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a b s t r a c t

Dermal substitutes bear a high clinical demand because of their ability to promote the healing process of
cutaneous wounds by reducing the healing time the appearance and improving the functionality of the
repaired tissue. Despite the increasing development of dermal substitutes, most of them are only
composed of biological or biosynthetic matrices. This demonstrates the need for new developments
focused on using scaffolds with cells (tissue construct) that promote the production of factors for bio-
logical signaling, wound coverage, and general support of the tissue repair process. Here, we fabricate by
electrospinning two scaffolds: poly(ε-caprolactone) (PCL) as a control and poly(ε-caprolactone)/collagen
type I (PCol) in a ratio lower collagen than previously reported, 19:1, respectively. Then, characterize their
physicochemical and mechanical properties. As we bear in mind the creation of a biologically functional
construct, we characterize and assess in vitro the implications of seeding human Wharton's jelly
mesenchymal stromal cells (hWJ-MSCs) on both scaffolds. Finally, to determine the potential function-
ality of the constructs in vivo, their efficiency was evaluated in a porcine biomodel. Our findings
demonstrated that collagen incorporation in the scaffolds produces fibers with similar diameters to those
in the human native extracellular matrix, increases wettability, and enhances the presence of nitrogen on
the scaffold surface, improving cell adhesion and proliferation. These synthetic scaffolds improved the
secretion of factors by hWJ-MSCs involved in skin repair processes such as b-FGF and Angiopoietin I and
induced its differentiation towards epithelial lineage, as shown by the increased expression of Involucrin
and JUP. In vivo experiments confirmed that lesions treated with the PCol/hWJ-MSCs constructs might
reproduce a morphological organization that seems relatively equivalent to normal skin. These results
suggest that the PCol/hWJ-MSCs construct is a promising alternative for skin lesions repair in the clinic.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

As the human body's largest organ, the skin is susceptible to
wounds from interacting with the environment. A primary mech-
anism to start wound healing is supported by stem cells located in
the epidermis and dermis [1]. However, full-thickness wounds
where skin stem cells are compromised require autografts or allo-
grafts, which would be necessary for covering the affected area and
decreasing healing time [2]. When more than 50% of the total body
surface area in patients with severe wounds is compromised,
autograph implants are disadvantageous due to the limited avail-
ability of remnant skin without affecting the epidermal barrier and
reduced immunity, the leading cause of morbidity [3]. In the case of
allografts, the amount of available tissue is also a problem. This
added to the use of immunosuppressants to prevent immunolog-
ical graft rejection, which also increases the patient's vulnerability
to viral and bacterial infections [3,4].

Current strategies for skin wound treatment are tissue-
engineered skin substitutes. These synthetic and bioengineered
substitutes are generally placed on the lesion to provide barrier
protection against microorganisms, pain reduction, and promote
wound healing through tissue regeneration [4e6]. Tissue engi-
neering is an evolving field, developing new technologies and
methodologies to generate skin substitutes that achieve complete
tissue repair, preserving skin elasticity and decreasing scar
formation.

Methodologies used to generate skin substitutes by tissue en-
gineering are films, hydrogels, and polymeric scaffolds from elec-
trospinning and 3D printing [7,8]. Scaffolds must reach the
standard parameters of the native matrix, e.g., biocompatibility,
biodegradability, easy handling, and low cost. Synthetic polymers
such as polyesters, polytetrafluoroethylenes, and polyurethanes
manufacture this scaffold type [9]. In addition, natural polymers,
mainly proteins, and polysaccharides, in combination with syn-
thetic polymers, have been used to generate structures with better
mechanical properties improving cell adhesion, survival, prolifer-
ation, and differentiation [10].

Otherwise, skin substitutes, including differentiated embryonic
cells, induced pluripotent stem cells, human dermal fibroblasts
[11], foreskin-derived keratinocytes [12], keratinocyte stem cells
[13], hair follicle stem cells [14], bonemarrow-derived [15], adipose
tissue-derived [16] and umbilical cord Wharton's jelly-derived
mesenchymal stromal cells [17] has been used for enhancing
wound healing. Special consideration offered by mesenchymal
stem cells is due to their recognized ability to produce paracrine
factors that may be useful in regeneration and wound healing.

In this study, we have designed a skin substitute resulting from a
biosynthetic scaffold and Wharton's jelly mesenchymal stromal
cells. Using the electrospinning technique first, we made a scaffold
from poly(ℇ-caprolactone) and collagen type I in a proportion 9:1.
Then, hWJ-MSCs were added to explore whether this combination
provides a better potential therapeutic strategy in skin tissue repair.

Biopolymeric scaffolds were characterized by analyzing the
structural, morphological, mechanical, and biocompatibility prop-
erties. In addition, in the PCol/hWJ-MSCs construct, growth factor
expression (PDGF-AA, b-FGF, Angiopoietin I, TGF-b1) was
measured, and their inductive differentiation effect was assessed
using epithelial differentiation markers (plakoglobin and involu-
crin) expression as reporters. Furthermore, we explored the ability
of the PCol scaffold and PCol/hWJ-MSCs construct to induce skin
repair after surgical implantation in porcine biomodels for 30 days;
histological stains evaluated the repair process. Our results
demonstrate that the PCol/hWJ-MSCs construct might be a skin
repair and wound-healing alternative, brightening the landscape
for skin lesions treatment in the clinic.
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2. Materials and methods

