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During wound healing, the migration of keratinocytes is critical for wound closure.
The application of amniotic membrane (AM) on wounds with challenging contexts
(e.g., chronification and diabetic foot ulcer) has proven very successful. However,
the use of AM for clinical practice has several restraints when applied to patients;
themost important restriction is preserving AM’s therapeutic properties between its
thawing and application onto the patient’s wound. Moreover, AM collection and
processing requires a cleanroom, together with specialized staff and equipment,
and facilities that are not usually available in many hospitals and healthcare units. In
this publication, we kept previously cryopreserved AM at different temperatures
(37°C, 20°C, and 4°C) in different media (DMEM high glucose and saline solution
with or without human albumin) and for long incubation time periods after thawing
(24 h and 48 h). HaCaT keratinocytes and TGF-β1-chronified HaCaT keratinocytes
were used tomeasure several parameters related towound healing: migration, cell
cycle arrest rescue, and the expression of key genes and migration-related
proteins. Our findings indicate that AM kept in physiological saline solution at
4°C for 24 h or 48 h performed excellently in promoting HaCaT cell migration
compared to AM that had been immediately thawed (0 h). Indeed, key proteins,
extracellular signal-regulated kinase (ERK) and c-Jun, were induced by AM at 4°C in
saline solution. Similarly, cell proliferation and different genes related to survival,
inflammation, and senescence had, in all cases, the same response as to standard
AM. These data suggest that the handlingmethod in saline solution at 4°C does not
interfere with AM’s therapeutic properties.

KEYWORDS

amniotic membrane, conservation, clinical application, keratinocytes, chronification,
cell migration, cell proliferation, wound healing

Introduction

In human skin, wound healing is a fine-tuned process consisting of sequential cellular
events that restore skin integrity (Ridiandries et al., 2018; Wang et al., 2018; Singer and
Clark, 1999; Eming et al., 2014). This reparative process is crucial for skin homeostasis
because this organ acts as a physical barrier against pathogens, ultraviolet radiation, and
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temperature (Nguyen and Soulika, 2019). Thus, complications in
wound healing may cause an incomplete wound closure, leading to a
continued inflammatory process, which produces a non-healing,
chronic wound (Eming et al., 2007; Janis and Harrison, 2016).
Chronic wounds cause the development of ulcers, lesions that
severely compromise the patient’s quality of life, which get worse
with diabetes or aging (Okonkwo and DiPietro, 2017; Blair et al.,
2020; Bonifant and Holloway, 2019; Greenhalgh, 2003; Burgess et al.,
2021; Patel et al., 2019). Indeed, the prevalence of ulcers in the
elderly population is higher than the average in an increasingly aging
society (Diaz-Herrera et al., 2021). As a consequence, complex
wounds imply high costs and time-consuming treatments for
healthcare systems (Kasuya and Tokura, 2014; Neuhaus et al.,
2013; Ferreira et al., 2006; Pfeffer et al., 2004; Ball and
Younggren, 2007).

Amniotic membrane (AM) is a well-studied perinatal derivative
with multiple therapeutic effects on human-condition therapy,
especially in tissue regeneration (Toda et al., 2007). Indeed, its
current use in hospitals is considered an effective alternative and
innovative therapy (Toda et al., 2007; Zelen et al., 2015; Flores et al.,
2022; Gindraux et al., 2022). In previous publications, we have
shown that AM enhances wound healing both in vitro and in vivo
(Insausti et al., 2010; Alcaraz et al., 2015). Two critical cellular events
for wound healing are keratinocyte migration from the wound edges
and proliferation, two processes that AM remarkably potentiates
(Singer and Clark, 1999; Alcaraz et al., 2015; Rodrigues et al., 2019).
Thus, by using immortalized keratinocytes, HaCaTs, we have shown
that AM promotes their migration from the wound edges of scratch
assays and HaCaT rescue of a TGF-β1-arrested cell cycle (Alcaraz
et al., 2015). Moreover, AM increases the motility of epithelial cells
by enhancing the actin cytoskeleton and focal adhesion turnover
(Bernabe-Garcia et al., 2017). The molecular mechanisms behind
these AM-promoted effects are driven by epidermal growth factor
(EGF) signaling, involving MAP kinase activation and the signaling
contribution of TGF-β1 (Ruiz-Canada et al., 2018; Ruiz-Canada
et al., 2021). A consequence of the influence of AM on these
signaling pathways is the upregulation of the c-Jun transcription
factor, a key regulator for cell migration (Herdegen et al., 1997; Li
et al., 2003; Yue et al., 2020). Interestingly, we have shown that AM
produces the reepithelization of complex wounds in vivo, evidenced
by successful clinical trials where AMwas used in patients with deep
traumatic wounds and diabetic foot ulcers (DFUs) (Zelen et al.,
2015; Insausti et al., 2010; Alcaraz et al., 2015; Castellanos et al.,
2017; Pipino et al., 2022). Strikingly, we have observed that c-Jun
transcription factor overexpression is induced by AM in those
wounds to enhance the reepithelization of the skin (Insausti
et al., 2010; Alcaraz et al., 2015). AM is particularly adequate for
non-healing, chronic wounds, where the stimulation of different
processes is produced in a context where cellular and molecular
mechanisms are seriously affected due to the chronic,
proinflammatory tissue context (Rodrigues et al., 2019; Ruiz-
Canada et al., 2018; Ruiz-Canada et al., 2021). To reproduce this
particular scenario in an in vitro system, we recently developed an
in vitro model where HaCaT cells were serum-starved and
simultaneously treated with TGF-β1 for 48 h (SSTC-HaCaT).
These cells showed both an altered phenotype and a
characteristic genetic profile, exhibiting cell cycle arrest and
experiencing impaired cell migration and cell dynamics with an

altered cell morphology (Liarte et al., 2020). Strikingly, AM
treatment of SSTC-HaCaT cells was able to rescue their
migration potential, improving cytoskeleton dynamics and
regaining cell proliferation (Liarte et al., 2023). Therefore, these
studies partly explain the therapeutic effects of AM on cells that are
responsible for wound healing in different aspects.

