were
in a transformation, forming a network; they were
partially fragmented (Fig. 6.1, C, D). There was a
gradual regression of angiogenesis, and blood ves-
sels were without signs of blood filling, with clearly
contoured walls.

In the marginal area, there was reactive epithe-
lial proliferation with subsequent overgrowth and
capture of dermal fragments. Often, intracellular
edema with characteristic cytoplasmic lucencies was
noted in epithelial cells of all layers of the stratified
squamous keratinized epithelium, their nuclei were
normochromic or hyperchromic (Fig. 6.2, A). The
thickness of the epidermis was (98.41 £+ 4.75) pum.
The superficial layer of the dermis contained formed
granulation tissue with a low density of fibroblastic
cells and a predominance of fibrocytes. Inflammato-
ry leukocyte infiltration was detected diffusely. The
fibrous components of the dermis were often swol-
len, of different thickness and direction, but without
signs of disorganisation and fragmentation (Fig. 6.2,
B). There were a few histiogenic and hematogenic
cells, which were located between the fibre struc-
tures (Fig. 6.2, C, D). The number of fibroblastic
cells in this area was (2481 + 123) cells/mm?.

Structural changes of the full-layer wound
covered with w-ADM. The application of wet acellu-
lar dermal matrix to a full-layer skin defect after 28
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Fig. 6.1. Microscopic changes in the central area of full-layer wound No. 2 using Promogran Prisma matrix
after 28 days of experiment. A: I — epithelium, 2 — hemorrhages, 3 — histoleukocyte infiltration in granulation
tissue. Hematoxylin and eosin staining. Hematoxylin and eosin staining. Magnification: x250. B: 1 — granula-
tion, 2 — blood vessels, 3 — foci of interstitial hemorrhages. Hematoxylin and eosin staining. Hematoxylin and
eosin staining. Magnification: x100. C: 1 — damaged epithelium, 2 — collagen fibers. Azan Il chrome stain.
Magnification: x100. D: I — hemorrhages, 2 — fibrous structures in the dermis. Azan Il chrome stain. Mag-

nification: x100

days was characterized by a minimal inflammatory
reaction in the central area of the wound, complete
closure of the wound with epithelial regeneration in
the phase of stabilization. The thickness of the epi-
dermis was (64.55 + 3.12) microns. We observed a
restoration of stratification of the stratified squamous
keratinized epithelium. The basement membrane
was completely restored, keratinocytes were layered
and tightly connected by desmosomal intercellu-
lar junctions (Fig. 7.1, A). In the granulation tissue,
erythrocyte diapedeses were single, histoleukocyte
infiltration was insignificant, and in most cases, dis-
sociated and scattered. The number of fibroblastic
cells in this zone was (1422 + 70) cells/mm?. Fibro-
blastic cells were characterized by a typical elon-
gated shape with basophilic nuclei and oxyphilic
cytoplasm (Fig. 7.1, B, C, D).

The epidermis in the marginal area of the
wound had a slightly thickened stratum spinosum
layer. The epithelial cells of the stratum basale layer
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were tightly connected to the basement membrane,
had intensely basophilic nuclei and a slightly altered
cell shape (Fig. 7.2, A). The thickness of the epider-
mis was (115.9745.65) microns. In the superficial
layer of the dermis, there were local inflammatory
accumulations of leukocytes, macrophages, and fi-
broblasts. There was also a moderate blood filling
of the vessels, and erythrocyte diapedesis was sin-
gle (Fig. 7.2, B). Collagen fibres of the connective
tissue of the superficial and deep dermis were well
expressed, formed multidirectional bundles, and
were well visualised by azan 111 chrome staining.
Morphometrically, it was found that the number of
fibroblast cells in this zone was (2740 £ 131) cells/
mm? (Fig. 7.2, D, C).

Immunohistochemical study of full-layer
wound with different dressings. Immunohisto-
chemical studies of full-layer wound No. 1 (non-
adhesive aseptic wound dressing cover) on day 28
of the experiment with the application of anti-TGF
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Fig. 6.2. Microscopic changes in the marginal area of full-layer wound No. 2 using Promogran Prisma matrix
after 28 days of experiment. Magnification: x100. A: 1 — epidermis, 2 — fragments of connective tissue in the
epidermis, 3 — mature granulation tissue. Hematoxylin and eosin staining. B: 7 — histoleukocyte infiltration,
2 — granulation, 3 — blood vessels. C: I — epidermis, 2 — small interstitial hemorrhages, 3 — collagen fibrils.
Azan Il chrome stain. Magnification: x100. D: I — fibrous structures in the dermis, 2 — blood vessels. Azan

111 chrome stain

beta-1 antibodies revealed TGF beta expression at
the level of (31.14 £+ 3.19)% in the central area, and
(23.11 £ 1.44)% in the marginal zone (Fig. 8).