2.1. Fabrication process of electrospun scaffolds

For PCol and PCL scaffolds (used as a control) fabrication, poly
ε-caprolactone (MW ~ 80,000 g/mol) pellets (PCL, Sigma Aldrich
CAS No. 24980-41-4) were dissolved in 2,2,2-Trifluoroethanol�99%
(TFE, Merck) at 85.5 mg/mL, collagen type I from calf skin (Sigma-
Aldrich CAS No. 9007-34-5) was added to the respective solution at
4.5 mg/mL to obtain a total polymer concentration in a 9% w/v.
Solutions were maintained under magnetic stirring at 500 rpm for
6 h. Each solution was loaded into a 10 mL syringe with a blunt-
tipped needle and internal diameter of 0.8 mm and incorporated
into the injection system (NE injector model 4000 Syringe Pump
Company) of the electrospinning equipment (High voltage power
supplies Genvolt 7� 30). For the PCol solution (9%w/v), a voltage of
19 kV was applied, a needle-to-collector distance of 15 cm, and a
flow rate of 0.6 mL/h. For the scaffold control, PCL (9% w/v) was
electrospun using a voltage of 19 kV, a distance from the needle to
the collector of 15 cm, and the flow rate was increased to 1 mL/h
due to the change in viscosity presented by the solution. The vol-
ume of the electrospun solution was 300 mL, and the obtained
scaffolds were stored at 37 �C to eliminate solvent remnants.
2.2. Physicochemical scaffold characterization

2.2.1. Morphology and diameter analysis of electrospun microfibers
The morphology and diameter of PCol and PCL fibers were

determined by scanning electron microscopy (SEM) (JEOL-JSM-
7600F) at an accelerating voltage of 20 kV after gold coating using a
sputtering machine (Quorum Q150 RES). Magnifications between
5000� and 10000� were used to determine fiber diameters using
the image analysis software ImageJ.
2.2.2. Surface elemental composition
Surface chemical characterization of the scaffolds was per-

formed by X-Ray Photoelectron Spectroscopy (XPS) at 2e3 nm
deep, using a monochromatic Mg X-ray source (h ¼ 1253.6 eV) and
a photoelectron spectrometer (VG-ESCALAB) connected to an ultra-
high vacuum system. Spectrawere obtained with a constant energy
step of 50 eV and an electron take-off angle of 45�. The deconvo-
lution analysis of the spectra was performed with the software
Origin 9®.
2.2.3. Contact angle
Determination hygroscopic properties of PCol and PCL scaffolds

was performed using Pinnacle Studio software and a Ramehart Inc
Model 100-07-00 goniometer. Briefly, a 2 ml drop of distilled water
was deposited on the surface of the scaffolds and the angles were
calculated from the contact with the scaffold and at 10 s from the
drop contact in ImageJ software.
2.2.4. Thermal analysis of scaffolds
For the scaffolds’ thermal transitions determination, samples

were dried in a desiccator using a vacuum pump (VacuuBrand
model RZ 2.5). Subsequently, 10 mg of sample were placed in the
Differential Scanning Calorimetry (DSC) Q100 equipment (TA In-
struments). To evaluate poly(ε-caprolactone) transitions, a material
heating-cooling cycle was performed from �60 �C to 150 �C and
from 150 �C to �60 �C, and for the collagen, a heating ramp from
0 �C to 300 �C with a temperature ratio of 20 �C/min under an N2
atmosphere to find the thermal transitions.
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2.3. Mechanical characterization of scaffolds

The electrospun scaffolds (n ¼ 6) tensile strength was deter-
mined using a universal tensile testing machine (INSTRON 5500R,
Instron Inc., MA, USA). The tensile test was carried out using 500 N
load cell at a rate of 10 mm/min on the specimen. The scaffolds
were evaluated by uniaxial tension according to ASTM D1708.
Young's modulus of the specimens was estimated from the slope of
the unloading curve in the region of maximum load.

2.4. Tissue constructs formation and characterization

To assess the formation of tissue constructs, we first evaluated
whether the PCol and PCL scaffolds were cytocompatible and
promoted cell proliferation. For this purpose, the scaffolds were cut
with a 1 cm diameter punch and subsequently sterilized with
gamma radiation. Then human Wharton's jelly mesenchymal
stromal cells expressing green fluorescent protein (GFP- hWJ-
MSCs) were seeded at a density of 5 � 104 in Dulbecco's Modified
Eagle Medium (DMEM- Dulbecco's Modified Eagle Medium-
Thermo Fisher Scientific) supplemented with 10% human platelet
lysate (hPL) plus 1% antibiotic - antimycotic and incubated at 37 �C
in a 5% CO2 atmosphere. Cells were observed throughout the cul-
ture at 24, 48, and 120 h with a fluorescence microscope (LEICA
DMi8-M), photographic record was done at each time point. Fluo-
rescence images were analyzed in the software ImageJ. First, the
color layers of the image were separated to get the green color.
Then the contrast, brightness, background, and threshold were
adjusted to obtain a black-and-white image with clearly separated
cells, and the particle analyzer of the software was used to get the
cell count. Statistical treatment of the images in triplicate was
performed with the software R®, using Duncan's multiple com-
parison test.

Likewise, hWJ-MSCs, previously isolated and characterized [18],
were seeded on the scaffolds and cultured for 1, 3, 5, and 7 days,
their metabolic activity was determined using the resazurin assay
(Sigma-Aldrich, St Louis, MO, USA). Briefly, 5 � 104 hWJ-MSCs
(n ¼ 3 donors) were seeded on 1 cm diameter scaffolds and
placed on a 24-well plate. After each experimental time, the me-
dium was changed to 500 ml of a 1% resazurin solution in fresh
culture medium and incubated for 3 h, the supernatant (100 mL)
was collected, and the 570 nm and at 600 nm absorbance was
measured on amicroplate reader (Synergy; BioTek, USA). Datawere
represented as the mean ± standard deviation. Statistical signifi-
cance was tested using a student's t-test, and p-value <0.05 were
considered significant.