Considering the above, AM features set this perinatal tissue as a
promising treatment for wounds with complex non-healing
contexts. However, it should be noted that AM extraction and
processing are performed in a tissue bank with a cleanroom
under proper safety and quality measures, conditions that are
usually available only in central hospitals (Hofmann et al., 2023;
Gramignoli et al., 2024). So far, the shipping and preparation of AM
is still associated with great effort due to the deep-freeze storage and
controlled thawing. Consequently, AM application in small
healthcare centers may be limited, and the treatment of chronic
wounds with AM becomes impractical. Indeed, many alternatives to
the use of live-cryopreserved-stabilized AM have been developed,
including frozen non-viable, desiccation, decellularization,
conversion into a lyophilized powder, or freeze-drying (Koh
et al., 2007; Thomasen et al., 2009; Thomasen et al., 2011; Xu
et al., 2014; Jie et al., 2018; Davis et al., 2020; Svobodova et al.,
2022). The method for preserving AM we favor the most, where AM
is cryopreserved (−196°C), stabilized, and thawed, has serious
technical and practical difficulties yet to be solved. To make the
routine application of AM practicable for its use in chronic wounds,
AM needs to be delivered in a way that respects and does not
compromise its activity. The purpose of this research was to
investigate in vitro therapeutic effects of AM subjected to
different temperatures, incubation periods, and media storage
conditions after thawing on HaCaT and SSTC-HaCaT cells.

Methods

This study has been approved by the ethics committees at the
University Clinical Hospital Virgen de la Arrixaca (Murcia, Spain)
and the Spanish Agency for Drugs and Medical Devices (AEMPS).
In every case, appropriate written informed consent was obtained
from the AM donors.

HaCaT cell culture and chronification

Immortalized HaCaT cells were grown in complete Dulbecco’s
modified Eagle high-glucose medium (DMEM; Biowest, Nuaillé,
France); this was DMEM supplemented with 10% fetal bovine serum
(FBS; Gibco, Thermo Fisher Scientific, Rockford, IL, United States of
America), 1% penicillin/streptomycin, and 1% L-glutamine (both from
Biowest, Nuaillé, France). HaCaT cells were cultured in an incubator at
37°C with a 7.5% CO2 humidified atmosphere (Bernabe-Garcia et al.,
2017; Ruiz-Canada et al., 2018; Liarte et al., 2020; Liarte et al., 2023). The
HaCaT cell line was obtained from the London Institute of Cancer
Research, UK, as a gift from Caroline S. Hill.

Chronification of HaCaT cells was performed as previously
described in Liarte et al. (2020) and Liarte et al. (2023).
HaCaT cells were grown until reaching 50% confluence, and the
medium was replaced by FBS-free DMEM. At this point, cells were

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Stelling-Férez et al. 10.3389/fbioe.2024.1455397

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1455397


stimulated with 2 ng/mL of TGF-β1 (Peprotech, Rocky Hill, NJ,
United States of America), and, in parallel, other cells were
maintained in the FBS-free media for 48 h. In the case of cells
stimulated with TGF-β1, this growth factor was added again at 24 h
and 48 h. After 48 h, TGF-β1-treated HaCaT cells were designed as
SSTC-HaCaT (serum-starved TGF-β1 chronified HaCaT), while
untreated cells were designed as SS-HaCaT (serum-starved HaCaT).

Amniotic membrane processing and
treatments

The amniotic membrane was mechanically peeled from the
chorion under sterile conditions, placed in a container with
1,000 mL of physiological saline solution (PSS) supplemented
with cotrimazole (48 mg), tobramycin (50 mg), and vancomycin
(50 mg), and rapidly transferred to the laboratory at room
temperature. Under a laminar flow cabinet, the amnion was
washed four times with 100 mL of 0.9% saline solution. After
washing and before cryopreservation, the AM was placed on a
sterile cloth and cut into fragments of approximately ≤8.5 cm ×
10 cm. Then, the AM was placed over an impregnated dressing
support, fixing the ends with sterile silk sutures. The membrane was
introduced into an ethyl vinyl acetate cryopreservation bag
(Macopharma, Madrid, Spain) with a cryoprotectant solution
made of 15% dimethyl sulfoxide (WAK-Chemie Medical,
GmbH), 70% culture medium (TC199, Thermo Fisher Scientific,
Rockford, IL, United States of America) and 15% human serum
albumin (Grifols, Barcelona, Spain) and then frozen at −80°C.

For the subsequent assays with HaCaT cells, different treatments
were carried out for AM pieces, as shown in Figure 1. For routine

assays with HaCaT cells, the standard protocol for AM activation
was thawing the pieces at 37°C and washing them three times with
physiological saline solution to remove cryoprotectants. After this,
AM pieces were incubated in the same media for 2 h at 37°C in a
7.5% CO2 humified atmosphere (Figure 1, AM (C)) as previously
described (Bernabe-Garcia et al., 2017; Ruiz-Canada et al., 2018;
Ruiz-Canada et al., 2021; Castellanos et al., 2017). In order to
challenge thawed AM activity and potential through time,
different AM pieces were incubated for 48 h (Figure 1, AM
48 h), 24 h (Figure 1, AM 24 h), or 2 h standard time (Figure 1,
AM 0 h) before their application on HaCaT cells. Additionally, AM
activity was challenged by subjecting AM pieces to three different
temperatures (37°C, 20°C, or 4°C) and different incubation media
(FBS-free DMEM or physiological saline solution, PSS).
Furthermore, an additional preservation medium was made by
adding human serum albumin at 4% final concentration to PSS
(PSS + A). The conditions used in each assay are indicated in figure
legends or the results section.

Wound healing scratch assay

HaCaT cells were seeded in 24-well plates until they reached
100% confluence in complete DMEM. At that point, the medium
was changed to FBS-free medium for 24 h. After this time, a
cross-shaped scratch was made on the serum-starved HaCaT
monolayer using a sterile p-200 µL pipette tip (time 0 h). After
replacing the FBS-free medium to wash out released cells and cell
debris, thawed AM pieces were added to wells at two AM pieces
per well, floating in the cell culture above the scratched
epithelium.

FIGURE 1
Incubation time and conditions after amniotic membrane freeze–thawing cycle. Amniotic membrane (AM) pieces were taken from liquid nitrogen,
thawed, and washed in either FBS-free DMEM or physiological saline solution (PSS). Three incubation periods of AM pieces were performed before their
addition to serum-starved HaCaT (SS-HaCaT) cells and serum-starved-TGF-β1-chronified HaCaT (SSTC-HaCaT) cells. These pieces were maintained in
DMEM or PSS under different temperatures: 37°C, 20°C, or 4°C. After AM stimulation on SS-HaCaT and SSTC-HaCaT cells, several assays were
carried out with these cells to study the effect of AM on cell migration, key-protein activation, subcellular localization, cell cycle re-entry, or key-gene
expression.
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In parallel, a positive control was set by adding 10 ng/mL
epidermal growth factor (EGF, Sigma-Aldrich, St Louis, MO,
United States of America). Additionally, a pharmacological
inhibitor against epidermal growth factor receptor (EGFR),
PD153035, was added at 2.5 µM (Bos et al., 1997; Bennett et al.,
2001; Shang et al., 2016) to set a negative control. After a 24-h
incubation period, cells were fixed with 4% formaldehyde
(Applichem GmbH, Darmstadt, Germany) in phosphate-buffered
saline solution (PBS, Biowest, Nuaillé, France) for 10 min. Finally,
well plates were washed twice with PBS. Pictures were taken
at ×10 magnification using an Axiovert 5 ZEISS optical
microscope with a digital camera (ZEISS, Jena, Germany). To
quantify cell migration, the areas of the gaps in the wounds were
measured by ImageJ software. The initial cell-free surface (time 0 h)
was subtracted from the endpoint cell-free surface (time 24 h) and
plotted in a graph (Liarte et al., 2018).