With the use of Promogran Prisma matrix, the
expression of TGF beta in the centre of the healing
area was (26.34 + 2.53)%, and in its marginal zone —
(20.16 + 1.03)%, which in both cases did not signifi-
cantly differ from the indicator of wound No. 1.

When wet acellular porcine dermal matrix was
applied to wound No. 3, the percentage of immuno-
histochemical expression of TGF beta in the center
was 18.48 + 1.67 (P < 0.01), while in the marginal
areas — 9.07 + 0.97 (P < 0.001), which was signifi-
cantly lower than the level of expression of this pro-
tein compared to wound No. 1 (Fig. 8).

Expression level of the proinflammatory cy-
tokine TNF alpha in the central and marginal
areas of wound No. 1 was (43.61 + 3.57)% and
(28.19 £ 1.88)%, respectively. Regarding the wound
No. 2 (with Promogran Prisma), this index was in the
centre of the injury (29.15 + 2.83)% (P < 0.05), on

the periphery (18.18 + 1.22)% (P < 0.001), which was
lower than in the wound No. 1 covered with aseptic
dressing. Immunohistochemical studies of the main
and marginal areas of wound No. 3 covered with w-
ADM established the percentage of TNF alpha ex-
pression at 22.17 + 1.84 (P < 0.001) and 10.67 + 1.13
(P < 0.001), respectively, which was significantly
lower than that of wound No. 1 (Fig. 9).

Anti-Ki-67 antibodies were used to estimate
the proliferative activity of cells in the epidermis
and dermis of the wounds. The lowest expression of
the Ki-67 marker in the Malpighian layer of the epi-
dermis was detected in wound No.1 (11.43 £ 1.92)%,
which is associated with the unformed epithe-
lial layer in this group. In full-layer wounds No. 2
and No.3, it was significantly higher (P < 0.001).
The proliferative activity of epidermal cells in the
marginal areas of the injury was: wound No. 1 —
(55.74 + 4.06)%, wound No. 2 — (35.27+3.18)%
(P < 0.01), wound No. 3 — (28.17+£1.81)% (P < 0.001)
(Fig. 10).

117



ISSN 2409-4943. Ukr. Biochem. J., 2026, \Vol. 98, N 4

B
N fray .~..'h.._‘—-4-
Mot S e
EARSR
A
'-'-:‘fg-% =S
D )

Fig. 7.1. Microscopic changes in the central area of the full-layer skin defect No. 3 under the conditions of
acellular dermal matrix application after 28 days of experiment. Magnification: x100. A: 1 — epidermis, 2 —
pleomorphic nuclei of the stratum spinosum layer epithelial cells, 3 — granulation tissue. Hematoxylin and
eosin staining. B: I — fibroblasts, 2 — hemocapillaries. Hematoxylin and eosin staining. C. 1 — epidermis,
2— blood vessels, 3 — interstitial hemorrhages. Azan III chrome staining. Magnification: x100. D: 1 — blood
vessels, 2 — collagen fibers bundles. Azan III chrome stain. Magnification: x250

The mitotic activity of dermal cells in wound
No. 1 was (52.79 = 4.51)% in the central zone and
(22.11 + 1.42)% in its periphery. The expression of
Ki-67 in the dermis of wound No. 2 in the central
zone was significantly decreased (P < 0.05) com-
pared with wound No. 1 (it could serve as a con-
trol group) and did not differ in the marginal zone.
w-ADM covering showed a significant decrease
in the proliferative activity of dermal cells in both
the central and marginal areas of wound No 3,
(19.97 + 2.59)% (P < 0.001) and (10.87 + 1.94)%
(P < 0.02), respectively.

Discussion

The dermal ECM consists mainly of colla-
gen and elastic fibres (80—-85% of the dry weight of
dermis), glycosaminoglycans, and proteoglycans.
Human skin contains 80-90% of Type I collagen,
8-12% of Type Ill collagen, and less than 5% of
Type V collagen. Type 1V collagen is found in the
dermal-epidermal junction and surrounds blood
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vessels, nerves, and skin derivatives. Elastic fibres
make up to 2—4% of the dermal ECM and consist
of elastin and elastin-associated microfibrils. The
gel-like amorphous substance in the dermis includes
glycoproteins (fibronectin, fibulin, and integrins),
glycosaminoglycans, and proteoglycans, which
make up only 0.2% of the dermal dry weight but
have powerful hygroscopic properties. Consequent-
ly, water constitutes approximately 60% of the total
dermal mass [40]. The purpose of decellularization
is to remove the immunogenic cellular components
while maintaining the intact 3D structure of the ma-
trix. Acellular matrices contain various cytokines
and signaling molecules, such as vascular endothe-
lial growth factor (VEGF), fibroblast growth factor
(FGF), and TGF-beta [41].