2.4.1. Analysis of growth factors production involved in skin tissue
regeneration, modulated by scaffolds

To assess whether hWJ-MSCs produced growth factors associ-
ated with wound repair in the constructs, we seeded 5 � 104 hWJ-
MSCs (n ¼ 3 donors) on 1 cm diameter scaffolds (PCol and PCL) and
maintained at standard conditions. Supernatants were collected at
12, 24, 48, 72, and 96 h and centrifuged at 1200 rpm for 6 min to
remove cell debris and stored at �20 �C. Protein concentration in
the hPL-supplemented culture medium was also measured to es-
timate the levels of each growth factor before incorporation into
the constructs. hWJ-MSCs seeded on the tissue culture plate (TCP)
were also considered a control.

The production of four determinant growth factors in the skin
lesion repair as platelet-derived growth factor (PDGF-AA), basic
fibroblast growth factor (b-FGF), Angiopoietin I and transforming
growth factor beta 1 (TGF-b1) was evaluated using a magnetic
bead-bound immunoassay (Luminex LXSAHM-08 R&D Systems
Minneapolis, USA), according to the manufacturer's instructions.
13
Briefly, 50 ml of conditioned medium was incubated with 50 ml of
magnetic microparticles for 2 h; the microparticles were washed
and incubated with the biotin-antibody cocktail mixture for 1 h at
room temperature. After washing, streptavidin-PEwas added to the
microparticles for 30 min and incubated at room temperature. The
microparticles were washed and resuspended before reading on
Luminex. The data were processed using GraphPad Prism 7 to
observe the behavior in the production of soluble factors in each
construct at different times.

2.4.2. hWJ-MSCs differentiation on the constructs
For epithelial differentiation, 2.6 � 104 hWJ-MSCs were seeded

on a 1 cm diameter scaffold in keratinocyte basal medium sup-
plemented with 0.4% bovine pituitary extract, 0.01% human endo-
thelial growth factor (hEGF), 0.01% insulin, 0.01% hydrocortisone
and 0.01% antibiotic-antimycotic, (KGM Keratinocyte Growth Me-
dium BulletKit w/o Caþþ, Lonza) and in lowglucose DMEMmedium
supplemented with 10% hPL, plus 1% antibiotic-antimycotic as a
differentiation control. The culture media was changed to a fresh
one every 3 days. The assessment of differentiation was carried out
by observation of cell micromorphology by SEM and epithelial
markers by gene expression analysis of Involucrin and JUP using
quantitative real-time polymerase chain reaction (qRT-PCR) at 7
and 14 days of culture.

2.4.3. Micromorphology analysis of differentiated cells by SEM
Themicromorphology of hWJ-MSCs cultured on the electrospun

scaffolds cultured with DMEM medium and KGM medium was
observed by SEM. Briefly, after removing the culture medium, the
constructs were washed with 1X PBS twice, fixed in 4% PFA for 1 h,
followed by twowashes with deionized water. The constructs were
then subjected to gradient dehydration with ethanol at 30%, 50%,
70%, 90%, and 96% for 15 min and 100% twice for 15 min. The
scaffolds were then desiccated to the critical point with, 1,1,3,3,3-
Hexamethyldisilazane (HMDS) CAS No. 999-97-3 (Sigma Aldrich)
in three washes of 10 min each. Finally, the solvent was removed
and dried at room temperature. Then a gold coating under vacuum
was performed using a sputtering machine (Quorum Q150 RES) at
1 kV and 5 mA for 60 s. The gold coated samples were imaged by
SEM (JEOL-JSM-7600F) at an accelerating voltage of 20 kV; mag-
nifications of 500� and 5000� were used, and images were pro-
cessed using the software ImageJ.

2.4.4. Relative gene expression by qRT-PCR
Total RNA from hWJ-MSCs, both differentiated or undifferenti-

ated, seeded in PCL or PCol scaffolds, was isolated at 7 and 14 days
post-cultured by a PureLink RNAMini Kit (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) according to the manufacturer
protocol. RNA concentration and quality were assessed on a
NanoDrop-1000 instrument (Thermo Scientific NanoDrop™ 2000/
2000c). Complementary DNA was prepared by reverse transcrip-
tion of total RNA using SuperScript™ IV First-Strand cDNA Syn-
thesis Reaction (Invitrogen, San Diego, CA, US), followed by qRT-
PCR using a 7500 Fast Real-Time PCR System (Applied Bio-
systems, California, USA). These reactions used TaqMan gene
expression assays (Applied Biosystems, California, USA). Each re-
action contained 5 mL of Master Mix (Applied Biosystems), 2.5 mL of
molecular biology grade ultrapure water, 0.5 mL Taqman Assay and
2 mL of cDNA. Epithelial differentiation genes such as Involucrin
(IVL, Hs00846307_s1), Junction Plakoglobin (JUP,
Hs00158408_m1), and housekeeping gene b-actin
(Hs01060665_g1) were analyzed. qRT-PCR efficiency for each gene
was determined based on the calibration curve using formula
E ¼ 10(�1/slope)- 1. Relative gene expression was subsequently
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calculated using the 2-DDCT method. The heatmap of the related
data was made in the online software Displayr.

2.5. In vivo wound healing evaluation

Six 10-week-old Yorkshire pig biomodels weighing approxi-
mately 45 kg, female, were used. Animals were anesthetized with
Isoflurane 3% by inhalation for 7e10 min until surgical anesthesia.
The whole dorsum was then shaved and washed with Chlorhexi-
dine® soap.With the animals in a prone position, thewound region
was delimited with a sterile acetate frame, and each lesion areawas
9 cm2 (3� 3 cm) and 5 cm betweenwounds. Immediately, four full-
thickness wounds were surgically created on the back of each an-
imal with a scalpel (removal of dermis, epidermis, and hypoder-
mis). The incision was extended down to the subcutaneous cellular
tissue, and each wound was covered with the respective tissue
construct or scaffold, and one wound received no treatment
(negative control).