Amniotic membrane cell integrity assay

AM pieces incubated in PSS at 4°C for 0 h, 24 h, and 48 h were
placed on glass slides and stained in situ with exclusion stain trypan
blue to reveal death cells in the AM tissue. Then, pictures were taken
at ×10 magnification using an optical microscope equipped with a
digital camera (Motic Optic AE31, Motic Spain, Barcelona, Spain).
To quantify cell integrity, the pictures were analyzed by ImageJ
software by counting viable cells and total cells.

Cell-front migration assay and subcellular
localization assay by immunofluorescence

HaCaT cells were grown until they reached 100% confluence on
round glass-coverslips in complete DMEM placed on 6-cm diameter
plates. At this time, cells were washed, and a 24-h serum-starvation
period was set by replacing the medium with FBS-free DMEM.
Then, the epithelium of SS-HaCaT cells was scratched using a razor
blade to open a gap big enough to follow the migration of cells for
24 h, and the scratched epithelium was returned to culturing plates
with FBS-free DMEM. The new wound was set as time 0 h of the
experiment, and then AM pieces were added, which remained
floating in the cell culture above the wound. After the selected
incubation times, glass-coverslips were fixed with 4% formaldehyde
in PBS for 10 min and washed twice with PBS. Immunostaining was
done as in Stelling-Ferez et al. (2023). Briefly, cells were
permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, St Louis,
MO, United States of America) in PBS for 15 min followed by
blocking for 30 min at room temperature in PBS solution with 10%
FBS, 5% skim milk (Beckton Dickinson, Franklin Lakes, NJ,
United States of America), 0.3% bovine serum albumin (BSA,
Sigma-Aldrich, St Louis, MO, United States of America), and
0.1% Triton X-100. Then, samples were incubated for 1 h at
room temperature with anti-phospho-histone H3 or anti-c-Jun
antibodies, diluted in blocking solution without skim milk.
Proper fluorescent-labeled secondary antibodies (see the
Antibodies section) were co-incubated for 30 min with Alexa
Fluor 594-conjugated phalloidin (Molecular Probes, Thermo
Fisher Scientific, Waltham, MA, United States of America) and

Hoechst 33258 (Fluka, Biochemika, Sigma-Aldrich, St Louis, MO,
United States of America) to reveal actin cytoskeletons and nuclei,
respectively. Once samples were immunostained, and image
acquisition was performed with a confocal microscope (LSM
510 META from ZEISS, Jena, Germany). The setting of images was
performed using ZEISS Efficient Navigation (ZEN) interface software
(ZEISS, Jena, Germany).When a wider view of themigration front was
required, concretely in c-Jun staining (indicated in Figures), 4 ×
3 linked fields were acquired with the “Tile scan” ZEN tool.

The quantification of c-Jun levels in immunofluorescence pictures
was done as in Stelling-Férez et al. (2023). Briefly, images were
analyzed and quantified using ImageJ software. For this purpose,
pictures in 8-bit three-channel format (Red, Green, Blue, RGB) were
divided into four separate color channels (three pictures). Using the
blue channel picture (Hoechst staining), regions of interest (ROIs)
were established to define each nucleus, creating as many ROI masks
as nuclei in the image. Then, by overlapping these masks onto the
corresponding green channel picture (c-Jun staining), we calculated
the green intensity value of each nucleus (ROI). Because of the large
area covered in each picture (Tile scan), they were divided into four
equal sectors (S1, S2, S3, and S4), with S1 being the outermost edge of
the wound. Within each sector, the quantified signal of each nucleus
was used as a replicate to obtain c-Jun intensity data in each of the
performed conditions. Regarding phospho-histone H3 levels,
immunofluorescence pictures were divided into three equal sectors
(S1, S2, and S3), and the quantification in each sector was performed
by counting positive p-H3 cell nuclei.

Western blot

HaCaT cells were seeded and allowed to reach 60%–70%
confluence in 6-cm-diameter plates. At this time, complete DMEM
was replaced by FBS-free DMEM, incubating the cells for a 24-h
period. Then, serum-starvedHaCaT cells were treated with AMpieces
incubated in PSS at 4°C for 0 h, 24 h, and 48 h. After the incubation
times (indicated in the figure), cells were harvested, washed twice with
ice-cold PBS, and lysed with 20 mM TRIS pH 7.5, 150 mM NaCl,
1 mM EDTA, 1.2 mM MgCl2, 0.5%, Nonidet p-40, 1 mM DTT,
25 mM NaF, and 25 mM β-glycerophosphate supplemented with
phosphatase inhibitors (I and II) and protease inhibitors (all from
Sigma-Aldrich, St Louis, MO, United States of America). The total
protein amount was measured and normalized by Bradford assay
(Ernst and Zor, 2010) (Sigma-Aldrich, St Louis, MO, United States of
America). The extracts were analyzed by SDS-PAGE, together with a
molecular weight marker used as standard, Precision Plus Dual Color
(Bio-Rad, Hercules, Ca, United States of America). Next,Western blot
(WB) was assayed using the indicated antibodies. Blots were revealed
by using horseradish peroxidase substrate (ECL) (GE Healthcare, GE,
Little Chalfont, United Kingdom), and images were taken with a
Chemidoc XRS1 (Bio-Rad, Hercules, Ca, United States of America).
Western blot bands were quantified as in Stelling-Ferez et al. (2022).
Mainly, Western blot pictures in 8-bit format were processed in
ImageJ software. Subsequently, in all Western blot pictures, a lane
was established for each of the samples. In each lane, the band was
selected according to the specific size (kDa) of the protein of interest.
For each total protein and its phosphorylated version, each band’s
intensity peak was plotted, and next, the area under the plot was
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measured by using the “Wand (tracing) tool” of ImageJ to obtain the
intensity value. In order to normalize, obtained intensity values were
referred to obtained intensity values of either the unphosphorylated
form of the protein (total) or a loading control protein such as β-actin
when the unphosphorylated form was undetectable (non-available
antibody for detecting the unphosphorylated form).

