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Abstract: The aim of this study was to provide a beneficial treatment effect of novel chitosan bio-
polymeric material enriched with mesenchymal stem cell products derived from the canine adipose
tissue (AT-MSC) on the artificial skin defect in a rabbit model. For the objectivity of the regeneration
evaluation, we used histological analysis and a scoring system created by us, taking into account
all the attributes of regeneration, such as inflammatory reaction, necrosis, granulation, formation of
individual skin layers and hair follicles. We observed an acceleration and improvement in the healing
of an artificially created skin defect after eight and ten weeks in comparison with negative control
(spontaneous healing without biomaterial). Moreover, we were able to described hair follicles and
epidermis layer in histological skin samples treated with a chitosan-based biomaterial on the eighth
week after grafting.

Keywords: biomaterial; wound healing; mesenchymal stem cell; conditioned medium

1. Introduction

Trauma, burns and chronic diseases can lead to the formation of refractory wounds,
which in exceptional cases end fatally [1–3]. Therapy based on conventional procedures
often fails. Procedures based on the use of tissue skin grafts or growth factors are gaining
prominence. Among the latest procedures includes the use of mesenchymal stem cells
(MSCs), their products being contained in a conditioned medium (CM) even in combination
with biomaterial, which affects the whole spectrum of processes applied during the healing
of chronic wounds—inflammatory reaction, proliferation and remodeling [4–6]. In recent
years, attention has been directed to materials of natural origin with conductive ability
or its high efficiency, processing flexibility and ease of manipulation and control. The
abovementioned biomaterials are based on carbon nanomaterials, conductive polymers or
metal-based biomaterials [7–10]. A separate area in wound healing and tissue regeneration
is represented by chitosan-based biomaterials. Chitosan as a conductive natural compound
exhibits antimicrobial activity, improves hemostatic effect, supports cell proliferation,
and mediates complete wound regeneration and epithelial reconstruction [11–13]. MSCs
play an important role in the wound healing process, especially in the inflammatory,
proliferative and remodeling phases [14,15]. MSCs are characterized by their ability of
immunomodulation, when, depending on the microenvironment in which they are located,
they can reduce the proliferation of T-lymphocytes, the differentiation of B lymphocytes
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and affect the function of NK cells [16,17]. In the process of remodeling, MSCs release
growth factors (VEGF, HGF, IGF, PDGF and TGF-ß), which contribute to the proliferation
and migration of fibroblasts and keratinocytes, the growth and formation of new blood
vessels and synthesis collagen and extracellular matrix proteins and at the same time
prevent its degradation by inhibiting metalloproteinase [18,19]. The paracrine effect of
MSC on keratinocytes remains unclear. To understand the paracrine MSC mechanism,
it is necessary to map the transcriptome and proteome of the cells and their secreted
molecules. With regard to the paracrine activity of MSC-affected wound healing, target
cells at the wound site must express receptors that bind to secreted mediators. While
the effects of VEGF on endothelial cells in angiogenesis were extensively studied, the
role of VEGF receptors (VEGFR-1, VEGFR-2 and VEGFR-3) in keratinocytes is not so
well defined [20–22]. In a previous study, we confirmed the angiogenic effect of bone
marrow mesenchymal stem cell-conditioned medium (BMMSC-CM) on a chorioallantoic
membrane (CAM) model, which was related to the secretion of VEGF and other pro-
angiogenic factors [23]. VEGF is also thought to play a non-angiogenic role targeting
keratinocyte migration and proliferation [24]. The use of CM compared to MSC has several
indisputable advantages: minimization of unwanted recipient response, production in
larger quantities, the possibility of influencing the quantitative and qualitative composition,
and lower requirements for storage and transport [25].

The aim of this study was to create a chitosan-based biopolymeric scaffold and verify
its effectiveness in combination with adipose tissue mesenchymal stem cell-conditioned
medium (ATMSC-CM) on the wound healing process on an artificially created skin defect
in a rabbit animal model.

2. Results
2.1. Characterization of MSC from Canine Adipose Tissue

MSC of isolated population showed spindle shape morphology and 120 × 15 µm.
The yield of isolated cells from adipose tissue was 2.5 × 106 cells/g. The results of
flow cytometry show high positivity for CD29 (99.3 ± 0.7%), CD44 (99.1 ± 0.5%), CD90
(85.9 ± 0.6%) and CD105 (99.7 ± 1.2%) and negative for CD45 (1.0 ± 0.2%) (Figure 1).
Using a commercial multilineage differentiation kit (StemPro Multilineage Differentiation
Kit, Gibco, Paysley, Scotland), we were able to confirm high osteogenic and chondrogenic
differentiation capability. However, the ability to differentiate for adipocytes was not
confirmed (Figure 2).
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and low expression of CD45 (1.0 ± 0.2%).
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glycoproteoglycanes detected by Alcian blue staining); however, cells showed low adipogenic
potential (triglycerides detected by Oil Red O staining). Scale bars: 50 µm.

2.2. Preparation and Characterization of Chitosan-Based Biopolymeric Scaffolds

The average molecular size (Mw) of biopolymers in scaffolds was 73 kD and 85 kDa
for chitosan and polyhydroxybutyrate (PHB), respectively. The porosity of the scaffolds
was around 90%. The fiber-like macroporous microstructure of the scaffold was found via
SEM, where irregularly shaped large macropores up to 150 µm size as well as a high portion
of micropores less than 20 µm size were visible. Moreover, long chitosan fibers with about
10 µm diameter and fine globular agglomerates of PHB can be identified in the mi-
crostructure (Figure 3B). Optical micrographs of lyophilized scaffold (Figure 3C) clearly
demonstrate the presence of large macropores even ~200 µm size with a chitosan fiber
crosslinked microstructure and globular agglomerates of PHB-precipitated biopolymer par-
ticles. The pore size distribution in substrates (Figure 4) determined using image analysis
clearly verified a large fraction (about 70%) of smaller pores (<10 µm), and the portion of
larger > 90 µm pores was approximately 10%. The mass of wet scaffold after water uptake
achieved a 4.2 ± 0.3 time of origin of the dry mass of the samples, which clearly verified
the strong hydrophilic character of blend and high porosity scaffolds.
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Figure 3. Appearance of composite PHB/CHIT scaffolds and microstructure. Macroscopically, the
scaffold shows a sponge-like structure and is approximately 3–4 mm thick (A). The porosity of
scaffolds was around 90%. The fiber-like macroporous microstructure of scaffold was found via SEM,
where irregularly shaped large macropores up to 150 µm size ((B), scale bar: 100 µm) as well as high
portion of micropores less than 20 µm size were visible ((C), scale bar: 20 µm).
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2.3. Cell Seeding on the 3D Porous Polymeric Scaffolds and Cytototxicity Evaluation

