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ARTICLE INFO ABSTRACT

Keywords: To overcome the limitations of conventional skin tissue engineering (TE), 3D biofabrication approaches are being
Biofabrication developed. However, tissue mimicry should be further improved in skin models. Here, we developed and
Skin

characterized biomimetic hydrogels to obtain a biofabricated three-layered (BT) skin substitute based on the
main components found in the epidermal, dermal, and hypodermal skin layers. Hydrogels for dermal and hy-
podermal skin layers were based on a mix of agarose and type I collagen, supplemented with skin-related
extracellular matrix (ECM) components (dermatan sulfate, hyaluronic acid, and elastin) and loaded with
human dermal fibroblasts (hDFs) or human mesenchymal stem/stromal cells (hMSCs), respectively. The
epidermal hydrogel was formulated using type I collagen supplemented with keratin and sphingolipids, and
seeded with human epidermal keratinocytes (hEKs). Physicochemical results revealed adequate viscosity, gelling
times, and pH for each hydrogel solution. The BT Skin also showed good swelling and degradation kinetics, and
mechanical properties in a similar range of human skin. The hydrogels and BT Skin demonstrated stable cell
viability and metabolic activity, as well as intercellular communication through the release of growth factors.
Moreover, the BT Skin demonstrated controlled inflammation in vivo, and produced results comparable to
autografting in a mouse skin wound model. This bioactive and biomimetic three-layered BT Skin has a
composition that attempts to mimic the natural ECM of the skin, formulated with the characteristic cells and
biomolecules present in each skin layer, and offers promising properties for its clinical application in the
treatment of patients with skin injuries.

Bioactive hydrogel
Regenerative medicine
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Eagle medium; ECM, extracellular matrix; FBS, fetal bovine serum; HA, hyaluronic acid; hDFs, human dermal fibroblasts; hEKs, human epidermal keratinocytes;
hMSCs, human mesenchymal stem/stromal cells; H&E, hematoxylin and eosin; PBS, phosphate-buffered saline; POSAS, patient and observer scar assessment scale; P/
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1. Introduction

The skin, one of the largest organs of the body, plays paramount roles
in protecting inner organs from physical, chemical, and biological haz-
ards, and is also involved in preventing excessive transepidermal water
loss (TEWL), thermoregulation, sensorial perception, or excretion [1-4].
In addition, the skin also synthesizes, processes, and metabolizes a wide
range of proteins, glycosaminoglycans (GAGs), lipids, and signaling
molecules [5]. Skin substitutes, typically manufactured by tissue engi-
neering (TE), are an important field of research with great impact on
dermatological pathology treatments. They should show biocompatible
properties, help to restore the epidermal barrier function and cutaneous
homeostasis (temperature, pH, TEWL, elasticity, and moisture), and
ensure a correct clinical outcome [6-8]. Currently, there are very few
skin substitutes that meet all of these requirements, and the available
models only comprise one or two-layered tissues. In addition, most
substitutes are predominantly acellular or only contain one or two types
of cells [9]. However, the skin is structured in three main layers. The
outermost layer of the skin is the epidermis, which provides a water-
proof barrier. The epidermis mainly consists of layers of keratinocytes
that produce keratin, the primary structural protein of this layer [10].
Sphingolipids are also bioactive molecules present in the epidermis that
contribute to the maintenance of the skin barrier [11]. The dermis,
which is beneath the epidermis, is composed of connective tissue mainly
consisting of collagen, elastin, and GAGs. Fibroblasts, the primary cell
type of the dermis, produce extracellular matrix (ECM) components,
growth factors, and enzymes that remodel the skin and support kerati-
nocyte proliferation and differentiation [12]. The deeper subcutaneous
tissue is the hypodermis, made up of fat and connective tissue. It protects
the internal tissues and organs from cold and trauma, provides energy,
and participates in hormone synthesis. This layer is crucial for main-
taining the skin’s mechanical and thermoregulatory properties [10].
Therefore, one of the challenges in developing skin substitutes is to
fabricate a multilayered scaffold that mimics the natural skin tissue.

Many TE skin products currently on the market have demonstrated
that using structural proteins can increase the rate of wound healing
[13]. Engineering bioactive scaffolds based on components such as
collagen-hyaluronic acid (HA) hydrogels [14], collagen-elastin-HA
scaffolds [15], collagen/GAGs-based matrices [16], or hybrid
plasma-elastin hydrogels [17,18], has emerged as a promising alterna-
tive to treat skin injuries. However, while the dermis and epidermis have
been extensively studied, the hypodermis is often not included. Despite
its essential role in regulating the upper dermal and epidermal layers by
supporting the proliferation of keratinocytes and fibroblasts, few studies
have incorporated the hypodermis into TE skin substitutes [19-24].
With the hypothesis that a skin substitute capable of better replicating
the composition and hierarchical structure of natural skin tissue,
currently absent in skin TE substitutes, could be developed, our labo-
ratory has biofabricated three biologically-inspired hydrogels, each one
designed to closely resemble the ECM found in each skin layer.

Collagen is the major ECM protein of the skin and is predominantly
located in the dermis, providing mechanical strength and structural
integrity. Moreover, collagen I influences skin cell functions and the
synthesis of ECM proteins [25,26]. For keratinocytes, collagen provides
a structural scaffold that supports their growth, proliferation, and dif-
ferentiation, which is crucial for maintaining skin integrity and wound
healing [27]. As a result, collagen I is a preferred material for skin
scaffolds due to its ability to enhance the formation of functional skin
tissues [25]. Therefore, the epidermal hydrogel was based on type I
collagen as a scaffolding biomaterial, supplemented with keratin, due to
its presence in epithelial tissues, where it provides mechanical support
and external resistance [28,29], and sphingolipids, which contribute to
the maintenance of the epidermal barrier against desiccation and
penetration of xenobiotics [30]. Regarding the cellular fraction, the
epidermal layer was populated with epidermal keratinocytes (hEKs), as
these are the most representative cell type in the epidermis.
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Considering the limited mechanical strength of collagen-based
hydrogels for skin TE applications, collagen is often blended with nat-
ural and synthetic polymers [26]. In this study, the dermal and hypo-
dermal hydrogels were based on collagen I and agarose, a biocompatible
polymer which provides enhanced mechanical support and fast gelation
[31,32] compared to collagen I, which contributes with slower gelation
and supports cellular growth, facilitating the development of functional
skin [33]. Both materials were supplemented with a blend of dermatan
sulfate, a highly relevant glycan in skin ECM that participates in its
reconstruction during the wound healing process [34-36], and HA,
which is the main GAG found in the dermal ECM. HA is commonly used
in skin care products and TE, promoting wound healing, skin moisture
maintenance, and cell proliferation [37-41]. Moreover, for the dermal
hydrogel, the combination of agarose/collagen I-based hydrogel with
dermatan sulfate and HA was also supplemented with elastin, the main
constituent of elastic fibers, which comprises 2-4% of the total dry
weight of the dermis. By incorporating natural polymers like elastin,
hydrogels can mimic the elastic ECM composition of the skin and obtain
better mechanical properties [18,42,43].

The dermal hydrogel was populated with dermal fibroblasts (hDFs),
as they play a vital role in skin remodeling and wound healing [42,43].
For the hypodermal layer, human adipose-derived mesenchymal
stem/stromal cells (hMSCs) were used, as they can promote wound
healing and have been described to migrate to the wound site, differ-
entiate, and repopulate the injured tissue by promoting regeneration
[44].

Consequently, the main objective of this study was to develop and
characterize bioactive and biomimetic hydrogels for fabricating a skin
substitute with epidermal, dermal, and hypodermal layers for skin TE.
After evaluating the diverse physicochemical, mechanical, and biolog-
ical properties of the hydrogel solutions, we biofabricated a three-
layered (BT) skin substitute that was characterized in vitro. Further,
the BT Skin substitute was transplanted onto the back of immunodefi-
cient mice, and its full-thickness skin wound healing properties were
assessed.