Real-time PCR

HaCaT cells were chronified as described above by seeding them in
6-cm-diameter plates. Then, SSTC-HaCaT cells were treated with AM
pieces incubated in PSS at 4°C for 0 h, 24 h, and 48 h. The procedure
was done as in Liarte et al. (2023). Essentially, total RNAwas extracted
and purified using the RNeasy-mini kit system (Qiagen, Venlo,
Netherlands). Then, 800–900 ng of RNA from independent
samples were retro-transcribed using iScript reagents (Bio-Rad,
Hercules, CA, United States of America). The resulting cDNA was
used for quantitative PCR (qPCR) by using a SYBR premix ex Taq kit
(Takara Bio Europe/Clontech, Saint-Germain-en-Laye, France),
following the manufacturer’s instructions. For each mRNA, gene
expression levels were normalized to the glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) content of each sample by
applying the comparative Cq method (2−ΔΔCq). The primers used
are detailed in Table 1. Replicates from three independent experiments
were quantified. Analyzed data represent the mean ± SEM.

Cell cycle re-entry

HaCaT cells were grown until they reached 60% confluence on
12-well plates. At this point, the medium was replaced with FBS-free
DMEM. HaCaT cells were grown in serum-deprived DMEMwith or
without TGF-β1 (Liarte et al., 2020). The produced SS- and SSTC-
HaCaT cells were treated with AM pieces incubated in PSS at 4°C for
0 h, 24 h, and 48 h. After 27 h treatment, SS- and SSTC-HaCaT cells

were harvested by detachment with 0.25% trypsin/EDTA (Biowest,
Nuaillé, France). For cell cycle analysis, samples from detached cells
were centrifuged, and the resulting pellet was immediately fixed with
cold 70% ethanol in PBS and stored at 4°C for 30 min. Subsequently,
cells were centrifuged at 1,000 rpm for 10 min and resuspended in
PBS. Finally, the cells were treated with a solution of 20 μg/mL
ribonuclease A and 400 μg/mL propidium iodide (all from Sigma-
Aldrich, St. Louis, MO, United States of America) in PBS. Cells were
analyzed through flow cytometry using a BD LSRFortessa™ X-20
Cell Analyzer (BD Biosciences, Pharmingen, Beckton Dickinson,
Franklin Lakes, NJ, United States of America).

Antibodies

The following commercial primary antibodies were used: anti-
phospho-ERK1/2 (1:2000 in 1% BSA), anti ERK1/2 (1:1,000 in 1%
BSA), anti-phospho-c-Jun (1:1,000 in 1% BSA), and anti-c-Jun (1:
1,000 in 1% BSA) (all fromCell Signaling Technology, Danvers, MA,
United States of America); anti-phospho-histone H3 (Santa Cruz
Biotechnology, Heidelberg, Germany); and anti-β-actin (Sigma-
Aldrich, St Louis, MO, United States of America). Secondary
antibodies were anti-rabbit IgG horseradish peroxidase linked
F(ab’)2 I fragment (from donkey) (GE Healthcare, GE, Little
Chalfont, United Kingdom), anti-mouse IgG1 (BD Pharmingen,
Beckton Dickinson, Franklin Lakes, NJ, United States of America),
and Alexa Fluor 488 conjugated anti-mouse (from donkey) (Thermo
Fisher Scientific, Rockford, IL, United States of America).

Statistical analysis

The collected data were analyzed using GraphPad Prism
7 software. The standard error and mean were calculated for
every analysis, and statistical tests were performed with a 95%
confidence interval; consequently, p-values lower than 0.05 were
considered statistically significant. In the figure legends, the asterisks
denote statistically significant differences between conditions (*p <
0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001). The data of
intensity values from Western blots were analyzed by one-way
ANOVA, comparing the mean of each condition with the mean
of every other condition. In this, a Tukey’s multiple comparisons test
was performed. Data of intensity values obtained from c-Jun and
p-H3 nuclei quantifications in immunofluorescence pictures were
analyzed by two-way ANOVA. A two-way ANOVA analysis,
followed by a Tukey’s multiple comparison test, was performed
to compare the p-c-Jun or p-H3 intensity mean between sectors
from different conditions (e.g., S1 Control versus S1 AM 0 h).

Results

AM preserved at room temperature is
significantly powerful for
HaCaT cell migration

We have previously shown that AM significantly stimulates
HaCaT keratinocyte migration in wound-healing scratch assays

TABLE 1 Different primers used to study the expression of several genes.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CDKN2B, cyclin-
dependent kinase inhibitor 2B; CDKN1A, cyclin-dependent kinase inhibitor
1A; CCNA2, A2-type cyclin; IL6, interleukin 6; GLB1, galactosidase beta 1;
FUCA1, alpha-L-fucosidase 1.

Primer name Primer sequence 5′ to 3′

GAPDH-Fwd ACCACAGTCCATGCCATCAC

GAPDH-Rev TCCACCACCCTGTTGCTGTA

CDKN2B-Fwd ATGCGCGAGGAGAACAAG

CDKN2B-Rev CTCCCGAAACGGTTGACTC

CDKN1A-Fwd ATGTCAGAACCGGCTGGGGATG

CDKN1A-Rev GGGCTTCCTCTTGGAGAAGATC

CCNA2 Proprietary sequence (Sigma KiCqStart)

IL6 Proprietary sequence (Sigma KiCqStart)

GLB1 Proprietary sequence (Sigma KiCqStart)

FUCA1-Fwd AGTCACCCTGTTGCCTATGG

FUCA1-Rev TTTGGCGCTTTTAGATTGCT
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(Alcaraz et al., 2015; Bernabe-Garcia et al., 2017). In order to
challenge the therapeutic properties of AM, thawed AM pieces
were incubated for different times in different carrying solutions
and at different temperatures before testing their therapeutic
potential by different cell assays (for a more detailed description,
see the Materials and methods section) (Figure 1). To assess the
activity of AM on cell migration, serum-starved HaCaT cells were
stimulated with pieces of AM maintained at 20°C (room
temperature) in FBS-free DMEM after thawing. That was outside
the incubator in a 0.04% CO2 atmosphere. In parallel, AM pieces

thawed and activated at 37°C, 7.5% CO2 in DMEM (AM (C) 0, AM
24 h) were added to SS-HaCaT cells.