Formazan production of fibroblasts in contact with the scaffolds for 1, 7 and 14 days
of culture indicated an increase in the number of viable cells, which demonstrates that the
scaffolds support cell growth (Figure 5A). Images from live/dead fluorescence staining
(Figure 5B) documented that after 7 days of cultivation, there were almost no dead cells in
the construct cross-sections (Figure 5B) and there was a dense population of live cells.
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Figure 5. Viability of fibroblasts cultured on PHB/CHIT substrates determined via MTS test (A) and
live/dead staining of cells after 7 days of cultivation (B). (A) demonstrates the continuous rise in
proliferation of fibroblasts (cultured in MEM at 37 ◦C, 5% CO2 and 96% humidity) with culture time
and live/dead cell staining; (B) indicates only the presence of spindle-shaped live cells on the surface
of the substrate without the visible presence of dead cells that could identify some cytotoxicity of the
samples. Scale bar: 75 µm.

2.4. Animal Model

The macroscopic examination confirmed that artificial skin defect had healed well in
all examined animals after the respective observation periods (8th, 10th and 12th week).
It was observed that treatment with the CHIT/PHB biomaterial enriched with the condi-
tioned medium caused faster wound closure than the control, similarly to the non-enriched
biomaterial. Next, we observed that wounds treated with CHIT/PHB shows no hyper-
trophy of granulation tissue and formation of a scab, again as compared to the negative
control (Figure 6(A1,A2,B1,B2)). However, after 12 weeks, all lesions were healed with
newly formed fur, over the entire extent of the defect (Figure 6(A3,B3)).
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and negative control (red arrow) and wound healing progress at 8th week (A1,B1), 10th week (A2,B2)
and 12th week (A3,B3).

2.5. Histological Study

The results of histological staining prove that after eight and ten weeks from the cre-
ation of the defect and the subsequent application of biomaterial and biomaterial enriched
with the conditioned medium, the formation of granulation tissue and of hair follicles
occurred (Figure 7(B1,B2,C1,C2), Figures S2 and S3). We observed the same result in his-
tological samples examined after ten weeks, which in our histopathological score means
1/1- (Figure 7(B1,B2,C1,C2); Table 1). In the negative control samples from the same time
period, we find necrotic lesions and absent epidermis, which we evaluate as 3 in our scoring
system (Figure 5(A1,A2) and Figure S1; Table 1). However, after twelve weeks, we observe
in the control and experimental group skin of a normal structure without the appearance of
necrotic foci, with a formed epidermis and hair follicles. Such a finding corresponds to the
value 0/1 in our scoring system (Figure 7(A3–C3); Table 1). The results of histological analysis
and assessment of collected skin samples n = 2 from all group were the same or very similar.
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Control 3 3 0/0- 
Implant 1- 1- 0-/1 

Implant + medium 1/1- 1- 0/0- 

3. Discussion 
The main goal of the submitted study was to point out the possibility of using a bio-

material based on chitosan and next its combination with mesenchymal stem cell-condi-
tioned medium to improve wound healing in vivo. 

The adipose tissue MSC population used in this study was the same as the one we 
used previously, and the identical protocol for isolation of MSC-conditioned media was 
used [26,27]. The CD characterization of AT-MSC used in this study shows high positivity 
for CD29 (99.3% ± 0.7%), CD44 (99.1% ± 0.5%), CD90 (85.9% ± 0.6%) and CD105 (99.7% ± 

Figure 7. Representative microphotographs of histopathological analysis for each experimental
group and healing period. (A1–A3) control group; (B1–B3) implant group; (C1–C3) implant+medium
group; 1–8 weeks, 2–10 weeks, 3–12 weeks; (A1,A2): severe injury with necrotic lesions and absent
epidermis (histopathological score 3), (A3): normal structure of skin with indistinct infiltration
(histopathological score 0-); (B1,B2): small amount of immature/granulation tissue with hair follicle
ingrowth (histopathological score 1-); (B3): normal structure of skin with indistinct infiltration
(histopathological score 0-); (C1): small amount of immature/granulation tissue with hair follicle
ingrowth (histopathological score 1); (C2): small amount of immature/granulation tissue with hair
follicle ingrowth and indistinct infiltration (histopathological score 1-); (C3): normal structure of skin
(histopathological score 0); black arrow: necrotic lesions; #: absent epidermis; *: leukocyte infiltration;
white arrow: hair follicle ingrowth; Ø: immature/granulation tissue. Scale bar = 2000 µm.
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Table 1. Results of histopathological assessment of skin wound healing. Wounds treated with
CHIT/PHB biomaterial (implant) and CHIT/PHB biomaterial enriched with canine ATMSC-CM
(implant+medium) reached score range 1/1- at the 8th and 10th week. On the other hand, non-treated
wounds reached score 3 at the same time. After 12 weeks, all wounds reached score 0/0- (control and
implant + medium) or 0-/1 (implant). The number of samples taken in each group n = 2.

Experimental
Group

Healing Period

8 Weeks 10 Weeks 12 Weeks

Control 3 3 0/0-

Implant 1- 1- 0-/1

Implant + medium 1/1- 1- 0/0-

3. Discussion

The main goal of the submitted study was to point out the possibility of using a
biomaterial based on chitosan and next its combination with mesenchymal stem cell-
conditioned medium to improve wound healing in vivo.