2. Materials and methods
2.1. Materials

Collagen type I (3.3 mg/mL rat tail collagen I, 354236) was pur-
chased from Corning®; marine-derived keratin (Kerapro S) from Proalan
S.A. (Barcelona, Spain); animal-derived sphingolipids, dermatan sulfate,
and HA, from Bioibérica S.A.U. (Barcelona, Spain); and elastin (E6527)
and NaHCO3 (S5761) from Sigma (St. Louis, MO, USA). Dulbecco’s
Modified Eagle’s Medium (DMEM, 31966021), Penicillin and strepto-
mycin (P/S, 10.000 U/ml, 15140122), and fetal bovine serum (FBS,
10270106) were obtained from Gibco. Agarose (UltraPure™ Low
Melting Point Agarose, 16520100), AlamarBlue HS® (A50101), LIVE/
DEAD™ Viability/Cytotoxicity Kit (L3224), CellTracker™ Green
CMFDA (C2925), CellTracker™ Red CMTPX (C34552), Hoechst
(H21486), Cytokeratin Pan antibody (PA1-27114), and Alexa Fluor-
488-conjugated anti-rabbit antibody (A-11008) were purchased from
Invitrogen (Massachusetts, EEUU). PE anti-human HLA-A,B,C (311406),
APC anti-mouse H-2Kd (116620), and PE Mouse 1gG2a, « Isotype Ctrl
(400213) antibodies were obtained from Biolegend; CD31-APC antibody
(130-111-541) from Miltenyi Biotec; and PPARy antibody (16643-1-AP)
from Proteintech. Fibronectin (ab2413), VEGFA (ab52917), and VE-
Cadherin (ab33168) antibodies, Mouse Inflammation Antibody Array -
Membrane (40 Targets; ab133999), and Human Growth Factor Anti-
body Array - Membrane (41 Targets; ab134002) were obtained from
Abcam. Phosphate-buffered saline (PBS) was bought from Medicago AB
(Uppsala, Sweden); 0.22 pm membrane filters from Merck Millipore;
Optimal Cutting Temperature (OCT) compound (Tissue-Tek®) from
Sakura Finetek; Mupirocin antibiotic ointment (20 mg/g) from ISDIN;
Bupredine analgesic (0.3 mg/mL, 10 mL) from Fatro Ibérica, Desvern
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(Barcelona, Spain), Ganadexil Enrofloxacin antibiotic (5 %, 100 mL)
from Industrial Veterinaria, S.A. Invesa; and 1,4-butanediol thermo-
plastic polyurethane elastomer (b-TPUe) from Recreus Industries S.L.
(Spain).

2.2. Cell culture

The human skin samples with subcutaneous adipose tissue were
transported to the laboratory in DMEM with 1 % P/S. hMSCs were
isolated from the subcutaneous adipose tissue and characterized as
previously reported [45,46], while hDFs and hEKs were respectively
isolated from the dermis and epidermis of the skin samples, as previ-
ously described [47]. All human samples used in this study were ob-
tained after informed consent and authorization was provided from the
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Granada Provincial Ethics Committee (Ministry of Health and Families,
Andalusia, Spain, reference: 0467-N-20). Once isolated, hMSCs and
hDFs were cultured in high-glucose DMEM supplemented with 10 % FBS
and 1 % P/S, while hEKs were cultured in keratinocyte medium as
previously reported [47]. Cells were cultured at 37 °C in a humidified
atmosphere containing 5 % COj;. The medium was refreshed every 3
days. At 80 % of confluence, cells were passaged and embedded in the
hydrogels.

2.3. Hydrogel solutions and BT skin preparation
Firstly, a 3 % (w/v) agarose solution was prepared in PBS, auto-

claved at 120 °C for 2 h, and stored at 4 °C until use. Agarose was
preheated and maintained at 37 °C in a water bath to avoid gelation and
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Fig. 1. (A) Design of the BT Skin substitute, with its different components, compared with native skin. (B) Tube inversion test images. (C) Time of tube inversion for
each hydrogel: hypodermal, dermal, and epidermal. Statistical analysis was performed using Brown-Forsythe and Welch ANOVA tests, followed by Tamhane T2 post-
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stabilize its temperature at 37 °C. A 3.3 mg/mL collagen I solution,
previously syringe-sterilized using filters of 0.22 pm pore size, was
neutralized with 0.8 M NaHCOj3 (adding 70 pL per mL of collagen I so-
lution). Then, three solutions using keratin, sphingolipids, dermatan
sulfate, HA, and elastin diluted in PBS were prepared: i) keratin +
sphingolipids; ii) dermatan sulfate + HA; and iii) dermatan sulfate + HA
+ elastin. Each solution was mixed with the collagen I solution to obtain
the final concentrations shown in Table S1. All component solutions
were syringe-sterilized through a 0.22 pm membrane before their use.

To biofabricate the BT Skin, cell-loaded dermal and hypodermal
hydrogel solutions were prepared by mixing [collagen I + dermatan
sulfate/HA/elastin] with hDFs, and [collagen I + dermatan sulfate/HA]
with hMSCs, respectively. Then, pre-heated agarose was added to each
blend, obtaining a final concentration of 1-10° cells/mL. First, the hy-
podermal solution mix ([collagen I + dermatan sulfate/HA] + hMSCs +
agarose) was poured into well plates and allowed to gel for 5 min. Then,
the dermal layer blend ([collagen I + dermatan sulfate/HA/elastin] +
hDFs + agarose) was poured onto the hypodermal layer and let to gel.
Once both hypodermal and dermal layers were obtained, the epidermal
hydrogel solution [collagen I + keratin/sphingolipids] was laid on top
and allowed to gel inside an incubator at 37 °C for 15 min. Once the
epidermal layer gelled, 2:10% hEKs were seeded on top of the BT Skin
hydrogel and cultured for 1 week (Fig. 1A). After this time, samples were
partially dehydrated by the application of 100 g of pressure for 2 min,
giving the hydrogels a higher resistance and enhancing their stiffness
and mechanical properties [43,48,49]. BT Skin hydrogels were cultured
in keratinocyte medium for the first 2-3 days to ensure hEKs attachment
to the surface of the epidermal layer. Afterward, the medium was
replaced with DMEM for the following days.

2.4. Physicochemical characterization of the hydrogel solutions

2.4.1. Macroscopic characteristics
The physical appearance of the hydrogel solutions was inspected
visually. Macroscopic aspects, turbidity, and color were also evaluated.

2.4.2. Tube inversion test

The tube inversion test was used to define the gelation time of the
hydrogels. The liquid hydrogel solutions were poured into glass vials,
inverting the vials upside down every 1 min to check the formation of
stable gels. The gelation time was estimated as the time point when the
samples formed a stable, solid gel that remained at the bottom of the
vials when inverted.

2.4.3. Rheological characterization

The rheological characterization of the main components of the
hydrogel solutions was carried out with a torsional rheometer MCR302
(Anton Paar, Austria). The shear viscosity was obtained at 37 °C using a
concentric cylinder system. First, the hydrogel solution samples were
placed inside the cup and pre-sheared at a constant shear rate of 500 s~*
for 1 min to remove the mechanical history of the sample. Then, the
sample was allowed to rest for 1 min, with no shear rate applied. Lastly,
the bob was rotated at increasing angular velocities to measure the
torque exerted by the sample. The shear rate was logarithmically ram-
ped from 0.01 to 800 s ! for 2.5 min and the data acquisition time was 5
s. All experiments were run in triplicates.