The protocol for creating ADM involves
breaking down cellular membranes and nucleic
acids and extracting them using various detergents
[18]. However, the extracting agents can degrade or
denature matrix proteins and cause toxic effects.
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acellular dermal matrix. Magnification: x100. A: 1 — stratified squamous nonkeratinized epithelium, 2 — para-
keratosis, 3 — granulation, 4 — hemorrhage in combination with infiltrates. Hematoxylin and eosin staining.
B: 1 — parakeratosis, 2 — acanthosis, 3 — blood-filled vessels, 4 — leukocyte infiltration, 5 — granulation. He-
matoxylin and eosin staining. C. I — stratified squamous keratinized epithelium, 2 — dermis with fibrous struc-
tures. Azan 111 chrome stain. D: [ — small interstitial hemorrhages, 2 — collagen fibers. Azan III chrome stain

Therefore, assessing the quality of artificial wound
dressings for cytotoxicity and biocompatibility tests
with live human cells is essential. Currently, dozens,
if not hundreds, of protocols for creating acellular
matrices exist, reflecting an ongoing search for the
optimal approach [41]. To understand the potential
reasons for the observed differences in toxicity/bio-
compatibility, we analyzed the decellularization pro-
tocols for our two variants of dermal matrices.

As we may see, protocols differ only in the fi-
nal step: either lyophilization (d-ADM) or soaking
and subsequent preservation in a specialized triple
solution (w-ADM) (Table 2). We may suggest that
Iyophilization contributes to the toxic properties of
d-ADM. Probably, sublimation drying induces struc-
tural and/or chemical changes in the dermal matrix
that negatively affect its properties. Investigating this
issue further requires an in-depth study.

Decellularized matrices should have high bio-
compatibility and biodegradability to avoid inflam-
matory reactions in the recipient [42]. Given our fu-

ture research goal to study the therapeutic efficacy of
combining ADM with hU-MSCs, it was particularly
relevant for us to investigate the biocompatibility
of such matrices with MSCs. Despite extensive re-
search focused on ADM’s characteristics [43-45],
studies examining biocompatibility with hU-MSCs
remain limited [34].

The biocompatibility of w-ADM with hU-
MSCs and the cytotoxicity of d-ADM observed in
our studies can be explained by several potential
factors related to the structural integrity, hydration
status, and biophysical properties of the tested ma-
trix variants. The w-ADM preserves the integrity
of the ECM during preparation, minimizing dam-
age to the 3D dermal structures that occur because
of freeze-drying. This ensures that essential struc-
tural and biochemical components, such as collagen
fibres and glycoproteins, remain intact and provide
a natural microenvironment that supports cell adhe-
sion and survival. In contrast, during lyophilization,
ice crystals that form during freezing can disrupt the
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Fig. 8. TGF-beta expression in the central and marginal areas of full-layer wounds. Detection of TGF beta+
areas in the porcine skin dermis by immunohistochemical method (100x) (A). Percentage values of TGF beta
marker expression levels. *Values that were statistically significantly different from those of wound No. [

(**P < 0.01, **P < 0.00])

dermal matrix at the molecular level. Additionally,
drying weakens tensile strength by breaking hydro-
gen bonds, leading to the loss of the triple-helical
structure of collagen [41].

Lyophilization also removes water from the
matrix, potentially causing osmotic imbalances
when cells are seeded. Conversely, w-ADM is ready
to use immediately without requiring rehydration
and maintains a physiological hydration level criti-
cal for hU-MSCs viability. Altered mechanical and
physical properties of d-ADM may induce stress re-
sponses in MSCs, leading to apoptosis or necrosis;
may exhibit altered mechanical properties that limit
nutrient and oxygen supply, increasing the likelihood
of cell death.
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The surface properties of w-ADM are closer to
native tissue, enhancing cell adhesion through in-
tegrin-dependent mechanisms. Lyophilization may
alter the topography of molecules and biochemical
signals, making the matrix less favorable for cell
adhesion and survival. Our study demonstrated full
biocompatibility and no cytotoxicity of w-ADM,
which is used further for chronic wound treatment
in experiments.