The adipose tissue MSC population used in this study was the same as the one we
used previously, and the identical protocol for isolation of MSC-conditioned media was
used [26,27]. The CD characterization of AT-MSC used in this study shows high positivity
for CD29 (99.3 ± 0.7%), CD44 (99.1 ± 0.5%), CD90 (85.9 ± 0.6%) and CD105 (99.7 ± 1.2%),
but negativity for CD45 (1.0 ± 0.2%). The expression of CD90 is important for the wound
healing process as it promotes angiogenesis and accelerates wound closure, which is closely
related to the perfusion of damaged tissue [28]. The equally high expression of CD105
promises a positive effect in the wound healing process, because its interaction with the
receptor for pro-angiogenic TGF-β [29]. The expression of CD44 is connected with wound
healing, too. As a previously published study described, the expression of CD44 mainly
affects the inflammatory phase and fibrotic response of the wound healing process [30].

MSCs and their products can affect all phases of the wound healing process. In the
inflammatory phase of the wound healing process, the MSCs exert immune-suppressive ef-
fects via the production of IL-4 and IL-10 and through TNF suppression, which is connected
to the blocking of T-Cell proliferation [14,31–35]. Next, MSCs play a role in the proliferative
phase via the secretion of VEGF, HGF, PDGF, TGF-β, KGF, CXCL12 and EGF, which can be
isolated in conditioned medium. It can be connected to the recruitment of keratinocytes,
fibroblasts, angiogenesis and neovascularization [36–38]. Finally, in the remodeling phase,
MSCs attend via the production of numerous soluble factors and cytokines (HGF, PGE2,
adrenomodulin, IL-10), which enhance the epithelial–mesenchymal transition and sup-
press myofibroblast differentiation [39,40]. The presence of MSCs in healthy skin and the
previously described function of MSCs and their products in the wound healing process
suggest that the application of exogenous MSCs is promising in the treatment of wounds
and skin defects.

In this study, we experimentally used ATMSC-CM isolated from dog mesenchymal
stem cells, which we applied to a rabbit animal model for wound healing. This is the first
documented cross-species local application of CM under in vivo conditions in combina-
tion with a biomaterial for wound healing. The amount of protein (2.25 mg/mL) in the
isolated conditioned medium was very similar to that described by other authors, even
in CM isolated from a population of human MSCs [41,42]. Our study described efficacy
of chitosan/PHB based biomaterial and chitosan/PHB biomaterial combined with canine
ATMSC-CM on wound healing process in a rabbit animal model. Chitosan is widely used
in wound healing trials, for its antibacterial, anti-inflammatory, low immunogenicity and
biocompatibility properties. Similarly, chitosan shows the ability to enhance cell adhesion,
migration and proliferation, and its high water absorption capacity, which maintains wound
humidity and bacteriostatic properties. The combination of chitosan and PHB creates a
material with improved mechanical strength and matrix porosity, which is important for
nutrient diffusion and cell infiltration [43–45]. The results were confirmed via histological
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analysis and via the use of a histopathological scoring system that comprises attributes
such as the dermis/epidermis architecture, organization of collagen fibers, presence of
hemorrhage, inflammatory cells and hair follicles. We chose to create our own system,
since an official system for histopathological evaluation of wound healing in rabbits is
absent. However, the system takes into account the attributes of previous histopathological
systems for wound healing that have been used in other animal models like mice and
rats [46–49]. On the 8th and 10th week after implantation of biomaterial, was observed that
treatment with the CHIT/PHB biomaterial enriched with the conditioned medium caused
a faster wound closure than the control, which was the same as with the non-enriched
biomaterial. Next, we observed that wounds treated with CHIT/PHB show no hypertro-
phy of granulation tissue and formation of a scab, again compared to the negative control.
However, after 12 weeks, all lesions were healed with newly formed fur, over the entire
extent of the defect. The results of histological staining correlate with clinical statue. It
showed, that after eight and ten weeks from the creation of the defect and the subsequent
application of chitosan-based biomaterial and the same biomaterial enriched with the
conditioned medium, the formation of granulation tissue and of hair follicles occurs. We
observed the same result in the histological samples examined after ten weeks, which in
our histopathological score means 1/1-. Very similar results were declared by other authors
who performed similar experiments in rat and mice models [50–52]. The results obtained
using the enriched biomaterial seem to be better by half a point. It correlates to the results
from our previously published study where MSC-CM was used [27,53,54].

4. Materials and Methods

First, we needed to obtain informed consent from the dogs’ owners, which is an
essential criterion for approval of the study by the Ethical Committee of UVMP (EC UVMP)
in Košice. The study was approved by EC UVMP on 2 September 2021 (EKVP/2021-01)
and State Veterinary and Food Administration of the Slovak Republic (no. 1827/09-221/3).

4.1. Isolation and Characterization of Canine Amniotic MSC-Conditioned Medium Harvesting

The MSC population used in this experiment was the same as the one we used in our
previous study [26].

4.1.1. Isolation of MSC from Canine Adipose Tissue

Adipose tissue (AT) was harvested from purebred healthy dogs (n = 3): Donor 1—male,
German Shepherd, 35 kg, 3 years old. Donor 2—female, Cane Corso, 70 kg, 4 years old.
Donor 3—male, German Shorthaired Pointer, 32 kg. Before adipose tissue collection,
all donors were examined (clinical examination, biochemical, and hematological param-
eters were evaluated). Samples of adipose tissue (5–7 g) were collected during surgical
procedures under general anesthesia from the subcutaneous tissue in the scapular area.
The tissue was then washed with phosphate-buffered saline (PBS; Biowest, Nuaillé, France)
containing 2% ATB + ATM, then mechanically dissociated and enzymatically digested
with 0.05% collagenase type I and IV (Sigma, Burlington, MA, USA) at 37 ◦C for 1 h.
At the end of the incubation period, the digested tissue was filtered (through a 100 µm
cell strainer) to remove tissue fragments, centrifuged at 400× g for 10 min, and the ob-
tained stromal vascular fraction (SVF) pellet was resuspended in culture medium consist-
ing of DMEM-F12 containing 10% FBS and 2% ATB + ATM and plated in a T25 tissue
culture flask at a concentration of 106 cells/flask and incubated in cultivation medium
(DMEM-F12 + 10% FBS + 2% ATB + ATM) at 37 ◦C and 5% CO2. After 48 h, non-adherent
cells were removed, and subsequently, the medium was changed twice a week.