2.5. Physicochemical characterization of the BT skin

2.5.1. pH determination

The pH of the BT Skin hydrogel was determined using a calibrated
digital pH meter Hach Sension™ (Hach Lange S.L., Spain) at room tem-
perature (RT).

2.5.2. Swelling test
Swelling rates of freeze-dried samples were determined as previously
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described [50]. Briefly, samples were pre-weighed and submerged in
PBS. The swelling rate of the BT Skin was calculated at different time
points as follows:

Swelling ratio (%) = (%4‘%)) x 100
0

Wy represents the initial weight of samples at day zero and W; rep-
resents the wet weight of samples at the corresponding time point.

2.5.3. Degradation test

The degradation rate was analyzed by quantifying the weight loss of
samples over time. The BT Skin was incubated under gentle agitation at
37 °C, retrieved at different time points, and centrifuged at 5000 rpm for
2 min. Supernatant was removed, and samples were weighed [50].
Degradation rate (%) was calculated as a measure of weight loss as
follows:

Wi —Wy)

Degradation ratio (%) = <( )x 100

i
Wi, represents the initial weight of samples and W, represents the wet
weight of hydrogels at the corresponding time point.

2.5.4. Mechanical analysis

The mechanical properties of the cell-free and cell-loaded BT Skin
hydrogels before (Pre Cell-free BT Skin and Pre BT Skin) and after (Cell-
free BT Skin and BT Skin) partial dehydration, maintained for 21 days,
were evaluated using a torsional rheometer MCR302 in plate-plate
configuration, and compared to abdominal full-thickness human skin
biopsies. BT Skin samples were cast in a 20 mm diameter and 5 mm
height mold to fit within the rheometer’s plates. A three-step assay was
designed to obtain both compression and shearing characteristics of
hydrogels in one single experiment using the same sample. In the first
step, the cylindrical sample was placed on the base of the rheometer and
gently squeezed at a constant approaching velocity of 10 pm/s up to a
normal force of 0.5 N. Secondly, the normal force was kept constant at
0.5 N for 30 s for stabilization. Thirdly, still under a 0.5 N load, the
sample was oscillatory sheared with a logarithmically increasing strain
amplitude from 0.001 % to 1000 % at a strain frequency of 1 Hz to
measure the shear viscoelastic moduli. All experiments were run in
triplicates.

2.6. Biological characterization of the hydrogels and BT skin

2.6.1. Cell viability assay

The LIVE/DEAD™ Viability/Cytotoxicity Kit was used to analyze cell
viability. Separated hydrogels for hypodermal and dermal layers, seeded
with hMSCs and hDFs, respectively, and BT Skin, seeded with hMSCs,
hDFs, and hEKs in each respective layer, were stained using a calcein AM
(2 pM; green) and ethidium homodimer (4 pM; red) solution diluted in
PBS at 37 °C for 30 min. Samples were observed using confocal micro-
scopy (Nikon Eclipse Ti-E Al, Nikon Instruments Europe B.V., Amster-
dam Netherlands) at different times and analyzed using NIS-Elements
software. Live and dead cells were quantified using the ImageJ (Fiji)
software [51], determining the cell viability percentage as follows:

Live cells
(Live cells + Dead cells)

Cell viability (%) = x 100

2.6.2. Cell metabolic activity assay

The AlamarBlue HS® assay was used to analyze the cell metabolic
activity of the samples after 0, 1, 3, 5, 7, 14, and 21 days of culture.
Separated hydrogels for hypodermal and dermal layers, seeded with
hMSCs and hDFs, respectively, and BT Skin, seeded with hMSCs, hDFs,
and hEKSs in each respective layer, were incubated with the AlamarBlue
HS® solution at 37 °C for 1 h. The fluorescence of the reduced solution
after incubation was determined at 530/590 nm excitation/emission
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wavelengths in a Synergy® HT multidetection microplate reader (Bio-
Tek Instruments, Inc., Winooski, VT, USA).

2.6.3. Cell distribution in the BT skin

To observe the distribution of the three cell types within each layer of
the BT Skin hydrogel, hMSCs, hDFs, and hEKs were harvested by tryp-
sinization, centrifuged, and stained with CellTracker™ Green CMFDA,
CellTracker™ Red CMTPX, and CellTracker™ Green CMFDA, respec-
tively, following manufacturer’s instructions. Stained cells were loaded
in their respective hydrogel solution and the BT Skin was prepared as
previously described. Images of the distribution of the three differenti-
ated layers were taken after 21 days in culture with a Nikon Eclipse Ti-E
Al confocal microscope and analyzed with NIS-Elements software.

2.6.4. Growth factors array

The release of different human growth factors was assessed by
analyzing the conditioned media collected after culturing the BT Skin for
3 and 21 days, using the Human Growth Factor Antibody Array —
Membrane according to the manufacturer’s recommendations. Briefly,
the membrane array was incubated in blocking buffer solution for 30
min. The conditioned media was added to the membrane and incubated
at RT for 2 h. After multiple washes, the membrane array was incubated
with 1 mL of biotin solution at RT for 2 h and washed again. The
membrane array was subsequently incubated with 1 mL of streptavidin
solution for 2 h at RT. Finally, detection buffer solution was added and
membrane arrays were visualized using ChemiDoc MP Imaging System
(BioRad).

2.7. Invivo assay

2.7.1. Wound healing animal model, surgical procedures, and experimental
groups

A total of 32 ATHYM-Foxnlnu/nu male and female, immunodefi-
cient, athymic, nude, and albino mice of 4 weeks of life (Janvier Labs, Le
Genest-Saint-Isle, France), were employed for the in vivo assay. The mice
were distributed randomly into the experimental groups, ensuring an
equal number of males and females (4 females and 4 males per group).
All animal handling procedures followed the national and European
Union legislation (Spanish RD 53/2013 and EU Directive 2010/63) for
the protection of animals used for scientific purposes and following the
Ethical Principles and Guidelines for the Use of Animals approved by
Provincial Ethics Committees of Granada (reference number: 1/062022/
081).

Surgery to remove a skin area of 2 cm? from the upper dorsal, in a
longitudinal position to the mouse spine, was performed using surgical
scissors. A 3D-printed sterile, donut-shaped, porous b-TPUe [52] splint
designed with a hinged lid (Fig. S1) was centered over the wound and
secured with seven interrupted sutures [53]. Then, mice were trans-
planted with a BT Skin, a Cell-free BT Skin, and a skin autograft from the
lower back (Autograft), or were left untreated as a control condition
(Control) (n = 8 per group). Finally, the splint lid was closed with eight
interrupted sutures.

For all groups, samples and splints were grafted, and an antibiotic
ointment was applied. Also, an analgesic and an antibiotic were sub-
cutaneously injected as postoperative treatment.

2.7.2. Skin repair monitoring

Throughout 8 weeks, a follow-up was carried out to collect clinical
information, such as scar/wound area, and several homeostasis pa-
rameters. Scars were evaluated after 8 weeks using an adaptation of the
Patient and Observer Scar Assessment Scale (POSAS) scale [54,55].
Every 2 weeks, mice were anesthetized using isoflurane inhalation to
avoid unnecessary stress, and homeostasis skin parameters were
measured using the Microcaya probe system (Microcaya S.L., Bilbao,
Spain), comparing values of wounds/scars with a healthy area of skin
(native skin) from each mouse of the study: the Thermometer® probe
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allowed to measure skin temperature in °C; the Skin pH-meter® probe
measured the skin pH; the Tewameter® probe determined the TEWL, as
the evaporation of water in g/h/m?; the Cutometer® probe analyzed the
skin elasticity (pm) with suction (450 mbar of negative pressure — 2 s);
the Corneometer® probe determined the skin moisturization through
the capacitance of a dielectric medium; and the Mexameter® probe,
based on the light absorption/reflection of three wavelengths, was able
to measure the erythema and pigmentation of the skin, obtaining indi-
rect information about the vascularization (hemoglobin levels) and
pigmentation (melanin), respectively.