Interestingly, all these AM pieces, activated for 2 h (0 h) and
24 h, promoted cell migration from the wound edges in the scratch
assay (Figure 2A). When migration was quantified, AM pieces
maintained at 20°C significantly increased SS-HaCaT cell
migration with more potency than pieces maintained at 37°C
(Figure 2B). These results suggest that the specific conditions of a
cell culture incubator are not critical to maintain AM therapeutic
potency because room temperature and a lower content of CO2 in
the atmosphere both did not affect AM migratory effect and,
remarkably, seemed to better maintain the benefits of AM on the
migration of serum-starved HaCaT cells.

AM kept at 4°Cmaintains its cell integrity and
promotes HaCaT cell migration

With the previous results obtained in scratch assays, we
challenged AM incubation at cooler temperatures and longer
times, considering its plausible delivery to distant healthcare
facilities. Therefore, AM pieces were kept in physiological saline
solution, as many biologic reagents are maintained and delivered
using this medium (Blumberg et al., 2018; El-Amawy and Sarsik,
2021). In addition, we subjected AM pieces to a colder temperature,
4°C in PSS, after the freeze–thawing cycle, for 0 h, 24 h, and 48 h,
which may be beneficial for the preservation of AM therapeutic
properties. Then, serum-starved HaCaT cells were stimulated.
Additionally, AM fragments were kept under the same
conditions with the addition of human albumin (Figure 3), a
colloid used to preserve many biologic solutions (Bihari et al.,
1985), and their potency was compared to standard AM at 37°C.
Strikingly, AM in PSS at 4°C was able to significantly increase
HaCaT cell migration for all incubation time periods, 0 h, 24 h,
and 48 h (Figure 3A). Additionally, AM pieces maintained in PSS
showed cell migration percentages similar to control conditions (C),
with a tendency to be higher than standard AM at 37°C (AM (C)),
with special significance at time 48 h (Figure 3B). In contrast, AM
pieces maintained in PSS with albumin (PSS + A) exerted a slightly
lower potency on cell migration than AM kept in PSS alone.
Additionally, a cell integrity test was performed using fragments
of AM from the same experiment before the stimulation of
HaCaT cells (Supplementary Figure S1). AM pieces were studied
to quantify epithelial cell integrity, and surprisingly, no statistical
differences were found between the different conditions. In fact,
even at the longest 4°C time period (48 h in PSS), only a slight
decrease was noticed with no statistical significance.

All these data suggest thatmaintainingAM inPSS at 4°C keepsmost
of its cells’ integrity and potency for cell migration, with a slight
amelioration in the absence of added albumin in the preserving solution.

Amniotic membrane kept at 4°C in
physiological saline solution induces MAP
kinase ERK and c-Jun activation

In recent publications, we have shown that AM promotes
HaCaT cell migration by inducing MAP kinases and c-Jun

FIGURE 2
Amniotic membrane kept at room temperature in the cell culture
medium showed powerful effects on HaCaT cell migration. Confluent
SS-HaCaT cells were scratched with a pipette tip, treated with AM, and
allowed to migrate for 24 h. (A) Representative images of the
assay showing basal cell migration (C) compared to those with thawed
and incubated AM for 0 h and 24 h in FBS-free DMEM at either 37°C or
20°C (AM0h and AM24 h). Standard protocol for AMwas performed in
parallel (AM (C)). EGF (10 ng/mL) was added as a positive control. A
pharmacological inhibitor against EGFR, PD153035 (EGFRi), was
added as a negative control. The scale bar indicates 50 µm. (B) The bar
graph represents migration as the difference between gap areas at
time 0 h and time 24 h in each condition, defined as migration.
Asterisks indicate statistically significant differences between
conditions according to a one-way ANOVA statistical analysis (*p <
0.05, **p < 0.005, and ****p < 0.0001).
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phosphorylation, key regulatory proteins that drive cell migration
and proliferation (Alcaraz et al., 2015; Ruiz-Canada et al., 2018). The
results obtained from cell migration encouraged us to use the 4°C
preservation temperature as the standard to carry on with the rest of
the experiments, as the provided migration is one of the key

therapeutic effects of AM on chronic wounds (Insausti et al.,
2010; Alcaraz et al., 2015). All samples of AM kept at 4°C for
different periods of time were tested on serum-starved HaCaT cells.
In all circumstances, the pieces clearly induced the activation by
phosphorylation of both ERK1/2 and c-Jun (Figure 4A). In addition,

FIGURE 3
Amniotic membrane kept in PSS remains active even after 48 h. Confluent serum-starved HaCaT cells were scratched with a pipette tip, treated with
AM, and allowed to migrate for 24 h. (A) Representative images of the assay showing basal cell migration (C) compared to those with thawed and
incubated AM for 0 h, 24 h, and 48 h in PSS or PSS +4% albumin (PSS + A) at 4°C. Standard protocol for AMwas performed in parallel (AM (C)). The scale bar
indicates 50 µm. (B) The bar graph represents migration as the difference between gap areas at time 0 h and time 24 h in each condition, defined as
migration. Asterisks indicate statistically significant differences between conditions according to a one-way ANOVA statistical analysis (**p < 0.005, ***p <
0.001, and ****p < 0.0001).

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Stelling-Férez et al. 10.3389/fbioe.2024.1455397

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1455397


AM kept in PSS at 4°C promoted c-Jun overexpression for all the
incubation times tested (Figure 4A). When quantified, different
activation patterns were observed between AM preserved in PSS and

in PSS plus albumin. In the case of phopsho-ERK1/2, AM in PSS
showed very similar phosphorylation levels to standard AM (AM
(C), Figure 4B), without statistical differences. However, AM

FIGURE 4
Amniotic membrane maintained in saline solution stimulates phosphorylation of both ERK and c-Jun, necessary for HaCaT cell migration. (A) Total
protein extracts from sub-confluent serum-starved HaCaT cells treatedwith AM for 1 h, 6 h, or 24 h. AM had been incubated for 0 h, 24 h, or 48 h in PSS at
4°C. Standard protocol for AM was performed in parallel (AM (C)). Protein extracts were assayed by targeting phospho-ERK1/2, ERK1/2, phospho-c-Jun,
and c-Jun. β-actin was used as a loading control. A representative experiment is shown. (B) The bar graphs represent the intensity values of each
protein assayed by Western blot. The intensity values were quantified by ImageJ software and collated. P-ERK1/2 values were normalized to their total
form with ERK. P-c-Jun and c-Jun values were normalized with β-actin. Asterisks indicate statistically significant differences between the selected
conditions according to a one-way ANOVA statistical analysis (****p < 0.0001).
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preserved in PSS + albumin exhibited higher phospho-ERK1/2 and
phospho c-Jun levels than AM in PSS only. Lastly, c-Jun total form
showed significant increases with either AM kept in PSS or AM in
PSS + albumin, in a more efficient fashion than with standard
membrane (AM (C)). All these data suggest that AM kept in PSS at
4°C clearly enhances MAP kinases and c-Jun transcription factor
activation, with a slight improvement in fragments that were kept in
PSS with albumin. This is reinforced and compatible with the results
observed in wound healing scratch assays.