4.1.2. Expression of Surface Markers

Samples were analyzed for positive mesenchymal stromal cell markers (CD29, CD44,
CD90 and CD105) and for hematopoietic stem cells marker (CD45). Each sample was
diluted to a final concentration of 2 × 105 cells/mL and centrifuged at 400× g/5 min. Subse-
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quently, the supernatant was removed and the cell pellet was resuspended in
100 µL of PBS containing 3–5 µL of CD90 ((YKIX337.217, allophycocyanin; APC), CD29
((MEM-101, phycoerythrin; PE), CD44 (MEM-263, APC), CD105 ((MA1-19594, fluores-
cein isothiocyanate; FITC) and CD45 (YKIX716.13, PE)—all ThermoFisher, Waltham, MA,
USA—and incubated for 60 min at 4 ◦C in the dark. At the end of the incubation period,
the samples were centrifuged again at 400× g/5 min, the supernatant was removed and
the sample was washed in 200–500 µL of washing solution (1% FBS in PBS + 0.1% Sodium
Azide (SevernBiotech Ltd., Kidderminster, UK). Cytometric analysis was performed on
a BD FACSCanto® flow cytometer (Becton Dickinson Biosciences, San Jose, CA, USA)
equipped with a blue (488 nm) and red (633 nm) laser and 6 fluorescence detectors. The
percentage of cells expressing individual CD traits was determined via a histogram for
the respective fluorescence. The data obtained via measurement were analyzed in BD
FACS DivaTM analysis software v9.0. As a negative control, we used the same type of
non-labelled MSCs for autofluorescence control.

4.1.3. Preparation of AT-MSC-Conditioned Medium

The CM were prepared as described in our previous publication [27]. Shortly after,
AT-MSC (P3) were cultured in MEM Alpha (Biowest) without FBS (Biowest). After 48 h
incubation in a humidified atmosphere with 5% CO2 at 37 ◦C, collected media samples
were filtered through a 0.2 µm sterile syringe filter (Millipore, Burlington, MA, USA).
To ensure that equal concentrations (2.25 mg/mL) of CM were used for the subsequent
experiments, the protein concentration of the CM was quantified via Bradford protein assay
using standard Bradford reagent (Sigma). As a control (nonconditioned medium), MEM
Alpha was regarded. Samples of ATMSC-CM were collected and stored at −80 ◦C until use.

4.2. Preparation and Characterization of Composite PHB/CHIT Scaffolds

The PHB/CHIT blend (the mass ratio of 1:1) was prepared via mixing of biopolymer
solutions, where chitosan (Sigma–Aldrich, St. Louis, MO, USA) was dissolved in 1% (w/v)
solution of acetic acid and PHB (GoodFellow, Cambridge, UK) in propylene carbonate.
Solutions were mixed at a 1:1 ratio in a magnetic stirrer at 400 rpm. The biopolymer were
co-precipitated by adding NH3aq (20% solution, Sigma–Aldrich, for High Performance
Liquid Chromatography (HPLC)) followed filtration and washed with distilled water.
The aqueous suspensions of precipitated biopolymers were molded into plastic form (3D
printed, DaVinci, XYZ-printing, Lake Forest, CA, USA), polylactidacid polymer). The final
substrates, after freezing at −20 ◦C, were lyophilized (Ilshin, Ede, The Netherlands) for 8 h.

Water uptake of scaffolds was measured in triplicate via immersion of lyophilized
substrates (approximately 100 mg) in saline solution at 37 ◦C up to a constant mass, and
swelling was calculated as the ratio of the wet-to-dry sample weights, and results were
expressed as mean ± SD.

The microstructure of scaffolds was observed via scanning electron microscopy (FE
250 SEM JEOL7000) and by using optical microscope Nikon LV-DIA in transmission mode.

The true density of prepared blend after lyophilization was determined using a Helium
Pycnometer (AccuPyc II, Micrometics) which was used for the calculation of the total
porosity of scaffolds (from dimensions and mass). Pore size distribution was measured
according to method described in our previous study [55].

The average molecular weights (Mw) of PHB and CHIT polymers were determined
via gel permeation chromatography (GPC, Watrex, RI detector) on a PL gel mixed C
5 µm column (PHB) and PL gel mixed OH 8 µm (chitosan) with chloroform and 0.01 M
257 NaH2PO4 (pH = 5) solutions as the mobile phases for the characterization of PHB and
chitosan, respectively, at a flow rate of 1 mL/min.

4.3. Cell Seeding on the 3D Porous Polymeric Scaffolds and Cytototxicity Evaluation

In vitro proliferation of PHB/CHIT blends was evaluated after seeding L929 mouse fi-
broblasts (ECACC, Salisbury, UK) according to EN ISO 10993-5:2009 [56]. The
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19 ± 1 × 106 cells/cm3 scaffolds were filtered over scaffolds via syringe. The num-
ber of untapped cells (counted in Neubauer hemocytometer) in culture media, which have
penetrated over scaffold after cell suspension filtration via syringe, was around 4–5 × 105,
from which it resulted that the seeding efficiency was about 90%. Scaffolds were cut with a
scalpel into eight identical parts (volume of one construct was 25 ± 5 µL). The number of
cells in one construct after cutting was 5 ± 0.2 × 105. Scaffolds were transferred separately
into a well of 48 nonadherent culture plate (Greiner Bio-One, Kremsmünster, Austria) and
incubated (37 ◦C, 5% CO2, 95% humidity) for 2 h. Following that, 0.5 mL of recommended
cultivation medium was added (DMEM (Biowest) + 2 mM Glutamine (SAFC Biosciences,
Hampshire, UK) + 10% FBS (Sigma-Aldrich, St. Louis, MO, USA) and ATB-ATM (penicillin,
streptomycin, amphotericin) solution (Sigma-Aldrich, St. Louis, MO, USA)). The medium
was changed three times a week.