2.7.3. Histological and immunofluorescence analysis

Four and eight weeks after the surgical procedure, half of the mice
were sacrificed at each time point, selected randomly while maintaining
an equal number of males and females (two females and two males per
group). Mice were sacrificed by cervical dislocation once anesthetized
by isoflurane inhalation. Graft biopsies and native skin samples were
collected, fixed in 4 % paraformaldehyde, dehydrated, embedded in
paraffin or OCT compound, and cut into 5 pm or 8 pm sections using a
microtome and a cryostat, respectively.

Paraffin sections were deparaffinized, rehydrated, and stained with
Hematoxylin & Eosin (H&E) and Masson’s Trichrome to reveal the
histological structure. For immunofluorescence analysis, cryosections
were incubated with primary antibodies against fibronectin, cytoker-
atin, PPARy, VE-Cadherin, and VEGFA, followed by incubation with a
secondary Alexa-488-conjugated anti-rabbit antibody. Additionally,
other cryosections were stained with PE-conjugated anti-human HLA-A,
B,C, APC-conjugated anti-mouse H-2Kd (MHC class I), PE-conjugated
anti-mouse IgG2a, « (isotype control), and APC-conjugated anti-mouse
CD31, which did not require a secondary antibody. Finally, sections
were counterstained with Hoechst, and images were obtained using a
Leica DMi8 microscope.

2.7.4. Inflammation assessment

To assess the cytokine profile of the potential immune responses
elicited by the biomaterials of the BT Skin substitute, 8 CD-1 immuno-
competent female mice were used. The mice were randomly divided into
two groups: a Cell-free BT Skin group (n = 4) and a control group (n =
4.

Mice were anesthetized using isoflurane inhalation, and a small
incision was made on the dorsal skin using surgical scissors. In the Cell-
free BT Skin group, BT Skin hydrogels without cells were implanted
subcutaneously by gently positioning the material under the skin
through the incision. For the control group, the same procedure was
performed, but no hydrogel was implanted. In both groups, the wound
was closed with interrupted sutures to ensure proper healing. All mice
were subcutaneously injected with an analgesic solution for 3 days to
avoid pain.

Two weeks after the implantation, mice were anesthetized, and
blood was collected using sterile syringes via cardiac puncture which
was immediately transferred into citrate-coated tubes to prevent coag-
ulation. Following blood collection, the animals were humanely eutha-
nized by cervical dislocation, in compliance with institutional ethical
guidelines and approved protocols. Blood was centrifuged at 2000 rpm
for 15 min at 4 °C to obtain plasma, which was stored at —80 °C. Plasma
was analyzed with a mouse inflammation antibody dot blot array
membrane, following the manufacturer’s protocol. Finally, chem-
iluminescence signals were detected using a ChemiDoc MP Imaging
System (BIO-RAD).

2.8. Statistical analysis

Results in this work are represented as mean =+ standard deviation
(SD). Statistical calculations were performed using GraphPad Prism
8.0.1 software. Data were analyzed using parametric or non-parametric
tests depending on the distribution and homogeneity of variances, as
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assessed by the Shapiro-Wilk and Brown-Forsythe tests, respectively. For
comparisons between groups, one-way or two-way ANOVA tests, or
mixed-effects model with the Geisser-Greenhouse correction, were
performed with appropriate post-hoc analyses (e.g., Tukey, Dunnett, or
Tamhane T2) for multiple comparisons. Non-parametric tests, such as
Kruskal-Wallis with Dunn’s post-hoc test, were applied where data did
not meet normality or homoscedasticity assumptions. Specific tests for
each experiment are detailed in the figure legends. Differences were
considered statistically significant at P < 0.05 (*/#), P < 0.01 (**/##)
and P < 0.005 (***/###).

3. Results
3.1. Physicochemical properties of hydrogels

3.1.1. Macroscopic characteristics

Fig. 1B shows the three hydrogels in their liquid state. Both hypo-
dermal and dermal hydrogel solutions presented a whitish nearly
transparent aspect, while the epidermal hydrogel solution showed a
brownish color, quite turbid, due to its keratin component.

3.1.2. Tube inversion test

The gelling time was monitored by applying the tube inversion test
for each hydrogel solution. Fig. 1B shows representative images of the
hydrogels in their liquid and gel form. The average gelling times of the
hypodermal, dermal, and epidermal hydrogels were 0.76 + 0.03, 0.91
+ 0.03, and 5.22 + 0.09 min (Fig. 1C), respectively.
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3.1.3. Rheological characterization

Steady shear flow tests were carried out at 37 °C to measure the
viscosity and yield stress of the major components of the hydrogels.
Agarose and Collagen I solutions, as well as the Neutralized Collagen I +
Agarose blend, demonstrated a Newtonian behavior, with a constant
viscosity independent of the shear rate, obtaining results of 0.3492 +
0.0178, 0.02859 + 0.0013, and 0.0508 + 0.0081 Pa - s, respectively. On
the other hand, Neutralized Collagen I showed a shear-thinning
behavior, with decreasing viscosity as shear rates increase (ranging
from 0.2435 Pa - s at 7 = 1.19 s}, to 0.0153 Pa - s at 7 = 91.4 s™1)
(Fig. 1D). Moreover, whereas Agarose, Collagen I, and Neutralized
Collagen I + Agarose blend lack yield stress, Neutralized Collagen I
exhibited a plastic behavior manifested in Fig. 1E by the appearance of a
yield stress of 0.3258 + 0.1085 Pa. The yield stress is the minimum
stress level that has to be overcome for the solution to flow.

3.2. Physicochemical properties of the BT skin

3.2.1. Macroscopic characteristics

Fig. 2A shows the macroscopic aspect of the BT Skin (black arrow
signaling the epidermal layer). As can be observed, two main sections
are visually differentiated: a) the upper opaque epidermal layer, made of
collagen I with keratin and sphingolipids supplementation, with hEKs
seeded on top; and b) the lower double dermal and hypodermal layers
made of the blend of collagen I and agarose, supplemented with der-
matan sulfate/HA/elastin and dermatan sulfate/HA, respectively. Both
the hypodermal and dermal layers showed a translucid whitish shade,
undifferentiated from each other. Fig. 2B and C shows the height
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Fig. 2. (A) Macroscopic images of the BT Skin hydrogel (black arrow: epidermal layer), (B) before and (C) after partial dehydration (Scale bars = 5 mm). (D) Swelling
behavior and (E) degradation percentage of BT Skin hydrogel over 21 days. (F) Compression moduli and (G) viscoelastic moduli of BT Skin hydrogels, with or without
cells, before and after the partial dehydration process, after 21 days in culture, compared with human Native Skin. Statistical analysis was performed using the one-
way ANOVA test, followed by Dunnett’s post-hoc test for multiple comparisons against Native Skin. Statistical significance: **P < 0.01.
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difference of the hydrogel before and after the partial dehydration
process, where 2 mm of the hydrogel’s height is reduced.

3.2.2. pH, swelling, and degradation performance of BT skin

The pH value of the full BT Skin hydrogel was 7.5 + 0.1. The swelling
kinetics of the freeze-dried BT Skin for 21 days are shown in Fig. 2D. The
average swelling was 70 + 7 %, reaching a plateau stage after 7 days. A
degradation assay was carried out to analyze the endurance over time
(Fig. 2E), showing a maximum of 8.8 + 1.5 % mass loss after 14 days.