Dressing plays a crucial role in wound care,
aimed at optimizing the wound healing environment
(e.g., exudate management) and preventing infection
and blistering. Our experiment on pigs demonstra-
ted a significant benefit of w-ADM for the healing
of the full-layer wound compared to non-adhesive
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Fig. 9. Expression of TNF alpha marker in the central and marginal areas of full-layer wounds. Detection
of TNF alpha+ areas in the pig skin dermis by immunohistochemical method (100x) (A). Percentage values
of TNF alpha marker expression levels. * Values that were statistically significantly different from those of

wound No. 1 (*P < 0.05, **P < 0.01, ***P < 0.001) (B)

aseptic dressing or Promogran Prizma dressing.
Morphological study demonstrated that 28 days af-
ter the creation of a full-layer skin defect, w-ADM
application promotes complete epithelialization of
the wound surface, with restoration of the epidermal
layer. The matrix helped to reduce the swelling of
fibrous structures and intercellular substances, with
a pronounced anti-inflammatory effect and wound
healing activity.

Immunohistochemical analysis revealed a sta-
tistically significant decrease in the expression of
the proinflammatory cytokine TNF-alpha and trans-
forming growth factor TGF-beta at the wet acellular

dermal matrix dressing compared to other groups,
indicating its pronounced anti-inflammatory effect.
The analysis of proliferative activity by the level
of Ki-67 expression showed that the lowest level of
mitotic activity of dermal and epidermal cells was
observed with the use of acellular dermal matrix,
which may indicate the stabilization of regeneration
processes and the completion of the active phase of
healing.

Limitations of the study. The study was lim-
ited to the preclinical evaluation of acellular dermal
matrices without investigating their regenerative po-
tential in combination with cell-based therapies. In
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Fig. 10. Expression of the proliferative activity marker Ki-67 in the central and marginal areas of full-layer
wounds. Detection of Ki-67+ cells in pig skin by immunohistochemical method (100x) (A). Percentage values
of Ki-67 marker expression in the epidermis and dermis. *Values that were statistically significantly different
from those of wound No. 1 (*P < 0.05, **P < 0.01, ***P < 0.00])

addition, long-term functional outcomes and the mo-
lecular mechanisms underlying tissue regeneration
were not assessed. Further studies should evaluate
the therapeutic performance of wet acellular dermal
matrices combined with mesenchymal stem cells
and validate these findings in clinical settings
Conclusion. The biological properties of por-
cine acellular dermal matrices depend on the de-
cellularization and processing protocol. Wet ADM
demonstrated full biocompatibility with human um-
bilical mesenchymal stem cells, whereas dry ADM
exhibited cytotoxicity. In a porcine chronic wound
model, wet ADM accelerated wound healing, pro-
moted complete re-epithelialization, reduced in-
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flammation, and improved tissue remodeling. These
findings support the potential application of wet
ADM as a promising biomaterial for chronic wound
treatment and regenerative medicine.
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Table 2. Comparison of decellularization protocols

Step d-ADM Protocol w-ADM Protocol
1. Freeze- Cycles in liquid nitrogen -196°C | Cycles in liquid nitrogen -196°C and water 37°C
thaw process | and water 37°C three times three times
2. Glycerin Immersion in 200 ml glycerin + | Immersion in 200 ml glycerin + 800 ml distilled
dehydration 800 ml distilled water water
3. Osmotic Alternate immersion in distilled | Alternate immersion in distilled water and hypertonic
stress water and hypertonic solution (15- | solution (15-min cycles, repeated 5 times)

min cycles, repeated 5 times)