Amniotic membrane kept at 4°C in
physiological saline solution promotes
c-Jun overexpression at wound-edge cells

It has been shown that a wounded epithelium expresses and
phosphorylates c-Jun transcription factor at the wound edge, an
event that is critical for cell migration to promote reepithelization
(Herdegen et al., 1997; Li et al., 2003). Indeed, this stimulation is
increased with AM and even with bioactive compounds to enhance
cell migration, consequently promoting wound healing (Alcaraz
et al., 2015; Ruiz-Canada et al., 2018; Stelling-Ferez et al., 2022;
Stelling-Férez et al., 2023).We focused on serum-starved HaCaT cell
fronts to study c-Jun expression at cell nuclei in response to AM kept
in PSS at 4°C. After 24-h stimulation, we observed a clear
overexpression of c-Jun in response to AM kept in PSS for any
of the studied time periods, especially at the nuclei of cells at the
wound edge (Figure 5). The quantification of c-Jun staining in cell-
front pictures revealed a significant increase of c-Jun in response to

AM 0 h compared to control conditions (Supplementary Figure S2).
Interestingly, c-Jun overexpression was higher as cells were closer to
the wounded area, at the leading edge, with deeper maintenance of
c-Jun overexpression in sectors S2, S3, and S4 than in the control
sample. Indeed, this increase of c-Jun in serum-starved HaCaT cells
implied higher cell recruitment in response to all AM kept in PSS
than to the control. Strikingly, AM induction on c-Jun expression
was not diminished by long preservation times of 24 h and 48 h. It
also exhibited more nuclei with overexpressed c-Jun, an effect that
was more noticeable at 24 h. In summary, AM pieces preserved in
PSS at 4°C, regardless of the preservation time, were able to promote
c-Jun overexpression at the wound edge.

Amniotic membrane kept at 4°C in
physiological saline solution increases
proliferation at wound-edge cells

During wound healing, both keratinocyte migration and
proliferation are critical for restoring the epidermis and wound
closure (Rodrigues et al., 2019; Reinke and Sorg, 2012; Calabrese
et al., 2022). Histone H3 is phosphorylated and becomes p-histone
H3 during cell division (Paluch et al., 2016; Yuceer and Baspinar,
2024). In a previous article, we showed that AM treatment increases
the phosphorylation of histone H3 on scratched HaCaTmonolayers,
which indicated a promotion of proliferation (Liarte et al., 2023).We
used different AM kept in PSS for different times to stimulate
scratched fronts of serum-starved HaCaT cells. The analysis of
positive histone H3 phosphorylation-activated cells showed that

FIGURE 5
AM kept at 4°C in physiological saline solution promotes c-Jun overexpression in serum-starved HaCaT cells at the wound edge. Confluent SS-
HaCaT cells were scratched and treated with AM and allowed to migrate for 24 h. AM had been incubated for 0 h, 24 h, or 48 h at 4°C in PSS. Cells were
immunostained with a specific antibody against c-Jun. Co-staining with Hoechst-33258 was used to reveal nuclei. C-Jun intensity values were
transformed using a pseudo color scale, a rainbow, for better visualization. Cell nuclei are shown in blue. Images were obtained with a confocal
microscope at ×40 magnification. This experiment was repeated at least three times. The scale bar indicates 60 µm.
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AM in PSS, for all the times tested (0 h, 24 h, and 48 h), was capable
of increasing the number of positive cells, thus resulting in a
significantly higher number of dividing active cells than the
control unstimulated sample (Figure 6; Supplementary Figure
S3). It is worth noting that these increases were significant when
comparing sectors 2 and 3, located further away from the artificial
wound edge (Figure 6). Strikingly, no significant differences were
reached between the different AM incubation times in PSS at 4°C,
except for a significant increase that was noticeable at 0 h in sector 1.

These data suggested that AM induced the proliferation of cells
at the wound edge of an artificial wound regardless of the time for
which the amniotic membrane was kept in PSS at 4°C after thawing.

Amniotic membrane kept at 4°C in saline
solution rescues HaCaT cells from TGF-β-
induced cell cycle arrest

AM promotes both cell migration and cell proliferation to
enhance reepithelization and tissue regeneration (Toda et al., 2007;
Alcaraz et al., 2015). The continuous stimulation of keratinocytes with
TGF-β1 in the absence of serum produces modifications in
HaCaT cells that resemble keratinocytes found in chronic wounds
(Liarte et al., 2020). The consequence of HaCaT cell hyperstimulation
with TGF-β1 has been named SSTC-HaCaT, and these cells show low
migration rates and high expression of genes related to inflammation,

senescence, and cell cycle arrest, producing their arrest in G1.
However, many of these features can be rescued by applying AM.
As a control for the SSTC-HaCaT cells, we used a similar treatment
for 48 h in serum starvation but omitting TGF-β1. In this last case, the
cells produced are named SS-HaCaT, and the affection inmigration or
proliferation/inflammation seemed normal compared to SSTC-
HaCaT cells (Liarte et al., 2020; Liarte et al., 2023). SS-HaCaT cells
stimulated for 24 h with membranes kept for 0 h, 24 h, or 48 h
exhibited a clear rescue of cell cycle arrest when compared to
unstimulated cells, which was similar to the effects of serum
stimulation (Figure 7A). Strikingly, SSTC-HaCaT cells,
characterized by a population dominated by G1 cells due to TGF-
β1 pre-conditioning, were also rescued by all the conditions with AM
in PSS at 4°C, in a similar fashion to SS-HaCaT cells (Figure 7B). In
other words, neither the long incubation periods after thawing nor the
cold temperature affected AM pro-proliferative effects either on SS-
HaCaT or SSTC-HaCaT cells, resulting in a significant entrance in the
cell cycle after AM stimulation.