The cell proliferation test was conducted via the commercially available Cell Titer
Aqueus One Solution Cell Proliferation Assay (MTS, Promega) after 1, 7 and 14 days using
a UV-VIS spectrophotometer (Shimadzu, Griesheim, Germany) at a wavelength of 490 nm.

The attachment and morphology of cells were visualized via live/dead fluorescence
staining using fluorescein diacetate/propidium iodide solution (green, live cells and red,
dead cells) after 7 days of cell cultivation using an inverted optical fluorescence microscope
(Leica DM IL LED, blue filter).

4.4. In Vivo Model for Wound Healing and Surgical Technique

Twelve healthy adult rabbits of Hyla breed were used in this study. Ethical approval
was obtained from the State Veterinary and Food Administration of the Slovak Republic
no. 1827/09-221/3. The average weight of animals was 3300 g (range: 3000–3750 g), and
at the time of surgery, the rabbits were from 12 to 16 months old (sex ratio = 1:1). General
inhalation anesthesia was performed by using Isoflurane (Isofluran Piramal, Chiesi Phar-
maceuticals GmbH, Vien, Austria) in concentration of 5% for the induction of anesthesia
and 3.5% for surgical procedure. In all rabbits, the area around an impending operation
on the back was shaved and prepared with a Betadine and alcohol solution using a sterile
technique. We made a square artificial defect via the excision of skin and subcutaneous
tissue. All animals were divided into 2 groups. Group 1 (n = 6): 2 skin lesions of 3 × 3 cm
were created. The skin after excision enlarged its area. After that, the CHIT/PHB scaf-
fold was implanted in the wound cranially and the CHIT/PHB was enriched with canine
AT-MSC-conditioned medium in an amount of 2 mL/cm2 caudally. Group 2 (n = 6): skin
lesions of 3 × 3 cm were created. After that, the CHIT/PHB scaffold was implanted in the
wound cranially, and the caudal lesion was without scaffold, like the control (Figure 8A–C).
Primary wound coverage was performed via sterile gauze pad fixed to intact skin using
restorable suture material. The secondary layer of the outer covering was a waterproof and
breathable film (Curapor, Lohman and Raucher int., Rengsdorf, Germany), and the tertiary
layer and fixation of the bandage were ensured using a fixation elastic patch (Omnifix,
Hartmann, Leer, Germany; Figure 8D–F). The wound dressings of 2nd and 3rd layer and
control were made up every 72 h. Sampling for histological examination was carried
out on 8th, 10th and 12th week after implantation. Surgical procedures for skin samples
harvesting were performed in general anesthesia by using Isoflurane (Isofluran Piramal,
Chiesi Pharmaceuticals GmbH, Vien, Austria) in a concentration of 5% for induction of
anesthesia and 3.5% for surgical procedure. For histological study, we collected one sample
(2 × 2 cm) from each animal (n = 2). After the samples were taken, the wound was closed
and treated according to surgical standards. After recovery, the animals were used to teach
clinical subjects.
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Figure 8. Photo documentation of the operative procedure. Creating an artificial skin defect across
all layers of the skin (A). Implantation of CHIT/PHB biomaterial and CHIT/PHB enriched with
ATMSC-CM on lesions in group 1 (B) and CHIT/PHB biomaterial and control (without implanation)
on lesions in group 2 (C). Primary wound coverage performed using sterile gauze fixed by restorable
suture material (D). The secondary layer of the outer covering (E) was waterproof and breathable
film (Curapor, Lohman and Raucher int., Germany), and the tertiary layer and fixation of the bandage
(F) were ensured using fixation elastic patch (Omnifix, Hartmann, Leer, Germany).

4.5. Histological Processing

Skin biopsies were fixed in 4% paraformaldehyde solution and processed for routine
histopathological examination. Paraffin sections (3–4 µm) were immersed in xylene and
alcohol, stained via routine hematoxylin and eosin staining method, and rehydrated in
alcohol and xylene. Slides were mounted in resin (Entellan; Merck, Germany). Two
independent observers, blinded to the experimental groups, examined 6 sections for each
animal and experimental group. The histopathological score was assessed separately by
two of the investigators. An OLYMPUS BX50 light microscope (Olympus; Tokyo, Japan)
with a CANON EOS 2000D digital camera (Canon; Tokyo, Japan) and QuickPHOTO
Industrial 2.3 image analysis software (Promicra; Prague, Czech Republic) were used for
semi-quantitative analysis. Each section was evaluated at 100× and 400× magnification.

4.6. Histopathological Score System for Wound Healing Evaluation

Standardized criteria for the quantitative assessment of skin wound healing have not
yet been defined. Therefore, we used our own semi-quantitative scoring system (0–3) for
the histopathological assessment of skin wound healing as follows: 0 = none; 1 = mild;
2 = moderate; 3 = severe. Each section was evaluated at 100× and 400× magnification.

Histopathological score for the evaluation of skin biopsies:
0 = none: Normal structure of skin with no histopathological lesions (well-defined

architecture of epidermis and dermis, presence of hair follicles and other skin adnexa).
1 = mild: Structure resembles normal skin, small amount of immature tissue/granulation

tissue in the dermis, collagen fibers organization is well defined, indistinct leukocyte infil-
tration and/or hemorrhage, hair follicles present, continuous epidermis without defects.