The PCol/hWJ-MSCs constructs and the PCol scaffolds were
implanted on a full-thickness wound in healthy female Yorkshire
pig biomodels and compared to the negative control (untreated
wound) to evaluate whether the construct had the potential for
skin lesion repair. All animal protocols were submitted and
approved by the Institutional Animal Care and Use Committee
(IACUC) of ANESTCOL S.A. Bogota, Colombia (Protocol Number:
094). The hWJ-MSCs (1� 106 cells) in passage fivewere seeded on a
9 cm2 PCol scaffold and incubated at 37 �C, 19% humidity, and 5%
CO2 to obtain the constructs 24 h prior to surgery.

Constructs or scaffolds were sutured through the wound edge
and the center of the lesion. Then, each wound was covered with a
transparent silicone sheet and with a bandage surrounding the
dorsum of each biomodel. After 30 days, euthanasia was performed
to obtain tissue from the repaired area for the different evaluated
conditions and additionally for healthy skin. These samples were
fixedwith PFA 4%. Paraffin embedding tissuewas sectioned at 4 mm,
and sections were stained with hematoxylin&eosin and Masson
trichrome stains. The slides were observed at 10� and 20�
magnification for histological evaluation.

3. Results

3.1. Scaffold morphology

According to SEM image analysis, fibers with size under a
micrometer without defects and randomly oriented were observed
for both PCL and PCol (Fig. 1a and b). The PCL scaffold showed fibers
with an average diameter of 804 ± 186 nm (Fig. 1c), while in the
PCol scaffold, the fiber diameter was 390 ± 71 nm (Fig. 1d).
Importantly this noticeable reduction in the diameter may be
associated with amide content in the collagen.

3.2. Scaffold surface

For the PCL spectra (Fig. 2a and b), C1s and O1s signals were
detected; with regards to C1s, four signals are presented (CeC/C/
CeH at 284.6 eV, CeO at 285.7 eV, OeCeO at 287.5 eV and OeC¼O
at 288.7 eV) and for O1s two signals (*OeC¼O at 533.1eV and
OeC¼O* at 531.7eV) whichmatches with the XPS analysis reported
in the literature for the PCL [19,20]. The XPS results of the PCol
scaffold show a signal attributed to N1s, which corresponds with
the presence of collagen on the scaffold surface (Fig. 2c), thus
confirming the successful immobilization of the protein on the fiber
surface, which has been shown to improve cell adhesion and pro-
liferation. The atomic composition percentage (Fig. 2d) shows
41.82% of surface oxygen in the PCL scaffold and 43.82% and 2.49%
14
of oxygen and nitrogen, respectively, for PCol scaffolds, reaffirming
the presence of collagen in the PCol surface.
3.3. Contact angle

Surface wettability is an important property of biomaterials and
can affect cell adhesion and proliferation. The affinity of water to
the nanofibrous matrix was studied by contact angle (Fig. 3).

The PCL scaffold's contact angle was 123.31� ± 1.81� at the
moment of drop contact with the scaffold, after 10 s it was
109.42� ± 5.22� (Fig. 3b), which results from crystalline regions in
its structure, data similar to those found by other authors [21,22].
For the PCol scaffold, it was 75.73� ± 4.27� and 62.75� ± 1.87� at
0 and 10 s, respectively, (Fig. 3b). Considering the contact angle
values obtained during the tests, the influence of collagen incor-
poration in the PCL scaffolds is evident, generating more hydro-
philic scaffolds.
3.4. Thermal analysis

As shown in Fig. 4a, the crystallization temperature (Tc)
32.39 �C, the melting temperature (Tm) 57.42 �C and the glass
transition temperature (Tg) �59.53 �C of PCL are similar to values
reported on the literature [23]. A heating ramp from 0 �C to 300 �C
was used to identify the different collagen denaturation tempera-
tures and to get the DSC thermogram shown in Fig. 4b. Given the
fact that collagen can dehydrate or denature when heated, char-
acteristic endothermic peaks in the DSC thermogram are evident at
79.50 �C attributed to the removal of free water, with a high
enthalpy value of 119.7 J/g and a second signal at 186.51 �C with an
enthalpy of 85.14 J/g. These signals have often been referred to as
collagen dehydration temperature (TD) [24].

In Fig. 4c it is seen that the PCol scaffold temperatures 31,04 �C
and 56,77 �C, Tc and Tm respectively, got decreased in comparison
to PCL, this is attributed to the presence of collagen in the scaffold.
The crystallinity percentage (Xc) of the PCL and PCol scaffolds was
also calculated using the following equation:

xcð%Þ¼

0
BB@
DHm sample

�
J
g

�

DHo
m

�
J
g

�

1
CCA� 100

Eq. (1). Crystallinity percentage by difference of melting
enthalpies.

Where DHo
m ¼ 139.5 J/g is the fusion enthalpy of 100% crystalline

synthetic polymer. The PCL scaffold crystallinity percentage corre-
sponded to 42.50%, and for the PCol scaffold, 41.53%.
3.5. Mechanical properties by uniaxial tension testing

Electrospinning is a technique used to obtain microporous
fibrous structures, which significantly decreases the mechanical
properties of the materials. For example, an 80 KDa PCL scaffold
obtained by extrusion can exhibit Young's modulus of 190 ± 60MPa
[25] compared to 22.63 ± 2.48 MPa found in the PCL electrospun
membrane. Likewise, in the PCol scaffold, Young's modulus was
decreased to 6.98 ± 2.39 MPa due to the presence of collagen,
matchingwith previous studies [26,27]. These results are attributed
to the possible electrostatic interactions generated between the
collagen and the PCL chains that decrease the resistance to defor-
mation, resulting in more fragile fibers. For this reason, Young's
modulus of PCol is lower than reported for skin obtained from the
abdomen and back, which are 14 MPa [28] and 14,96 MPa [29].