Amniotic membrane kept at 4°C in saline
solution promotes a high cell proliferation
expression profile in SSTC-HaCaT cells

In line with AM rescue of cell proliferation, we continued to
investigate AM proliferative and regenerative effects on HaCaT cells

FIGURE 6
AM kept at 4°C in PSS increases phosphorylation of histone H3 at cells behind the wound edge. Confluent SS-HaCaT cells were scratched and
treated with AM, allowing them to migrate for 24 h. AM had been incubated for 0 h, 24 h, or 48 h at 4°C in PSS. Cells were immunostained with a specific
antibody against phospho-histone H3. The bar graph indicates the number of positive p-histone H3 nuclei along the cell front and the artificial wound,
equally divided into three sectors. The scale bar indicates 80 µm. Asterisks indicate statistically significant differences between the selected
conditions according to a two-way ANOVA statistical analysis followed by Tukey’s multiple comparisons test (*p < 0.05, **p < 0.005, ***p < 0.001, and
****p < 0.0001).
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by studying the expression profiles of genes involved in cell growth,
senescence, and inflammation. Previously, we deciphered that this
perinatal tissue changes the entire HaCaT gene profile to overexpress
genes related to proliferation and migration (Alcaraz et al., 2015).
Moreover, SSTC-HaCaT cells are characterized by a gene expression
profile that is coherent and suggests a scenario related to an arrested
cell cycle, senescence, and chronic inflammation, a profile that the
stimulation with AM ameliorates (Liarte et al., 2020; Liarte et al.,
2023). In order to see whether this AM kept in PSS at 4°C at different
incubation times had a mirroring effect on gene expression profiles,
we assayed the expression of critical genes involved in cell cycle
regulation, inflammation, and senescence after 24-h treatment with
the sets of AM in SSTC-HaCaT cells (Figure 8). First, both genes that
produce cell cycle arrest, CDKN2B (p15) and CDKN1A (p21),
revealed a significant sharp decrease in response to AM for all the
different times tested (Figures 8A, B). In contrast, CCNA2, which
upregulates cell cycle progression, showed significant increases
with AM treatment in all cases compared to the control, explaining
the AM pro-proliferative effect despite the preservation conditions
(Figure 8C). Second, proinflammatory genes IL6 and FUCA1
exhibited significant decreases in all sets of AM kept at 4°C,
suggesting a reinstatement of the SSTC-HaCaT cell
inflammation to normal levels (Figures 8D, E). Last but not
least, the expression of GLB1, a cell senescence marker, also
showed a clear downregulation when challenged with AM in all
preservation conditions (Figure 8F). These data suggest that
preserved AM produced a long-term response (after 24 h
treatment) that changed the entire expression profile to a

regenerative one. In addition, the data support the notion that
AM had not lost its restorative effects on the chronified status of
SSTC-HaCaT cells after the freeze–thawing cycle, followed by
different times of preincubation at challenging conditions.

Discussion

In this article, we have revealed how the therapeutic effects of
amniotic membrane can be preserved after a freeze–thawing cycle
during different preservation times at low temperatures by using
different cell models that reproduce some aspects of wounds and
chronic wounds: HaCaT and SSTC-HaCaT cells.

The interest in preserving perinatal derivatives for further
clinical use is not new. Perinatal derivative cryopreservation is
widely used in assisted reproductive therapies, stem cell-based
therapies, and tissue and organ transplantation (Chatterjee et al.,
2016). Well-established freezing protocols are mandatory to
respect cell survival and functionality. For instance, freezing
protocols, long-term storage, and thawing are known to alter
the genetic expression profile of both tissues and cells by
inducing epigenetic changes such as DNA methylation or
histone modification, events that can either hamper their
functionality or produce therapeutic potential loss (Chatterjee et al.,
2016; Downing et al., 2013; Roberts et al., 2016). In our experiments,
AM is first stored in liquid nitrogen (−196°C) with the cryoprotectant
DMSO and then thawed andwashed three times in physiological saline
solution, an established protocol that allowed us to study AM

FIGURE 7
AM kept at 4°C in PSS rescues HaCaT cell cycle arrest. Both SS- and SSTC-HaCaT cells were analyzed after 24 h treatment with AM. AM had been
incubated for 0 h, 24 h, or 48 h at 4°C in PSS. The experiment was repeated at least three times. Graphs represent the population distribution of SS-HaCaT
(A) and SSTC-HaCaT cells (B) for each condition. Positive control indicates cells that had been growing in DMEMwith serum (no growth restriction). FBS
was added to a 10% final concentration in the media as a positive control.
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therapeutic effects in our in vitro models (Zelen et al., 2015; Insausti
et al., 2010; Alcaraz et al., 2015; Bernabe-Garcia et al., 2017; Ruiz-
Canada et al., 2018; Castellanos et al., 2017; Pipino et al., 2022; Liarte
et al., 2023). Interestingly, some authors reported that freezing AM
pieces at −80°C by using glycerol as a cryoprotectant does not affect
AM tissue integrity and cytokine production, even when keeping AM
at −80°C for months (Thomasen et al., 2009; Thomasen et al., 2011).

A clinical trial where cryopreserved AM was tested on complex
non-healing wounds showed a significant effect on promoting
wound closure, with 62% of the wounds studied almost healed
(Svobodova et al., 2022). Other authors have developed different
engineered AM strategies, such as decellularization, pulverization, or
attaching AM to biocompatible scaffolds or hydrogels (Leal-Marin
et al., 2021). These methods have been developed to avoid the freeze-

FIGURE 8
Amniotic membrane kept at 4°C in PSS restores SSTC-HaCaT cell chronified gene expression profile. Genes related to cell cycle, inflammation, and
senescence were studied. Samples were obtained 24 h after AM treatment. AM had been incubated for 0 h, 24 h, or 48 h at 4°C in PSS. Bar graphs indicate
expression level data, which are represented as fold change from the initial time. Genes studied were (A) CDKN2B; (B) CDKN1A; (C) CCNA2; (D) IL6; (E)
FUCA1; (F) GLB1. Plots show the data of three technical replicates quantified by qPCR. Asterisks indicate statistically significant differences between
the selected conditions according to a one-way ANOVA statistical analysis (*p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001).
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thawing cycle; however, the efficacy of each method varies, resulting
in different outcomes depending on each treatment goal. For
example, it has been shown that air-dried AM is not as efficient
as cryopreserved AM for corneal regeneration (Thomasen et al.,
2009). However, in the case of foot ulcers, it has been shown that the
treatment with lyopreserved AM, when compared with
cryopreserved AM, exhibits similar therapeutic features that allow
wound closure, although the wounds required more time to heal
(Davis et al., 2020).