2 = moderate: More pronounced changes in skin structure, greater amount of imma-
ture/granulation tissue in the dermis, homogeneous eosinophilic staining of the extracellu-
lar matrix, more pronounced leukocyte infiltration and/or hemorrhage, absence of hair
follicles, epidermis is present or/and altered (thickness and morphology) + discontinuous
(focal defects are found).

3 = severe: Skin structure is unrecognizable, immature/granular tissue in the der-
mis, massive leukocyte infiltration and/or hemorrhage, necrotic lesions with calcification,
absent skin adnexa, and absent or completely altered (discontinuous with numerous
defects) epidermis.
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5. Conclusions

The presented study describes the positive effect of a biomaterial based on chitosan
in combination with canine adipose tissue stem cell products containing in conditioned
medium on the wound healing process in a rabbit model. Mainly, the histological analysis
of skin samples confirmed the positive influence of the enriched biomaterial as well as the
biomaterial itself on the wound healing process. We observed almost complete healing
already on the eighth and tenth week after implantation. Moreover, we partially confirmed
the possibility of the cross-species local application of stem cell-conditioned medium,
without observing any undesirable effects in the rabbit animal model. As mentioned above,
we used the conditioned medium obtained from canine AT-MSC and applied it topically to
an artificially created rabbit skin defect. The verification of this knowledge can help further
progress and the use of stem cell products in the veterinary practice of small animals. On
the other hand, it must be said that these results are only experimental and further research
is needed. In the end, it is necessary to say that the therapeutic effect of the conditioned
medium of stem cells depends on the content of soluble growing factors, EVs and free
bioactive molecules, which are its essential parts.
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Mudroňová, D.; et al. Impact of Canine Amniotic Mesenchymal Stem Cell Conditioned Media on the Wound Healing Process:
In Vitro and In Vivo Study. Int. J. Mol. Sci. 2023, 24, 8214. [CrossRef]

28. Pérez, L.A.; León, J.; López, J.; Rojas, D.; Reyes, M.; Contreras, P.; Quest, A.F.G.; Escudero, C.; Leyton, L. The GPI-Anchored
Protein Thy-1/CD90 Promotes Wound Healing upon Injury to the Skin by Enhancing Skin Perfusion. Int. J. Mol. Sci. 2022,
23, 12539. [CrossRef]

29. Karina, K.; Rosadi, I.; Sobariah, S.; Afini, I.; Widyastuti, T.; Rosliana, I. Comparable Effect of Adipose-Derived Stromal Vascular
Fraction and Mesenchymal Stem Cells for Wound Healing: An in Vivo Study. Biomed. Res. Ther. 2019, 6, 3412–3421. [CrossRef]

30. Govindaraju, P.; Todd, L.; Shetye, S.; Monslow, J.; Puré, E. CD44-Dependent Inflammation, Fibrogenesis, and Collagenolysis
Regulates Extracellular Matrix Remodeling and Tensile Strength during Cutaneous Wound Healing. Matrix Biol. 2019, 75–76,
314–330. [CrossRef]

31. Hu, M.S.; Borrelli, M.R.; Lorenz, H.P.; Longaker, M.T.; Wan, D.C. Mesenchymal Stromal Cells and Cutaneous Wound Healing:
A Comprehensive Review of the Background, Role, and Therapeutic Potential. Stem Cells Int. 2018, 2018, e6901983. [CrossRef]
[PubMed]

32. Tan, S.T.; Aisyah, P.B.; Firmansyah, Y.; Nathasia, N.; Budi, E.; Hendrawan, S. Effectiveness of Secretome from Human Umbilical
Cord Mesenchymal Stem Cells in Gel (10% SM-hUCMSC Gel) for Chronic Wounds (Diabetic and Trophic Ulcer)–Phase 2 Clinical
Trial. J. Multidiscip. Healthc. 2023, 16, 1763–1777. [CrossRef] [PubMed]

https://doi.org/10.1002/adma.202306632
https://doi.org/10.1016/j.ccr.2023.215426
https://doi.org/10.3390/pharmaceutics15030807
https://doi.org/10.1016/j.carbpol.2022.120058
https://doi.org/10.1039/C7RA13510F
https://doi.org/10.5966/sctm.2011-0018
https://doi.org/10.1586/eri.11.59
https://doi.org/10.1016/j.tips.2020.06.009
https://doi.org/10.3390/ijms23052444
https://doi.org/10.3389/fcell.2021.821652
https://doi.org/10.5966/sctm.2011-0029
https://doi.org/10.1007/s10616-018-0211-y
https://doi.org/10.1016/j.jss.2008.04.023
https://doi.org/10.1002/jemt.10249
https://doi.org/10.1074/mcp.RA119.001507
https://doi.org/10.1089/wound.2013.0517
https://doi.org/10.3390/ani12121502
https://doi.org/10.3390/ijms24098214
https://doi.org/10.3390/ijms232012539
https://doi.org/10.15419/bmrat.v6i10.570
https://doi.org/10.1016/j.matbio.2018.06.004
https://doi.org/10.1155/2018/6901983
https://www.ncbi.nlm.nih.gov/pubmed/29887893
https://doi.org/10.2147/JMDH.S408162
https://www.ncbi.nlm.nih.gov/pubmed/37383529


Int. J. Mol. Sci. 2023, 24, 16080 13 of 14

33. Zhu, M.; Cao, L.; Melino, S.; Candi, E.; Wang, Y.; Shao, C.; Melino, G.; Shi, Y.; Chen, X. Orchestration of Mesenchymal
Stem/Stromal Cells and Inflammation During Wound Healing. Stem Cells Transl. Med. 2023, 12, 576–587. [CrossRef] [PubMed]

34. Li, M.; Hou, Q.; Zhong, L.; Zhao, Y.; Fu, X. Macrophage Related Chronic Inflammation in Non-Healing Wounds. Front. Immunol.
2021, 12, 681710. [CrossRef]