Fig. 1. SEM images of the scaffold at a magnification of �1000 (scale bar 5 mm) and diameter distribution of random fibers of (a) PCL and (b) PCol.
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On the other hand, the stress-strain graph of the PCL and PCol
scaffolds can be observed in Fig. 4d, where the elastic behavior of
the materials increases gradually, without bottleneck formation,
because there is no reduction of the cross-sectional area before
rupture. The strain percentages exceed 100%, coinciding with
values previously reported by other authors [30]. These elongation
values are attributed to the collagen elasticity conferred to the fi-
bers and a possible fibers rearrangement due to the tension exer-
ted, allowing thematerial to elongatewithout generating breakage.
3.6. In vitro interactions between cells and scaffolds

Determination of in vitro cells viability on the scaffolds is
essential to determine if they are suitable to form tissue constructs;
this is done in order to verify that the scaffold provides a proper
environment to maintain viable cells and allow their proliferation.
Therefore, monitoring of GFP-hWJ-MSC culture on PCol and PCL
scaffolds was performed in vitro through fluorescence microscopy
images at three time points (24, 48, and 120 h), as shown in Fig. 5.
On the collagen scaffold, hWJ-MSCs have typical fibroblast-like
morphology at 24 h (Fig. 5a), compared to the spheroid
morphology found in the PCL scaffold (Fig. 5d). Thus, indicating that
the low cell adhesion to the scaffold could be attributed to the
material hydrophobicity.

However, an improvement in the morphological characteristics
of the cells is observed in the PCL scaffold, as indicated by the
change from the spheroid cells at 24 h (Fig. 5d) to spindle-shaped,
fibroblast-like at 48 h Fig. 5e). Thus, after a surface adaptation
period, cells could spread and proliferate after five days of culture
(Fig. 5f). However, the increase in cell density on PCol was signifi-
cantly higher (Fig. 5b, c, and g). These results were correlated with
15
the metabolic activity data for cell proliferation. Fig. 5h shows the
increase in resazurin reduction over time for PCL and PCol scaffolds.
The presence of collagen significantly increases cell proliferation,
indicating that the change in scaffold surface hydrophobicity favors
hWJ-MSCs cell proliferation over time. According to all, we estab-
lished that PCol is a biocompatible scaffold that allows cell prolif-
eration. Then, we elaborated strategies to assess the construct's
functionality in vitro and in vivo.
3.7. Growth factors involved in skin tissue regeneration

In the skin repair process, growth factors are multi-functional
signaling molecules that coordinate the process of wound heal-
ing. We evaluated whether some of the main growth factors
involved in skin repair (PDGF-AA, b-FGF, Angiopoietin I, and TGF-
b1) were produced by hWJ-MSCs on the scaffolds. With that pur-
pose in mind, cells were seeded on the scaffolds, and supernatants
were collected at 12, 24, 48, 72, and 96 culture hours to evaluate
growth factor production by an immunoassay methodology based
on magnetic microspheres (Luminex). In addition, culture media
(Fig. 6, dotted line) and hWJ-MSCs under standard culture condi-
tions (Fig. 6, TCP) growth factor concentration were also evaluated.

The results show a 620.68 pg/mL PDGF-AA concentration in the
culture medium and a tendency to its consumption over time
(Fig. 6a). PDGF-AA is a mitogenic factor involved in cell division and
proliferation, which promoted its consumption by cells [29]. The
PCol construct revealed a higher factor consumption than the
construct with PCL, which can correlate with the PCol higher cell
proliferation rate.

In contrast, as shown in Fig. 6b, b-FGF concentration in the
culture media is low (dotted line), 11.08 pg/mL, while in the



Fig. 2. General XPS survey scan of (a) Collagen, (b) PCL, and (c) PCol; Left side inserted spectra XPS C1s, O1s, and N1s peak decomposition. The red arrows indicate the characteristic
peaks for the O and N signals, which for PCol are both identified, demonstrating that collagen is located on the surface of the electrospun fibers. (d) Quantification of atomic
composition from XPS spectra.

Fig. 3. (a) Droplets images on the scaffolds at the beginning of contact and after 10 s. (b) Contact angle measurement for PCL and PCol scaffolds using a two-way ANOVA, and p-
value <0.05.
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Fig. 4. Thermal properties of polymers (a) PCL, (b) collagen, and (c) PCol scaffolds were evaluated by differential scanning calorimetry (DSC). (d) Stress-strain diagram and
compressive modulus for PCol and PCL scaffolds.
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constructs, there is an increase in its secretion when compared to
the control group (TCP) up to 72 h. These results suggest that the
scaffold may induce factor secretion in the first three days of cul-
ture, evidencing the microenvironment effect on growth factors
secreted by cells. b-FGF is crucial in skin repair because it partici-
pates in angiogenesis, granulation tissue formation, and wound
healing [31].

On the other hand, despite the high concentration of both
Angiopoietin I and TGF-b1 in culture media, 7200 pg/mL and
9200 pg/mL, respectively (Fig. 6c and d), a tendency to the pro-
duction of these factors is observed in the constructs elaborated
with PCol and in control (TCP) after 48 h culture. However, in
constructs elaborated with PCL, there is no production of Angio-
poietin I but of TGF-b1. The production of these factors in the PCol
construct is essential because they stimulate granulation tissue
formation and modulate angiogenesis during wound healing.
Overall, these results suggest that the construct may be a good
candidate for use in wound repair.