4. Detergent
washing

1.0% SDS washing for 4 h

1.0% SDS washing for 4 h

5. Final stage | Sublimation drying

Immersion in a triple solution (500 g of anhydrous
calcium chloride + 648 ml of distilled water),
Mechanical stirring. After the solution cooled,
518 ml of anhydrous ethanol was added, and the
solution was heated to 38°C for 2 h in a water bath
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HUX CIPHUATH pereHepaunii TKaHWH. ANETIOISpHI
nepMaiabHi MaTpukcu (ADM) € mepcrneKTHBHUME
OiomaTepiajJaMH PEereHepaTUBHOI MEAMLIMHH, MPO-
Te IXHS e(QEeKTHBHICTh 3HAYHOIO MIipOIO 3aJIEKHUTh
Bl TEXHOJOrII BUIOTOBJIEHHS Ta OIlOJOTIYHUX
BiactuBocteil. Meta. [lopiBHSATH Oi0CyMiCHICTB
I OUTOTOKCHYHICTH IBOX BapiaHTIB alleIIoJIsp-
HOTO JepMalbHOrO0 MaTpukcy, cyxoro (d-ADM)
ta Bomororo (W-ADM), a TakoX OIIIHUTH Te-
paneBTUYHY e(eKTUBHICTH OIOCYMICHOTO Ma-
TPUKCY B EKCIIEPUMEHTAJBbHIA MOAENl XPOHIYHOI
MOBHOLIAPOBOi  paHu y  cBuHed. Meroam.
biocyMicHicTh oOliHIOBad M IN Vitr0 Ha KyJabTypi
ME3eHXIMaJIbHUX CTOBOYPOBUX KJITHH ITyIIOBHU-
Hu moauan (hU-MSCs) 3a Mopdororieto KIiTHH,
JKUTTE3/IaTHICTIO, Tpojidepaliiero  Ta  piBHEM
nakrataerigporenasu (LDH). EdexktuBHicTh 00-
PaHOTro MaTPHUKCY JOCIIKYBaIH iN VIVO Ha Mozei
XPOHIYHOI TTOBHOITIAPOBOI SKCITU31MHOI paHH y CBU-
HEH, MOPIBHIOIOYH HOT'0 3 HeaAre3UBHOIO MOB’SI3KOI0
Ta MaTpukcoM Promogran Prisma. Uepes 28 110 po-
BOIMIIA TicToJoriune, imyHorictoximiuHe (TNF-aq,
TGF-B, Ki-67) Ta MopdoMeTpuyHe NOCIIIKEHHS.
Pesyabraru. Bonoruil auentoysipauil [epMaibHUAN
MaTpuKc 3a0e3neuyBaB 30epexeHHs MopQoorii,
KUTTE3IATHOCTI Ta Tpoiid)epaTHBHOI aKTUBHOCTI
hU-MSCs, Toai Ik cyXHii MAaTpPUKC NPOSBIISB BUpa-
JKEHY IIUTOTOKCUYHICTB 3 1 IBUIIICHHSIM aKTUBHOCTI
LDH Tta macoBor 3arubeiurro kiituH. Ha momeni
XPpOHIYHOI panu 3acTocyBaHHs W-ADM nocToBipHO
IIPUCKOPIOBAJIO 3arO€HHSI MOPIBHSHO 3 KOHTPOJIb-
HAMH METOAAaMH JiKyBaHHS, 3a0€3MeUy0un TIOBHY
Ta CTaOUIBHY peerniTeni3alito, MiHiMalbHy 3aIalib-
HY 1HQIIBTpaIiio, BIOPSAKOBaHE PEMOJICIIOBAaH-
HS KOJareHy Ta BiJAHOBJICHHS CTPYKTYpW TKa-
HUH. IMyHOTiCTOXIMIYHO BCTAaHOBJICHO 3HUIKCHHS
ekcripecii TNF-a, TGF- Ta Ki-67, mo cBiguuTh nmpo
3racaHHs 3alalbHOI peakIlii Ta TMepexim MpoIecy
3aTrO€HHS JI0 CTaJii peMOIeTIOBaHHS i cTabimizamii
perenepaiiii. BucnoBku. Bomoruii anentonspHuii
JepMalbHUN MAaTPUKC MPOAEMOHCTPYBaB BHCO-
Ky OIOCYMICHICTb, BIJICYTHICTh IUTOTOKCUYHOCTI
Ta 3HAYHO Kpalll pereHepaTWBHI BIACTUBOCTI
MOPIBHAHO 13 CyXUM MaTpukcoM. OTpuMani pe-
3yJIBTaTH MiATBEPIKYIOTh NEPCHEKTUBHICTH BUKO-
puctans w-ADM sk epekTHBHOTO OioMaTpUKCy
JUISl JTIKyBaHHS XPOHIYHHUX paH 1 CTBOPIOIOTH
OIACPYHTS.  JUIS  MOJAJIBIIMX  JOKJIIHIYHMX — Ta
KJIIHIYHAX JOCIIKeHb, 30KpeMa B KOMOiHAIli 3
ME3€HXIMaJIbHUMH CTOBOYPOBUMH KIIITHHAMH.
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Knrwo4yoBi cioBa: XpOHIYHI paHHU, aie-
JIONSIPHUN JIepMaNbHUN MaTpHuKC, Jiodimizaris,
Me3eHXIMaJlbHI CTOBOYPOBI KJITHHU ITYIKOBOL
MTOPOKHUHH JIIOJIMHH, 0ioCyMICHICTB,
[IUTOTOKCUYHICTh, MOP(OIIOTis.
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