35. He, X.; Dong, Z.; Cao, Y.; Wang, H.; Liu, S.; Liao, L.; Jin, Y.; Yuan, L.; Li, B. MSC-Derived Exosome Promotes M2 Polarization and
Enhances Cutaneous Wound Healing. Stem Cells Int. 2019, 2019, 7132708. [CrossRef]

36. Zhang, B.; Wu, Y.; Mori, M.; Yoshimura, K. Adipose-Derived Stem Cell Conditioned Medium and Wound Healing: A Systematic
Review. Tissue Eng. Part B Rev. 2022, 28, 830–847. [CrossRef]

37. Guo, X.; Schaudinn, C.; Blume-Peytavi, U.; Vogt, A.; Rancan, F. Effects of Adipose-Derived Stem Cells and Their Conditioned
Medium in a Human Ex Vivo Wound Model. Cells 2022, 11, 1198. [CrossRef]

38. Asadi, R.; Mostafavinia, A.; Amini, A.; Ahmadi, H.; Ahrabi, B.; Omidi, H.; Pourhashemi, E.; Hajihosseintehrani, M.; Rezaei,
F.; Mohsenifar, Z.; et al. Acceleration of a Delayed Healing Wound Repair Model in Diabetic Rats by Additive Impacts of
Photobiomodulation plus Conditioned Medium of Adipose-Derived Stem Cells. J. Diabetes Metab. Disord. 2023. [CrossRef]

39. Zhang, A.; Wang, M.-H.; Dong, Z.; Yang, T. Prostaglandin E2 Is a Potent Inhibitor of Epithelial-to-Mesenchymal Transition:
Interaction with Hepatocyte Growth Factor. Am. J. Physiol. Ren. Physiol. 2006, 291, F1323–F1331. [CrossRef]

40. Guillamat-Prats, R. The Role of MSC in Wound Healing, Scarring and Regeneration. Cells 2021, 10, 1729. [CrossRef]
41. Timmers, L.; Lim, S.K.; Arslan, F.; Armstrong, J.S.; Hoefer, I.E.; Doevendans, P.A.; Piek, J.J.; El Oakley, R.M.; Choo, A.;

Lee, C.N.; et al. Reduction of Myocardial Infarct Size by Human Mesenchymal Stem Cell Conditioned Medium. Stem Cell Res.
2008, 1, 129–137. [CrossRef] [PubMed]

42. Temnov, A.; Rogov, K.; Zhalimov, V.; Igor, P.; Pekov, S.; Bader, A.; Sklifas, A.; Giri, S. The Effect of a Mesenchymal Stem Cell
Conditioned Medium Fraction on Morphological Characteristics of Hepatocytes in Acetaminophen-Induced Acute Liver Failure:
A Preliminary Study. Hepatic Med. Evid. Res. 2019, 11, 89–96. [CrossRef] [PubMed]

43. Barbosa, J.L.; de Melo, M.I.A.; da Silva Cunha, P.; de Miranda, M.C.; Barrioni, B.R.; Moreira, C.D.F.; da Fonseca Ferreira, A.;
Arantes, R.M.E.; de Sá, M.A.; de Magalhães Pereira, M.; et al. Development of a Membrane and a Bilayer of Chitosan, Gelatin,
and Polyhydroxybutyrate to Be Used as Wound Dressing for the Regeneration of Rat Excisional Wounds. J. Biomed. Mater. Res.
Part A 2023, 112, 82–98. [CrossRef] [PubMed]

44. Kim, M.S.; Park, S.J.; Gu, B.K.; Kim, C.H. Fabrication of Chitosan Nanofibers Scaffolds with Small Amount Gelatin for Enhanced
Cell Viability. Appl. Mech. Mater. 2015, 749, 220–224. [CrossRef]

45. Castellano, D.; Sanchis, A.; Blanes, M.; Pérez del Caz, M.D.; Ruiz-Saurí, A.; Piquer-Gil, M.; Pelacho, B.; Marco, B.; Garcia, N.;
Ontoria-Oviedo, I.; et al. Electrospun Poly(Hydroxybutyrate) Scaffolds Promote Engraftment of Human Skin Equivalents via
Macrophage M2 Polarization and Angiogenesis. J. Tissue Eng. Regen. Med. 2018, 12, e983–e994. [CrossRef]

46. van de Vyver, M.; Boodhoo, K.; Frazier, T.; Hamel, K.; Kopcewicz, M.; Levi, B.; Maartens, M.; Machcinska, S.; Nunez, J.;
Pagani, C.; et al. Histology Scoring System for Murine Cutaneous Wounds. Stem Cells Dev. 2021, 30, 1141–1152. [CrossRef]

47. Görgülü, T.; Olgun, A.; Torun Karadere, M.; Kargi, E. Application of N-Butyl Cyanoacrylate to Split-Thickness Skin Grafts in Rats:
An Experimental Study. Dermatol. Surg. 2015, 41, 1024–1029. [CrossRef] [PubMed]

48. Li, C.W.; Wang, Q.; Li, J.; Hu, M.; Shi, S.J.; Li, Z.W.; Wu, G.L.; Cui, H.H.; Li, Y.Y.; Zhang, Q.; et al. Silver Nanoparticles/Chitosan
Oligosaccharide/Poly(Vinyl Alcohol) Nanofiber Promotes Wound Healing by Activating TGFβ1/Smad Signaling Pathway. Int. J.
Nanomed. 2016, 11, 373. [CrossRef]

49. de Moura Estevão, L.R.; Cassini-Vieira, P.; Leite, A.G.B.; de Carvalho Bulhões, A.A.V.; da Silva Barcelos, L.; Evêncio-Neto, J.
Morphological Evaluation of Wound Healing Events in the Excisional Wound Healing Model in Rats. Bio-Protocol 2019, 9, e3285.
[CrossRef]

50. Zhang, M.-X.; Zhao, W.-Y.; Fang, Q.-Q.; Wang, X.-F.; Chen, C.-Y.; Shi, B.-H.; Zheng, B.; Wang, S.-J.; Tan, W.-Q.; Wu, L.-H.
Effects of Chitosan-Collagen Dressing on Wound Healing In Vitro and In Vivo Assays. J. Appl. Biomater. Funct. Mater. 2021,
19, 2280800021989698. [CrossRef]