Despite the evidence on cryopreserved AM therapeutic effects,
the results of this study lead us to believe that a freeze cycle for AM in
cryoprotectant solutions is not mandatory because the AM could be
delivered within a reasonable time, between 24 h and 48 h, to its
destination at the healthcare facility. However, cryopreservation is
inevitable due to the time required to perform a range of obligatory
safety tests on the donor for possible human virus contamination
(Pogozhykh et al., 2020). Nevertheless, once thawed, the transport of
cool PSS would allow faster and easier handling and delivery without
dry ice and also a faster application as AM kept in PSS can be applied
directly on the wound. In addition, a sterile physiologic saline
solution, which is an abundant, cheap resource in hospitals, is
sufficient to carry the AM. In our tested conditions, an
important number of epithelial cells in the AM were resistant to
trypan blue staining, suggesting a high degree of integrity at the
epithelial level that can be easily supposed for the mesenchymal cells
of the AM. With this setup, we were unable to distinguish the
contribution of epithelial vs. mesenchymal cells to the different
tested potency assays. Future research is desirable to know the
contribution of each cell type.

In our lab, different experimental settings have been developed
to study the therapeutic effects of AM on different aspects of wound
healing. Briefly, cell migration assays, in situ cell protein expression
assays, gene and protein expression assays, and proliferation assays,
among others, have been developed to cover a wide spectrum of
biological effects contributing to the wound-healing phenomenon
(Alcaraz et al., 2015; Bernabe-Garcia et al., 2017; Ruiz-Canada et al.,
2018; Pipino et al., 2022; Liarte et al., 2023). The scratch wound
healing assays with serum-starved HaCaT cells showed that AM
activity is safeguarded even after keeping it in PSS at 4°C for 48 h,
which may allow for a successful AM application after delivery to
healthcare facilities. Moreover, AM activity on cell migration was
preserved regardless of temperature and showed better performance
than the thawed AM pieces at 37°C in serum-deprived DMEM. A
plausible explanation for this outcome is that at higher temperatures
(37°C), AM metabolism is accelerated, thus enhancing maintenance
mechanisms inside amniotic cells such as autophagy (Li et al., 2023;
Liu et al., 2024; Sato et al., 2024). In this sense, many of the cytokines
and growth factors that AM releases could be processed and/or
degraded, thus decreasing their bioavailability for keratinocytes.
Therefore, studying the potential mechanisms behind this finding
could be addressed in future publications.

Note that the presence of 4% human serum albumin in the
preservation media did not exert any additional advantages on cell
migration because its performance on scratch assays was worse than
PSS without albumin. Regarding ERK1/2 and c-Jun blot studies,
although PSS with albumin showed higher activation levels on both
p-ERK1/2 and p-c-Jun, it seems that the addition of albumin is not
critical because significant serum-starved HaCaT cell migration was

achieved on scratch assays with AM on albumin-deprived PSS.
Strikingly, there was a better performance of AM preserved in PSS at
4°C for 48 h on cell migration than standard AM (AM (C)). It is
worth noting that the cell migration ability of AM preserved in PSS
at 4°C was also evidenced by c-Jun staining in the HaCaT cell
migration front, which revealed that AM preserved for 24 h and 48 h
produced more overexpressing c-Jun cells. Thus, they increased the
number of migrating cells along the wound gap. This type of
behaviour has been observed in previous publications, where
c-Jun displayed a similar outcome, characterized by cell
recruitment and a gradient of c-Jun expression, where the highest
levels appear in the cells at the wound edge when stimulated with
AM or oleanolic acid (Alcaraz et al., 2015; Ruiz-Canada et al., 2018;
Stelling-Ferez et al., 2022; Stelling-Férez et al., 2023). Although
saline solution is very common in clinical applications, its use is
widely discussed in many publications because it could trigger
undesirable side effects on renal function (Blumberg et al., 2018;
Awad et al., 2008). However, in our method of applying AM, PSS is
used only to maintain AM pieces in optimal conditions before
delivery to the final destination. It is not used later because AM
pieces are intended for topical application on wounded skin
(Insausti et al., 2010).

In terms of HaCaT cell proliferation, AM preserved in PSS at 4°C
strengthens the phosphorylation of histone H3 in SS-HaCaT cells,
which constitutes a post-translational mark that indicates mitotic
entry and progression (Delcuve et al., 2009). It should be noted that
when p-histone H3 quantification was studied among image sectors,
this increase was strongly significant in sectors 2 and 3. This
phenomenon also occurs with standard AM, with the activation
of histone H3 happening deeper in the wound (Liarte et al., 2023).
This outcome may be explained by the proliferation of cells deeper
in the wound that allows the progression of cells to the wound edge,
where the cells are recruited to migrate and take up the wound gap.

Regarding cell cycle arrest, AM kept in PSS at 4°C was able to
rescue the cell cycle of both serum-starved HaCaT and SSTC-
HaCaT cells, reversing the impaired phenotype. Indeed, we have
disclosed in previous studies that although EGF has a strong effect
on cell migration (Alcaraz et al., 2015), EGF was unable to reverse
G1-cell cycle arrest induced by TGF-β1 (Liarte et al., 2020). In
contrast, additionally to improving cell migration, preserved AM
reduced G1 and increased S populations in both SS-HaCaT and
SSTC-HaCaT cells, regardless of incubation time, temperature,
TGF-β1 presence, or media.

The lack of AM activity loss at tested temperatures (20°C and 4°C)
led us to believe that AM can be easily transported to healthcare
centers without defined or expensive preservation media, considering
temperature as a parameter to bear in mind. Nevertheless, more
research is needed to assay AM activity in other cell models that are
closer to the skin keratinocyte phenotype, such as N/TERT
keratinocytes (Smits et al., 2017), because HaCaT cells have
aneuploidy and show aberrant responses to growth factors (Rikken
et al., 2020). Moreover, an in vivo study is still needed to finally
demonstrate its therapeutic potential.

In this article, we have shown different in vitro assays indicating
that using physiological saline solution for AM preservation is an
effective measure to prolong its out-of-the-freezer life for clinical
applications. Thus, the preservation protocol for long periods at 4°C
not only maintains AM properties but also seems to make them
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more effective. Moreover, the use of PSS, a common solution for
medical applications, did not negatively impact AM therapeutic
properties in our in vitro keratinocyte model.

In conclusion, AM could be stored and delivered in PSS at 4°C
from the hospital to healthcare facilities, a very easy alternative. This
would be notably beneficial for the treatment of patients with
wounds, allowing a better clinical practice in both small hospitals
and healthcare centers, where AM treatment for wounds should
be available.
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