3.2.3. Rheological behavior of the BT skin

The compression moduli of the cell-free and cell-loaded BT Skin
hydrogels before (Pre Cell-free BT Skin and Pre BT Skin) and after (Cell-
free BT Skin and BT Skin) partial dehydration, maintained up to 21 days,
and compared to human native skin biopsies, are depicted in Fig. 2F and
Table S2. Even though variations were found in Cell-free BT Skin (13.25
+ 0.31 kPa) compared to native skin (9.46 + 0.79 kPa), Pre Cell-free BT
Skin (7.48 + 1.11 kPa), Pre BT Skin (7.49 + 0.63 kPa), and BT Skin
(9.07 £ 2.11 kPa) showed no significant differences in comparison with
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the target tissue.

The viscoelastic moduli of cell-free and cell-loaded BT Skin hydrogels
before and after dehydration are shown in Fig. 2G-Table S2, and Fig. S2.
Although the four tested conditions showed the same storage modulus
range of the native skin (2.92 + 0.91 kPa), their loss moduli showed
significant differences compared to the native skin loss modulus (0.83 +
0.34 kPa).

3.3. Biological characterization of the hydrogels and BT skin

Biological characterization of the hypodermal and dermal hydrogels
was carried out with cell viability and metabolic activity assays. Since
the epidermal hydrogel was tricky to manipulate, as it showed to be
flaccid once gelled, this hydrogel was incorporated into the BT Skin
when the biological characterization of the full skin substitute was
carried out. Cell metabolic activity of both hypodermal and dermal
hydrogels at days 0, 1, 3, 5, 7, 14, and 21 is shown in Fig. 3A and C,
respectively. Hypodermal hydrogels showed an increase in metabolic
activity at day 5, maintaining a plateau stage until the end of the
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Fig. 3. Hypodermal hydrogel (A) cell metabolic activity at 0, 1, 3, 5, 7, 14, and 21 days, and (B) viability at 1, 7, 14, and 21 days. Dermal hydrogel (C) cell metabolic
activity at 0, 1, 3, 5, 7, 14, and 21 days, and (D) viability at 1, 7, 14, and 21 days. (E) Representative confocal images of hypodermal and dermal hydrogels at days 1,
7, 14, and 21, showing live cells in green, and dead cells in red. Scale bars: 200 pm. Statistical analysis was performed using the Kruskal-Wallis test, followed by
Dunn’s post-hoc test for multiple comparisons against day 0 (for metabolic activity) or day 1 (for viability). Statistical significance: *P < 0.05; **P < 0.01. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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experiment. Likewise, the dermal hydrogels increased their cell meta-
bolic activity from day 14, maintaining this level until the end of the
experiment. Both hydrogels were able to maintain cell viability levels
above 97 % during the assay (Fig. 3B, D, and E), as evidenced by the
images acquired at 1, 7, 14, and 21 days.

The BT Skin was prepared in a three-layered way with the hypo-
dermal layer at the bottom, the dermal layer in the middle, and the
epidermal layer on top (Fig. 1A), and partially dehydrated. Similarly to
the hypodermal and dermal hydrogels, the BT Skin substitute showed
cell viability rates between 90.9 and 98 %, with a rise in metabolic ac-
tivity rate from day 5, which remained in a plateau stage until the end of
the experiment (Fig. 4A and B). In some areas of the hydrogels, cells
were able to adhere and grow in contact with the surrounding cells
(Fig. 4C). Moreover, to observe the distribution of the three cell types
within each layer, hMSCs, hDFs, and hEKs were stained with Cell-
Tracker™ Green CMFDA, CellTracker™ Red CMTPX, and CellTracker™
Green CMFDA, respectively. As can be observed in Fig. 4D, the three
layers of the bioactive BT Skin hydrogel were well differentiated and
maintained the structure throughout the study time.
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To evaluate the interactions between hEKs, hDFs, and hMSCs within
the BT Skin model, the secretion of growth factors into the conditioned
medium at days 3 and 21 after biofabrication was analyzed. The results
revealed active secretion across several growth factor families (Fig. S3).
Overall, higher levels of growth factors were observed at day 3
compared to day 21. Among the angiogenic and vascular factors, VEGF
and PDGF isoforms were notably abundant at both time points, with a
general decrease by day 21, except for HGF, which increased its
expression at day 21. Similarly, factors associated with ECM remodeling
and proliferation, such as EGF and TGF-f isoforms, showed a decline
over time, although bFGF levels were higher at day 21 than at day 3. Cell
communication mediators, including IGF-I, IGF-II, and their binding
proteins (IGFBPs), were consistently detected, with variations in their
relative levels between the two time points. Neurotrophic and immu-
nomodulatory factors, such as NT-3, NT-4, GM-CSF, and HGF, were
present throughout the culture, with b-NGF exhibiting higher levels at
day 21.
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Fig. 4. BT Skin hydrogel (A) cell metabolic activity at 0, 1, 3, 5, 7, 14, and 21 days, and (B and C) viability at 1, 7, 14, and 21 days. (D) Confocal fluorescence image
of BT Skin hydrogel after 21 days of culture: hEKs labeled in green on top, hDFs labeled in red in the middle, and hMSCs labeled in green at the bottom. Statistical
analysis was performed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test for multiple comparisons against day 0 (for metabolic activity) or day 1 (for
viability). Statistical significance compared to day 0: *P < 0.05; **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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3.4. In vivo assay

3.4.1. Wound healing assessment

Adequate wound stabilization was observed for all groups of mice
after 4 weeks, with no complications (Fig. 5A), as seen in the POSAS
assessment (Table S3). Wound closure was achieved in all groups after 4
weeks, although wound repair appeared to be faster in the Autograft,
Cell-free BT Skin, and BT Skin groups than in the Control group. Simi-
larly, wound resolution seemed more effective in the groups treated with
Autograft and the BT Skin, followed by the Cell-free BT Skin group,

Materials Today Bio 31 (2025) 101592

while the Control group experienced slower improvement (Fig. 5A).
Results evaluation by visual observation (Fig. 5A) correlated with
quantitative analysis of wound/scar area (Fig. 5B), where significant
differences were found between the Cell-free BT Skin and BT Skin groups
when compared with the Control group at week 2, indicating a faster
wound closure in these groups at this time. Additionally, the progression
of each group relative to its week 2 measurements was also assessed, and
all groups had significant differences in their wound/scar area at week 4
compared to their area at week 2. However, at week 6, only the Auto-
graft group had significant differences compared to its week 2; and at
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Fig. 5. (A) Macroscopic images of wound healing process over time. Type of treatment is indicated in each row, while progression time (week 0, 2, 4, 6, or 8) is
represented in each column. Scale bars: 1 cm. (B) Quantitative evaluation of wound/scar area through time for all groups. Statistical analysis was performed using a
mixed-effects model with the Geisser-Greenhouse correction, followed by Dunnett’s post-hoc test for multiple comparisons, against the control group (for each week),
and against week 2 (within each group). Statistical significance compared to control: *P < 0.05. Statistical significance compared to week 2: #P < 0.05; ##P < 0.01.
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week 8, Autograft, Cell-free BT Skin, and BT Skin groups presented
significant differences compared to their areas at week 2, indicating that
the Control group experienced a slower reduction of the wound/scar
area.