3.8. Morphological changes associated with epithelial
differentiation and gene expression

To evaluate scaffold-induced differentiation of hWJ-MSCs to-
wards the epithelial lineage, cells were cultured on PCol and PCL in
DMEM and KGM medium after 7 and 14 days; SEM and epithelial
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marker expression were assessed the cell population. SEM image
analysis showed that most hWJ-MSCs cultured in PCol and PCL in
DMEN medium maintained their standard spindle shape at seven
days (Fig. 7a and b). Whereas, those in the KGM medium showed
homogeneous, highly elongated cell morphologies with increased
size and aligned on the scaffold fibers (Fig. 7c and d). Although the
cells did not acquire a polygonal morphology characteristic of
keratinocytes [32], we assessed whether the phenotypic changes
were due to an apparent differentiation towards an epithelial
lineage by the gene expression profile of the epidermal differenti-
ation markers Involucrin and Plakoglobin (JUP) by qRT-PCR (Fig. 8).

Gene expression profile is one of the most relevant features for
determining the effect of polymeric matrices on cell differentiation
ability [33]. Here we report high levels of Involucrin expression in
hWJ-MSCs of the construct and maintained with KGM culture
medium at 14 days. In this case, gene expression increased 12-fold;
likewise, we detected amarked expression of the same gene in cells
cultured in PCL scaffolds and KGM medium at 7 and 14 days. These
values were higher than those found in cells cultured in a tissue
culture plate (TCP) with KGM, indicating an effect of PCL and PCol
scaffolds on the hWJ-MSCs differentiation toward keratinocytes.

Moreover, we identified a 3-fold increase in JUP expression in
hWJ-MSCs seeded on PCL scaffolds with DMEM and KGM medium
at 7 and 14 days, respectively. These values were similar to those
reported in cells grown on PCol with KGM medium. This result



Fig. 5. In vitro cell morphology analysis of GFP-hWJ-MSCs seeded in electrospinning scaffolds PCol and PCL. Morphological changes were observed using a fluorescent microscope at
(a) 24 h, (b) 48 h, (c) 120 h by PCol and (d) 24 h, (e) 48 h, (f) 120 h by PCL. Scale bar 500 mm. (g) Cell counting of PCol and PCL scaffold images with GFP-hWJ-MSCs. (d) Cell
proliferation using the resazurin assay after 1, 3, 5, and 7 days of direct seeding of hWJ-MSCs on PCL and PCol scaffolds using a student's t-test, and p-value <0.05.
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demonstrates the potential of both PCL and PCol polymeric scaf-
folds to induce the differentiation of hWJ-MSCs into epidermal cells
due to JUP represents an essential factor in the function of epithelial
cells during intercellular junction processes.

3.9. In vivo biocompatibility and functionality testing

In vitro biocompatibility and functionality assays suggested that
the PCol and construct were suitable for further in vivo testing due
to their ability to support cell proliferation, growth factor produc-
tion, and potential to trigger differentiation of hWJ-MSCs. This
experiment compared the construct with control wounds treated
with the silicone sheet. The construct and the PCol scaffold showed
good adherence to the wound site, and thirty days after wound
creation, closure was observed to be greater than 90% in both
treatments.

Wound healing was evaluated by histological analysis. The
construct, formation of the basal membrane, presence of dermal
papillae, and blood vessels with mild inflammatory infiltrate were
evaluated (Fig. 9). Likewise, the epidermis showed its four layers
(stratum corneum, lucidum, granulosa, and spinous) with moder-
ate development of the stratum corneum (Fig. 9c and d), similar to
that observed in normal skin (Fig. 9g and h). Thin parallel collagen
fibers and low hyperkeratinization were also observed (Fig. 9d). On
the other hand, in wounds treated with PCol scaffold, few dermal
papillae and blood vessels are observed, besides a moderate
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inflammatory infiltrate. In the stratification of the epidermis, only
the stratum corneum and lucidum are present with partial basal
membrane formation (Fig. 9a). In addition, the collagen fibers are
thick and without orientation (Fig. 9b). However, comparing the
construct and PCol with the negative control results, it is shown
that both promote wound repair more than the negative control.
For this condition, inflammatory infiltrate is severe, only the stra-
tum spinosum is observed in the epidermis (Fig. 9e), and both thick
and thin collagen fibers are disorganized with hyperkeratinization
(Fig. 9f).

In this sense, in the repaired skin of all the treatments, no skin
appendages such as hair follicles and sebaceous glands were found.
It should also be noted that, throughout the study, there were no
signs of adverse effects in the local tissues (edema and erythema),
maceration, or the skin surrounding the wounds in any treatments.

This trial proved that PCol membranes are flexible, easy to
implant, and suture resistant. In addition, it was demonstrated that
the hydrophilic membrane allows adequate contact with the
wound, improving protection and cell migration functions. The
collagen in the membrane guarantees the presence of amino acids
or protein segments necessary for skin repair.

4. Discussion

Numerous studies have been conducted to develop new skin
substitutes and improve skin repair [21,34,35]. Wound dressings



Fig. 6. Growth factors measured in supernatants from hWJ-MSCs cultured in PCol, PCL, and TCP at 12, 24, 48, 72, and 96 h (n ¼ 3 donors) using a two-way ANOVA, and p-value
<0.05.

Fig. 7. SEM micrographs of Wharton jelly mesenchymal stem cells seeded on electrospun nanofibers scaffolds after 7 days in DMEM medium (a) PCL, (b) PCol, and in KGM medium
(c) PCL, (d) PCol at 500� (scale bar 40 mm) and 5000� (scale bar 5 mm).
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Fig. 8. The MSC-GW epithelial differentiation heat map confirmed electrospun scaffolds' supportive role for successful differentiation (n ¼ 3) with high expression of Involucrin and
plakoglobin using the 2-DDCT method.
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are designed to cover and protect the wound from external
aggression and environmental bacteria to provide an optimal
environment for healing by providing dermal factors that activate
and stimulate tissue repair. In addition, recently developed prod-
ucts are biologically active, providing wound coverage and conti-
nuity; they also modulate wound healing by releasing growth
factors and extracellular matrix components to improve the quality
of healing chronic and acute wounds. These products are much
more complex in structure than transitional skin substitutes and
are used early to improve tissue repair or to eliminate scarring
[36,37].