51. Wang, D.; Zhang, N.; Meng, G.; He, J.; Wu, F. The Effect of Form of Carboxymethyl-Chitosan Dressings on Biological Properties
in Wound Healing. Colloids Surf. B Biointerfaces 2020, 194, 111191. [CrossRef] [PubMed]

52. Obara, K.; Ishihara, M.; Ishizuka, T.; Fujita, M.; Ozeki, Y.; Maehara, T.; Saito, Y.; Yura, H.; Matsui, T.; Hattori, H.; et al.
Photocrosslinkable Chitosan Hydrogel Containing Fibroblast Growth Factor-2 Stimulates Wound Healing in Healing-Impaired
Db/Db Mice. Biomaterials 2003, 24, 3437–3444. [CrossRef] [PubMed]

53. Banu, S.A.; Pawde, A.M.; Sharun, K.; Kalaiselvan, E.; Shivaramu, S.; Mathesh, K.; Chandra, V.; Kumar, R.; Maiti, S.K.;
Verma, M.R.; et al. Evaluation of Bone Marrow-Derived Mesenchymal Stem Cells with Eggshell Membrane for Full-Thickness
Wound Healing in a Rabbit Model. Cell Tissue Bank. 2023. [CrossRef] [PubMed]

54. Pelizzo, G.; Avanzini, M.A.; Icaro Cornaglia, A.; Osti, M.; Romano, P.; Avolio, L.; Maccario, R.; Dominici, M.; De Silvestri, A.;
Andreatta, E.; et al. Mesenchymal Stromal Cells for Cutaneous Wound Healing in a Rabbit Model: Pre-Clinical Study Applicable
in the Pediatric Surgical Setting. J. Transl. Med. 2015, 13, 219. [CrossRef]

https://doi.org/10.1093/stcltm/szad043
https://www.ncbi.nlm.nih.gov/pubmed/37487541
https://doi.org/10.3389/fimmu.2021.681710
https://doi.org/10.1155/2019/7132708
https://doi.org/10.1089/ten.teb.2021.0100
https://doi.org/10.3390/cells11071198
https://doi.org/10.1007/s40200-023-01285-3
https://doi.org/10.1152/ajprenal.00480.2005
https://doi.org/10.3390/cells10071729
https://doi.org/10.1016/j.scr.2008.02.002
https://www.ncbi.nlm.nih.gov/pubmed/19383393
https://doi.org/10.2147/HMER.S196354
https://www.ncbi.nlm.nih.gov/pubmed/31410073
https://doi.org/10.1002/jbm.a.37616
https://www.ncbi.nlm.nih.gov/pubmed/37795871
https://doi.org/10.4028/www.scientific.net/AMM.749.220
https://doi.org/10.1002/term.2420
https://doi.org/10.1089/scd.2021.0124
https://doi.org/10.1097/DSS.0000000000000456
https://www.ncbi.nlm.nih.gov/pubmed/26317808
https://doi.org/10.2147/IJN.S91975
https://doi.org/10.21769/BioProtoc.3285
https://doi.org/10.1177/2280800021989698
https://doi.org/10.1016/j.colsurfb.2020.111191
https://www.ncbi.nlm.nih.gov/pubmed/32574929
https://doi.org/10.1016/S0142-9612(03)00220-5
https://www.ncbi.nlm.nih.gov/pubmed/12809772
https://doi.org/10.1007/s10561-023-10105-0
https://www.ncbi.nlm.nih.gov/pubmed/37542003
https://doi.org/10.1186/s12967-015-0580-3


Int. J. Mol. Sci. 2023, 24, 16080 14 of 14

55. Giretova, M.; Medvecky, L.; Petrovova, E.; Cizkova, D.; Danko, J.; Mudronova, D.; Slovinska, L.; Bures, R. Polyhydroxybu-
tyrate/Chitosan 3D Scaffolds Promote In Vitro and In Vivo Chondrogenesis. Appl. Biochem. Biotechnol. 2019, 189, 556–575.
[CrossRef] [PubMed]

56. BS EN ISO 10993-5:2009; Biological Evaluation of Medical Devices Tests for In Vitro Cytotoxicity. ISO: Geneva, Switzerland, 2009.
Available online: https://www.en-standard.eu/bs-en-iso-10993-5-2009-biological-evaluation-of-medical-devices-tests-for-in-
vitro-cytotoxicity/ (accessed on 5 November 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s12010-019-03021-1
https://www.ncbi.nlm.nih.gov/pubmed/31073980
https://www.en-standard.eu/bs-en-iso-10993-5-2009-biological-evaluation-of-medical-devices-tests-for-in-vitro-cytotoxicity/
https://www.en-standard.eu/bs-en-iso-10993-5-2009-biological-evaluation-of-medical-devices-tests-for-in-vitro-cytotoxicity/

	Introduction 
	Results 
	Characterization of MSC from Canine Adipose Tissue 
	Preparation and Characterization of Chitosan-Based Biopolymeric Scaffolds 
	Cell Seeding on the 3D Porous Polymeric Scaffolds and Cytototxicity Evaluation 
	Animal Model 
	Histological Study 

	Discussion 
	Materials and Methods 
	Isolation and Characterization of Canine Amniotic MSC-Conditioned Medium Harvesting 
	Isolation of MSC from Canine Adipose Tissue 
	Expression of Surface Markers 
	Preparation of AT-MSC-Conditioned Medium 

	Preparation and Characterization of Composite PHB/CHIT Scaffolds 
	Cell Seeding on the 3D Porous Polymeric Scaffolds and Cytototxicity Evaluation 
	In Vivo Model for Wound Healing and Surgical Technique 
	Histological Processing 
	Histopathological Score System for Wound Healing Evaluation 

	Conclusions 
	References