3.4.2. Homeostasis study

Temperature, pH, TEWL, elasticity, moisture, erythema, and
pigmentation were monitored (Fig. 6 and Fig. S4), comparing all groups
to the native skin of mice. Temperature (Fig. 6A, H, O, and V) and pH
results (Fig. 6B, I, P, and W) showed a homogeneous evolution in all
groups during the study, with almost no differences compared to native
skin. Temperature values of all groups during the study ranged from
31.8 °C - 36.6 °C, overlapping the range of the native skin temperature
(34.0 °C - 36.0 °C). Similarly, pH ranges of all groups (5.2-7.8) and
native skin (6.4-7.3) also overlapped during the duration of the exper-
iment. TEWL (Fig. 6C, J, Q, and X) showed significant differences be-
tween Control and Autograft groups compared to native skin at week 2,
although there was an important decrease after 2 weeks in all groups,
reaching native skin levels. Regarding elasticity (Fig. 6D, K, R, and Y),
although Control, Cell-free BT Skin, and BT Skin groups showed an
oscillatory behavior throughout the experiment, there were no signifi-
cant differences between all groups and the native skin at the end of the
experiment. Moisture monitorization (Fig. 6E, L, S, and Z) showed a
similar tendency as TEWL. At week 2, the Control and Autograft groups
displayed more statistically significant differences compared to native
skin, whereas Cell-free BT Skin and BT Skin groups showed less pro-
nounced differences, indicating a potentially milder deviation in mois-
ture levels during the early stages of the experiment. However, there was
arecovery after 2 weeks in all groups, restoring the native skin levels at 4
weeks.

Erythema assessment (Fig. 6F, M, T, and AA) of Cell-free BT Skin and
BT Skin groups reported significantly higher levels than native skin at
week 2, which were not significantly different after 4 weeks. Regarding
pigmentation (Fig. 6G, N, U, and AB), Control and Autograft groups had
more statistically significant differences compared to native skin at week
2, while Cell-free BT Skin and BT Skin had milder differences. All groups
were able to reach native skin’s melanin levels at the end of the
experiment.

3.4.3. Histological and immunofluorescence analysis

H&E and Masson’s Trichrome staining of wound biopsies (Fig. 7 and
Fig. S5) showed a correct regeneration after 4 and 8 weeks in all groups;
however, autograft, Cell-free BT Skin, and BT Skin groups presented a
more complex dermal matrix structure closer to native skin than the
control group, which showed a less dense dermal matrix structure 4
weeks after the surgical procedure. As can be observed in Fig. 8A, the
immunofluorescence analysis showed an increased expression of fibro-
nectin, a typical protein found in dermal ECM. Also, the expression of
cytokeratin, a specific epidermal differentiation marker, was observed in
all groups, showing that good re-epithelialization and epidermal dif-
ferentiation were achieved.

Although a clearly distinguishable hypodermis with mature adipo-
cytes was not yet observed in the regenerated tissue after 8 weeks,
PPARY, a key regulator of adipogenesis, was expressed in cells along the
regenerated skin of the BT Skin group. Moreover, the expression of
human HLA-A,B,C in the BT Skin group evidenced the persistence of
human cells in the regenerated tissue. To further confirm this, an isotype
control staining was performed, showing no detectable signal, which
supports the specificity of the HLA-A,B,C staining and rules out
nonspecific labeling (image not shown). Strong staining for mouse MHC
class I (H-2Kd) was also observed, indicating significant host cell inte-
gration within the regenerated skin. Finally, VEGFA, CD31, and VE-
Cadherin staining revealed the formation of new vascularization, with
some vessel-like structures becoming apparent (Fig. 8B).
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3.4.4. Inflammation assessment

The inflammatory profile associated with the biomaterials of the BT
Skin was analyzed with a cytokine dot blot array (Fig. 9). Control mice
showed a broader expression of diverse cytokines, while the cytokine
profile of the Cell-free BT Skin mice appeared more specific and
controlled. Both groups showed a relatively similar expression of several
cytokines, with certain proinflammatory cytokines (such as IL-1p, IL-
17A, IFN-y, and MIP-1y) showing slight elevations in the Cell-free BT
Skin group, although their levels were not excessively higher than the
Control; while Control mice exhibited a more active expression of
proinflammatory cytokines such as IL-1a, IL-12 p70, TNF RI, TNF RII,
and LIX. Other proinflammatory cytokines such as IL-12 p40/p70, TNF-
o, and MIP-1a, were only expressed in the Control group. Some regu-
latory cytokines, like IL-9, IL-10, IL-13, MCP-1, Fractalkine, Eotaxin-2,
or CD30 Ligand, were only expressed in the Control. Others like IL-4,
Fas Ligand, or Eotaxin-1 were expressed in both groups but appeared
higher in the Control. In contrast, the Cell-free BT Skin mice demon-
strated elevated levels of SDF-1 a and I-309. Finally, the Control group
showed a broader expression of chemotactic cytokines, while BLC and
GM-CSF were similarly expressed in both groups, and RANTES was only
expressed in Cell-free BT Skin.

4. Discussion

While the available variety of skin substitutes found in the market
focuses on restoring the dermal and epidermal structures, the subcu-
taneous layer is often neglected. However, the hypodermis contributes
to the epidermal differentiation process and provides mechanical and
thermoregulatory properties to normal skin [19]. To answer this pitfall,
three-layered skin substitutes that intend to better mimic the anatomy of
the skin (epidermis, dermis, and hypodermis) have recently attracted
attention. However, many “three-layered” skin substitutes or hydrogels
actually consist of only two material layers, with hEKs seeded on top of
the second layer being counted as the “third” layer [19,21,56]. In
contrast, our BT Skin genuinely comprises three distinct biomaterial
layers, with the third layer containing keratin and sphingolipids to
resemble the key features of the native epidermis and provide a more
suitable 3D environment for keratinocytes. In fact, due to the biological
function, structural support, excellent biocompatibility, and favorable
biodegradability characteristics of keratin, several previous studies have
used it to create novel wound dressings that enhance the healing pro-
cess, especially in chronic non-healing wounds [57-60]. Although the
use of biomaterials like collagen, HA, gelatin, or fibrinogen is usual in
the recent literature for the creation of three-layered skin substitutes
[22,23], most of these three-layered constructs only use a
one-component hydrogel, such as collagen I [21,61], or fibrin [20].
Here, we present a study in which the ECM of each one of the three
layers of the skin has been customized to biofabricate a more bioactive
and biologically-inspired skin substitute. The supplementation of the
hydrogels with specific components of each skin layer, such as keratin,
sphingolipids, dermatan sulfate, HA, or elastin, provides the BT Skin
with an enhanced ECM complexity compared to its published counter-
parts, adding a plus to this bioactive and biomimetic skin substitute.

First, a physicochemical characterization was carried out for each of
the three hydrogels and the BT Skin. The gelling time of the hydrogels is
a relevant parameter during the biofabrication process. All three
hydrogels showed manageable gelling times to work with, since
acceptable 3D structures can be achieved with gelling times inferior to
15 min [62]. Another important factor is the viscosity of the hydrogel
solutions, as higher viscosities tend to improve the 3D structure fidelity,
but also negatively affect cell viability due to increased shear stresses
[63]. The Agarose and Collagen I solutions, and the Neutralized
Collagen I + Agarose blend demonstrated a Newtonian behavior, while
Neutralized Collagen I showed a shear-thinning behavior. Moreover,
Neutralized Collagen I exhibited a yield stress, manifested by a stress
plateau at low shear rates, which is crucial for the shape retention of the
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Fig. 6. Analysis of homeostasis parameters per week and group. Graphics show results for each group of treatment against the Native Skin group: (A-G) Control
group, (H-N) Autograft group, (O-U) Cell-free BT Skin, and (V — AB) BT Skin. Results per week were calculated as the mean value of all mice measured at each time of
study: Native Skin, Control, Autograft, Cell-free BT Skin, and BT Skin groups (n week 2, 4, 6, 8 = 8, 8, 4, 4). Statistical analysis was performed using one-way ANOVA,
Welch ANOVA, or Kruskal-Wallis, as appropriate, followed by Tukey, Tamhane T2, or Dunn’s post-hoc tests, respectively, for multiple comparisons. Statistical
significance: *P < 0.05; **P < 0.01; ***P < 0.005.
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Fig. 7. H&E and Masson’s Trichrome histological staining of biopsies of mice wound/scar area in Control, Autograft, Cell-free BT Skin, and BT Skin groups, and

native skin after 4 and 8 weeks. Scale bars: 50 pm.

biofabricated construct [63].