In this study, we fabricated a biologically active skin substitute
from a PCol scaffold and hWJ-MSCs. We showed that this combi-
nation provides a better therapeutic strategy for skin tissue repair.
We developed the scaffold by the electrospinning method using
PCL and collagen in low proportions. PCL is a polymer with good
biocompatibility, high strength, solubility, and excellent blend
compatibility with natural and synthetic polymers, which is
essential for the fabrication of electrospun scaffolds [38,39]. In
addition, characteristics of other polymers, such as the toxic or
acidic by-products of polyglycolic acid (PGA) [40] or the ability to
shrink in the presence of cell culture medium of polylactic-co-
glycolic acid (PLGA) [41], make PCL an adequate material to ach-
ieve the necessary mechanical and physicochemical properties for
its use as a scaffold in a dermal substitute.

Likewise, we used type I collagen to manufacture the PCol
scaffold because it is the most abundant protein in the human body
and possesses low immunogenicity, excellent biocompatibility, and
cytocompatibility. It is one of the most critical natural biomaterials
used to fabricate scaffolds for tissue engineering; moreover, it plays
an essential role in skin regeneration [42]. When collagen is added
to the polycaprolactone polymeric matrix to fabricate the scaffolds,
it provides carboxyl and amino groups that increase the conduc-
tivity of the solution, thereby reducing the force required to elon-
gate or stretch the polymeric solution, resulting in a decrease in
20
fiber diameter [10,43,44] as evidenced by the reduction in 51,48% of
the fiber diameter of PCol compared to PCL scaffolds, this reduction
is more significant than that reported by Chakrapani et al., in 2012
[45] where the fiber diameter reduction was 28% using a PCL:
Collagen ratio of 3:1 in the structure a significantly higher amount
of collagen than that used in our PCol scaffold (19:1).

Other changes that are observed on the PCol scaffolds are their
differences in transition phase temperatures and crystallinity,
where the crystalline phase in PCol scaffolds is attributed to the
synthetic polymer present in the structure, which is influenced by
the presence of collagen, which is introduced into the ordered re-
gion of PCL and does not allow its complete crystallization. As
shown by D. Kołbuk et al., in 2013 [46]. When PCL is mixed with
natural polymers such as collagen or gelatin, it becomes amor-
phous, which improves cell adhesion, proliferation and migration.

Similarly, the addition of collagen affects the elastic behavior of
PCol, resulting in lower Young's modulus values. However, both our
scaffolds (PCL and PCol) have Young's moduli greater than 3 MPa,
which has been reported to be sufficient for materials used in skin
tissue repair [47]. Furthermore, the deformation percentages are
more significant than 100%, consistent with values previously re-
ported by other authors [30]. This is due to collagen, which makes
the scaffolds more effective in absorbing energy against an applied
load through a higher degree of strain [48]. Reference values for
skin tensile strength range from 4.02 to 14.93 MPa for abdominal
[49] and back skin [50], respectively, and our values are within this
range.

In addition, the presence of collagen functional groups in PCol
significantly reduces the hydrophobicity of the scaffold, making it
highly wettable. P�erez-Puyana et al., in 2021 found that the contact
angle between 40 and 70� is the most indicated for cell adhesion,
also that collagen concentrations affect the contact angle and are
directly related to the distribution of collagen in the scaffold [51].
Where we found that a small amount of collagen is homogeneously
distributed in the scaffold fibers and allows the organization of the



Fig. 9. Representative images of histology sections of repaired wounds at day 30 from (a, b) PCol scaffolds, (c, d) construct, (e, f) negative control, and (g, h) healthy skin (10� scale
bar 200 mm). (1) collagen fiber, (2) basement membrane, (3) dermal papillae, (4) blood vessels, (5) stratification, (6) hyperkeratinization by Hematoxylin & eosin (a, c, e, g) and
Masson trichrome stain (b, d, f, h).
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polar groups of the proteins on the surface of the scaffold giving rise
to a hydrophilic structure leading to a contact angle of
62.75� ± 1.87�, a considerable decrease in comparison to
109.43� ± 5.22�, the contact angle of PCL scaffold. Cell-scaffold in-
teractions can be enhanced by improving surface wettability and
creating a higher porosity for nutrient and waste exchange. Func-
tional groups interacting with cadherins, integrins, and adhesion
molecules in the cells are also critical. For example, biologically
inert PCL nanofibers require effective surface coatings that provide
adhesion molecules, such as amino groups, to promote cellular
response, as shown by Zhang et al., in 2005 [52].

It is well known that hWJ-MSCs represent an attractive tool to
improve engineered skin constructs as a therapeutic strategy for
cutaneous lesions due to their cell plasticity, immunomodulatory
capacity, and production of paracrine factors (growth factors and
cytokines), which play essential roles as antioxidants, anti-
inflammatories, and improve the rate of tissue repair [53]. The
ability of hWJ-MSCs to differentiate into the epithelial lineage after
culture under epithelial induction conditions has been previously
reported [54]. However, little is known about the effect on
epithelial cell differentiation when combining MSCs with biosyn-
thetic scaffolds. Here, we investigated the ability of hWJ-MSCs to
repopulate and differentiate into epithelial-like cells after culture
on PCL and PCol scaffolds. Although the cells did not show
morphological changes similar to keratinocytes, the gene expres-
sion profile reported high levels of Involucrin (12-fold) in the PCol/
hWJ-MSCs construct in the differentiation medium. Involucrin is
the terminal marker of epidermal differentiation in the upper
spinous and granular layers of human skin [55], its upregulation
indicates the potential of hWJ-MSCs to differentiate into epithelial
cells in the construct. Furthermore, our result was similar to that
reported by Ranjbarvan et al., in 2021 [56], who reported an in-
crease in gene expression of this protein at day 10 in a co-culture of
human adipose-derived mesenchymal stem cells and neonatal
keratinocytes on the 3D nanofibrous PCL-platelet gel scaffold.
Similarly, increased JUP expression indicates an essential signal for
differentiating hWJ-MSCs into epidermal cells [54], this protein is
present in both adherens junctions and desmosomes, and pre-
sumably acts as a mediator of their interactions, promoting the
integrity of the epidermis [57]. The expression of these specific
marker proteins confirms the transdifferentiation of hWJ-MSCs
towards epithelial lineages.