The BT Skin showed a neutral pH (7.5 + 0.1), suitable for skin TE, as
it has been observed that collagen-based hydrogels should be pH-neutral
to contribute to an optimal skin barrier function [64]. The hydrogel
swelling is involved in nutrient and water transport within the sur-
rounding media, providing remarkable mechanical resiliency [65],
lowering the interfacial tension, promoting metabolite exchange, and
improving cell viability [66]. The BT Skin presented a high swelling
capacity that stabilized after 3 weeks and showed slow degradation
rates, which could be useful in biofabrication applications that require
volumetric accuracy and shape fidelity [67].

Fitting the mechanical characteristics of the targeted tissue is a
relevant issue to help promote correct tissue regeneration [68]. Since the
core blend of the hydrogels is agarose/collagen I-based, the biological
advantages of the dermatan sulfate/HA, dermatan sulfate/HA/elastin,
and keratin/sphingolipids supplementation could be combined with the
agarose/collagen I compression modulus kPa range, which complies
with native skin compression modulus. Both the hydrogels and the
native skin measured in this study exhibited compression modulus re-
sults around the 10 kPa range, consistent with other values reported in
the literature [69-71], further validating their suitability for mimicking
the targeted tissue. Additionally, the BT Skin storage viscoelastic
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modulus showed proper values close to those found in native skin. The
biological performance of the hypodermal and dermal hydrogels, as well
as the BT Skin hydrogel, revealed that both were able to maintain cell
metabolic activity with high viability levels for 21 days. Additionally,
the BT Skin was able to maintain its integrity after suffering a partial
dehydration process, decreasing its thickness, and displaying the three
differentiated cellular layers along its height for 21 days. This partial
dehydration was used as a plastic compression technique [48], which
rapidly removes the fluid excess of the supersaturated hydrogels, to
produce mechanically strengthened hydrogels with a dense matrix and
cellular structure. One of the main advantages of this technique used in
the clinical field [43,47,72] is the ability to introduce microlayering,
mechanical properties, and micrometric topographies that increase the
biomimetic potential in minutes instead of days or weeks [48].

The analysis of growth factor secretion from the BT Skin provided
insights into intercellular communication and coordination among
hEKs, hDFs, and hMSCs across its three layers. Growth factor levels were
generally higher at day 3 compared to day 21, likely due to the initial
adaptation phase as cells transitioned from 2D monolayer cultures to the
3D hydrogel environment. This early phase likely triggered the secretion
of factors to support ECM remodeling and stabilization. Additionally,
the elevated EGF levels at day 3 can be attributed to the use of
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keratinocyte medium, supplemented with EGF, during the initial culture
phase. Over time, growth factor secretion decreased, paralleling the
stabilization of cellular metabolic activity observed after approximately
a week. However, the sustained release of various factors at day 21
underscores ongoing intercellular communication and dynamic activity
within the BT Skin. Angiogenic factors, such as VEGF and PDGF iso-
forms, secreted by hMSCs and hDFs, likely support nutrient exchange
and hEKs proliferation [73,74]. ECM remodeling and proliferative fac-
tors, including EGF, FGFs, and TGF-f isoforms, promote ECM organi-
zation and epithelial regeneration [75-77]. Notably, the higher bFGF
levels at day 21 suggest ongoing fibroblast activity and remodeling.
Factors mediating cell communication, such as IGFs and their binding
proteins (IGFBPs), regulate growth, survival, and differentiation
[78-80]. Neurotrophic and immunomodulatory factors (e.g., b-NGF,
NT-3, NT-4, GM-CSF, and M-CSF) enhance skin innervation and modu-
late immune responses to support homeostasis, respectively [81,82].
Interestingly, some neurotrophic factors also exhibit functions beyond
their classical roles in the nervous system. For example, NGF and NT
factors are secreted by different skin cell types such as keratinocytes or
fibroblasts, and promote their proliferation, migration, and differentia-
tion [83,84]. Furthermore, the increased levels of HGF, b-NGF, and
bFGF at day 21 may indicate a shift toward a more stable and regulated
remodeling phase. In conclusion, the BT Skin model demonstrates active
and sustained intercellular communication, reflecting its potential for
coordinated skin regeneration processes.

Wound healing is a complex biological process that leads to resolu-
tion (regeneration) or repair (healing) [85]. The tissue regenerates the
ECM, cell population, and function in wound resolution, while scarring
or fibrosis due to the lack of ability to fully regenerate a tissue occurs in
wound repair [86]. In the current study, we evaluated the closure rate
and homeostatic and histological characteristics of excision skin wound
mice models treated with BT Skin, Cell-free BT Skin, and Autograft,
compared to an untreated control. Cell-free BT Skin and BT Skin showed
a higher reduction of the wound/scar area than the control after 2
weeks, as well as similar results to Autograft in the POSAS scale. With
the BT Skin substitute, we reached an early wound closure after 14 days,
while other collagen-based three-layered constructs seen in the litera-
ture did not achieve wound closure after that time [21], or even after 21
days [87]. Early wound closure is important to avoid a late
re-epithelialization, reduce the risk of infections, prevent complications,
and facilitate improved cosmetic outcomes and minimal scarring [7].

Among the components of the ECM, collagen, HA, GAGs, and elastin
are known to improve wound healing [88]. In vivo studies have
demonstrated that collagen hydrogels are effective wound healing
agents by enhancing ECM remodeling and accelerating tissue repair
[26]. HA, actively secreted by fibroblasts at the wound sites, is a key
component of early granulation tissue. It supports scarless healing by
inhibiting platelet degranulation, reducing inflammation, and prevent-
ing excessive collagen deposition. Moreover, HA facilitates the migra-
tion of keratinocytes to the wound site, promoting re-epithelialization
and contributing to the wound healing process [89,90]. Although elastin
typically appears in later wound healing phases, it is conventionally
recognized for its structural role in providing ECM elasticity. Addition-
ally, elastic fibers in the dermis influence cell phenotypes and regulate
matrix and cytokine production, crucial for skin homeostasis and repair
[91]. Moreover, elastin-based scaffolds have been shown to support cell
growth and accelerate wound closure [92,93]. These include scaffolds
derived from ECM-based elastin, the elastin precursor tropoelastin, and
acellular dermal matrices [94-98].

In addition, it has been shown that hydrogels loaded with cells or
cytokines enhance cell proliferation, promote vascularization and re-
epithelialization, and reduce wound healing time [26]. Cells including
keratinocytes, fibroblasts, endothelial cells, and macrophages, interact
to facilitate wound healing. For example, keratinocytes and fibroblasts
engage in a double paracrine interaction, where keratinocytes stimulate
fibroblasts to produce growth factors that subsequently stimulate
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keratinocyte proliferation [99]. Additionally, they play a crucial role in
communicating with other cell types, such as immune cells, to support
tissue repair and homeostasis [91]. During wound healing, MSCs from
the subcutaneous fat regulate early and mid-phase inflammation and
support dermal tissue restoration. MSCs secrete various bioactive com-
pounds, including growth factors such as VEGF, keratinocyte growth
factor, and fibroblast growth factor 2, which are critical for wound
healing as they stimulate angiogenesis, enhance skin cell proliferation,
and promote ECM formation [77,100]. Altogether, these factors may
explain why the BT Skin and Cell-free BT Skin groups showed significant
differences compared to the Control group at two weeks.

Regarding homeostasis and epidermal barrier function, autograft,
Cell-free BT Skin, and BT Skin showed similar results to native skin. The
lack of significant differences in skin temperature between the groups
indicates the correct restoration of this function. When skin is harmed,
its barrier function is compromised resulting in a high water loss [101,
102] and, consequently, a reduction of skin moisture [103,104]. All
groups were able to restore the skin barrier integrity, showing similar
TEWL and moisture values to native skin by the end of the experiment.
However, BT Skin and Cell-free BT Skin showed less pronounced dif-
ferences compared to native skin at week 2, which could help preserve
the wound microenvironment during this early phase, potentially sup-
porting the healing process.

The redness of the skin caused by hyperemia in superficial blood
vessels can be studied by analyzing the erythema. Control and Autograft
presented similar levels to native skin at week 2, while the Cell-free BT
Skin and BT Skin showed significantly higher values at week 2. These
higher levels could be a result of angiogenesis caused by the hydrogel’s
wound healing properties [38,41,105-107].

Melanin is a pigment produced by melanocytes whose main role is to
minimize the deleterious effects of UVR [108]. Within a wound, mela-
nocytes would be expected to be the first cells to repopulate the
damaged area, as part of the initial wound healing response. However,
melanocytes seem to enter the wound later once it has re-epithelialized
[109]. In the present study, both Cell-free BT Skin and BT Skin groups
had already recovered native skin melanin levels at week 2, while
Control and Autograft groups were not able to reach those values until at
least week 4. The outcome of this last condition was expected since skin
autografts can experience an abrupt reduction of the graft’s melanocyte
population when transplanted, which gradually increases between 1 and
3 weeks after transplantation [110].

In addition, histological and immunofluorescence staining revealed
that newly-formed healed skin showed a structure and morphology
relatively similar to native skin after 4 and 8 weeks, presenting a multi-
layered epithelium, with a structured dermis and fibroblasts layout,
although an absence of skin appendages and rete ridges was observed.
Nevertheless, unlike the Control group, which showed a less dense
dermal matrix [111], Autograft, Cell-free BT Skin, and BT Skin groups
developed a seemingly more reliable dermal matrix that resembled
native skin. Also, fibronectin and cytokeratin, which are involved in
epidermal stability and re-epithelization, were abundantly expressed in
healed skin, demonstrating the reconstruction and remodeling of the
wounds [112,113]. The regenerated tissue sections did not display a
clearly distinguishable hypodermis, possibly due to adipogenesis
requiring a prolonged timeframe to achieve complete hMSC differenti-
ation into preadipocytes and their subsequent maturation into adipo-
cytes [114]. Moreover, this process relies on vascularization, angiogenic
support, and signaling pathways, and it is linked to hair follicle cycling
[114-117], which may not have fully developed yet within the 8-week
duration of the study. Nevertheless, the expression of PPARy, a tran-
scription factor critical for initiating adipogenic pathways [115], was
observed in cells distributed throughout the regenerated skin of the BT
Skin group, suggesting that some cells may have entered the early stages
of adipogenic differentiation. The staining of VEGFA, a pro-angiogenic
factor essential for stimulating endothelial cell proliferation and new
blood vessel formation; CD31, an endothelial cell marker commonly
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used to identify blood vessels and evaluate angiogenesis; and
VE-Cadherin, an endothelial-specific adhesion molecule that plays a
crucial role in maintaining vascular integrity and regulating endothelial
cell-cell junctions, indicated the formation of new vascular structures,
with some vessel-like formations becoming visible in the tissue, in
concordance with the high erythema levels observed, likely due to
stimulation of vascularization and angiogenesis by some components of
the BT Skin, such as HA and dermatan sulfate [39,118-120]. Finally, the
persistence of the BT Skin’s human cells in the regenerated skin was
confirmed by the expression of human HLA, underscoring their contri-
bution to the healing process.

Understanding the potential immune responses elicited by skin
substitutes is crucial for ensuring their safety and therapeutic efficacy. In
this study, cytokine profiling on immunocompetent mice revealed that
the biomaterials of the BT Skin did not exacerbate the systemic in-
flammatory response beyond what was induced by the wound produced
to implant the hydrogel subcutaneously. Control mice expressed more
diverse cytokines, while the Cell-free BT Skin group demonstrated a
more regulated cytokine profile, with modest elevations in proin-
flammatory markers such as IL-1p, IL-17A, and IFN-y, alongside
increased levels of SDF-1a, associated with progenitor cell recruitment
and tissue repair [121], and RANTES, whose presence during wound
healing may indirectly contribute to the repair process by the recruit-
ment of reparative cells and the regulation of the inflammatory envi-
ronment [122,123]. In contrast, the control group exhibited a broader
expression of cytokines, including TNF-a, TNF RI, MIP-1a, and LIX,
which are linked to acute and chronic inflammation, as well as a more
diverse variety of chemotactic cytokines like MIG, reflecting a more
generalized and less regulated immune activation. These findings sug-
gest that the materials of the BT Skin promote a balanced inflammatory
environment that may support regeneration while minimizing excessive
immune activation. The presence of immunomodulatory components
like HA or collagen, which have been widely reported to have
anti-inflammatory and immunomodulatory effects [106,124-126],
likely contributes to the regulation of this controlled response, high-
lighting the potential of BT Skin as a safe and effective therapeutic
alternative for skin regeneration.

In summary, these results support that the combination of human
cells with the biomaterials forming the BT Skin promoted skin wound
healing and regeneration processes. BT Skin could be a promising
alternative to autografts for skin wound treatment in the near future. We
aimed to prioritize faster treatment options, recognizing the importance
of rapid intervention in wound management, and developing a substi-
tute that could be applied as quickly as possible. Additionally, the BT
Skin preparation process required one week of culture to ensure
adequate cell attachment and integration into the hydrogel matrix,
making it ready for implantation without complete tissue maturation.
This approach aligns with other studies reporting similar preparation
timelines [43], though some strategies in the literature require longer
periods (e.g. 12-41 days [127-129]) to achieve more mature constructs.
On the other hand, the Cell-free BT Skin, which also demonstrated
adequate performance, offers the benefit of same-day preparation and
application, and adds flexibility in scenarios where cell availability or
time constraints are critical, as it could be used as a medical device.

Overall, these results indicate that BT Skin could represent a po-
tential alternative to autografts for clinical applications, particularly in
cases where donor sites are unavailable or contraindicated, although
further long-term preclinical and clinical studies are necessary to
determine the potential usefulness of this skin substitute.

5. Conclusions

We present a bioactive BT Skin that shows epidermal, dermal, and
hypodermal layers based on skin-derived biomaterials (collagen I, der-
matan sulfate, HA, elastin, keratin, and sphingolipids) and a tissue-
specific cell type distribution. The skin substitute can help to restore
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the physiological homeostatic equilibrium and epidermal barrier func-
tion of skin wounds. The BT Skin promotes wound healing and regen-
eration of healthy skin with a histological architecture that resembles
natural skin with a similar expression of cytokeratin and fibronectin,
which participate in epidermal stability and re-epithelization. More-
over, the biomaterials of the BT Skin demonstrated excellent biocom-
patibility and a controlled inflammatory environment that supports
regeneration while minimizing excessive immune activation. In addi-
tion, the hydrogels used to create the BT Skin showed desirable physi-
cochemical and rheological properties, as well as optimal biological
properties, demonstrating intercellular communication through the
release of growth factors. These results highlight the BT Skin as a
promising alternative to autografts, offering comparable results while
avoiding their inherent drawbacks. Moreover, the Cell-free BT Skin also
demonstrated strong potential, enabling same-day application and
clinical translation as a medical device. These findings suggest that the
BT Skin is a promising hydrogel formulation with high potential for
clinical application in skin TE.
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