We have also shown in vitro that the PCol/hWJ-MSCs construct
produces growth factors related to tissue repair. Growth factors are
signalingmolecules used in various tissue engineering applications.
Among them, b-FGF was the growth factor that induced secretion
in the PCol/hWJ-MSCs construct from the first hours of culture and
was maintained over time. It has been used for various purposes,
such as in vivo nerve regeneration, wound healing, and induction of
angiogenesis [58]. We also observed increased secretion of TGF-b in
the construct after 48 days of culture. This finding is important
because the secretion of collagen and other cellular matrix com-
ponents is mediated by TGF-b, which is also necessary to maintain
the proliferation and differentiation of cells in the wound envi-
ronment [59] and has an anti-inflammatory effect [60], one of the
potential factors responsible for improving healing. In addition,
Angiopoietin I has been shown to promote vascular survival, inhibit
vascular leakage, suppress vascular inflammation, and is essential
for the proliferation of endothelial cells, fibroblasts, and keratino-
cytes [61,62]. In our construct, Angiopoietin I secretion was higher
at 11,000 pg/mL after 96 h of culture. In contrast, the PDGF-AA
levels showed an important reduction over time, indicating that
consumption by cells to increase their proliferation. Altogether, the
PCL and PCol scaffolds promoted the release of growth factors
related to skin repair in an in vitro condition.
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The in vivo evaluation of the PCol/hWJ-MSCs construct showed
its capability to promote efficient repair of full-thickness skin
wounds. This result suggests that in PCol/hWJ-MSCs implantation
surgery, the benefit of hWJ-MSCs presence would be related to
their direct scaffold colonization, regenerative ability, and paracrine
effect. It is worth highlighting that no skin appendages, such as hair
follicles and sebaceous glands, were found in the repaired skin of all
the treatments. It should also be noted that, throughout the study,
there were no signs of adverse effects in the local tissues (edema
and erythema), maceration, or the skin surrounding the wounds in
any treatments. In addition, the preclinical test allowed us to prove
that PCol membranes are flexible, easy to implant, and suture
resistant. According to histological results, no residual PCL was
observed in the repaired tissues. This result is similar to those re-
ported by Wang et al., 2016 [63] who demonstrated that tPCL (PCL
and poly(ethylene oxide)) and rPCL (PCL only) grafts with a wall
thickness of 777.98 ± 45.26 mm and 851.38 ± 31.81 mm, respectively,
exhibited a reduction of the molecular weight of 57.3 ± 5.0% and
68.6 ± 1.7% of its initial value, after 3 months of implantation in
rabbit carotid artery. In our study, the PCol scaffold thickness
(38 ± 4 mm), the use of hWJ-MSCs, scaffold invasion by other cells,
and enzyme production during skin repair could have accelerated
scaffold degradation.

According to these results, we demonstrated that the PCol/hWJ-
MSCs construct had enhance adhesion to wound, improving pro-
tection and cell migration functions. The collagen in the membrane
guarantees the presence of amino acids or protein segments
necessary for skin repair. Moreover, it was determined that low
ratios of natural polymer to synthetic polymer could achieve
similar results compared to previous research that used a high
proportion of natural polymer, which improves parameters such as
hydrophilicity, cell adhesion, and mechanical and surface proper-
ties [64]. Also, it is important to note that the amount of collagen,
combined with the scaffold fabrication technique, allows us to use
less of this protein, thus reducing the production cost of the scaf-
folds and enabling scale-up technology. Compared to other incor-
poration techniques or surface modifications, which generate
additional steps in scaffold preparation and increase production
costs by requiring large amounts of collagen, reagents, and costly
techniques [34,65], In addition, these reagents can be toxic to cells
and affect cell survival in the construct [42].

Currently, commercially available skin substitutes such as Der-
magraft®, TransCyte®, Apligraft®, OrCel®, Stratagraft®, or Laser-
skin® are composed mainly by keratinocytes, fibroblasts, or both
seeded onto PGA mesh, nylon, silicone, bovine collagen, or hyal-
uronic acid [66e68]. The arrangement of the scaffold and cells is
similar to our construct. However, the main difference is the use of
hWJ-MSCs (adult stem cells) instead of differentiated cells. These
cells are immunomodulatory [69], secrete paracrine factors, and
can transdifferentiate into keratinocyte-like cells.

On the other hand, this study showed the usefulness of PCol/
hWJ-MSCs as a skin substitute in porcine experiments. The PCol/
hWJ-MSCs construct promoted wound closure and epithelializa-
tion. We expect PCol/hWJ-MSCs to be a new and effective treat-
ment option for acute wounds, such as burns, and chronic wounds,
such as venous leg ulcers or diabetic foot ulcers. However, the next
step is to establish the safety and efficacy of the PCol/hWJ-MSCs
construct, which will need to be studied in clinical trials.

5. Conclusion

We obtained a PCol scaffold with mechanical properties similar
to normal skin. The scaffold promotes cell adhesion, viability, and
differentiation, especially towards epithelial lineage. In addition,
the scaffolds of PCol stimulate the secretion of angiogenic and
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epithelial growth factors involved in wound healing, which was
demonstrated by the significant healing skinwounds in the porcine
biomodel. These results suggest that the construct based on PCol/
hWJ-MSCs is a promising alternative for skin lesions repair.
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