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Abstract

Background: Pressure injuries (PIs) remain a formidable challenge in patients with spinal cord injury (SCI) due to their reduced regen-
erative capacity. This study established an in vitro platform for a minimally manipulated autologous cell-based approach that integrated
adipose-derived stromal cells (ADSCs), platelet-rich plasma (PRP), and collagen scaffolds to accelerate the healing of PIs. Methods:
ADSCs were isolated through mechanical processing of lipoaspirates, yielding distinct fat fractions—namely “Microfat”, “emulsified
Microfat”, and “Nanofat”—which were subsequently characterised via flow cytometry and trilineage differentiation assays. Three-
dimensional ADSC constructs using various collagen scaffolds were assessed for their ability to support adipogenic differentiation of
ADSCs. The influence of PRP at different concentrations was evaluated on ADSCs proliferation, cellular senescence, and in co-culture
with human umbilical vein endothelial cells (HUVECs). Additionally, the impact of ADSCs-derived exosomes on stemness mainte-
nance was investigated. Results: Quantitative analyses demonstrated that “emulsified Microfat” enhanced ADSC delivery and reduced
cellular senescence. Cell constructs using stiffer scaffolds demonstrated improved adipogenic differentiation. Supplementation with
5 % PRP effectively promoted ADSC proliferation and supported ADSC-HUVEC co-culture, showing results comparable to standard
growth factor conditions in cultures. Although exosome treatment did not modify ADSCs proliferation rates, it was associated with an
increased expression of stem cell markers. Conclusions: Altogether, these findings provide a preclinical foundational framework for
future regenerative treatment strategies aimed at improving tissue repair following surgical intervention for PIs in patients with SCI.
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Introduction

Pressure injuries (PIs), also known as pressure ul-
cers or bedsores, are chronic wounds that arise from pro-
longed pressure on the skin and underlying tissues. Their
pathogenesis is multifactorial, involving external contribu-
tors such as shear forces, friction, and moisture, as well as
internal factors, including malnutrition, anaemia, and en-
dothelial dysfunction [1]. PIs significantly reduce patients’
quality of life andmay become life-threatening, particularly
in individuals with limited mobility. Patients with spinal
cord injury (SCI) are at an elevated risk of developing PIs
due to impaired mobility, absent protective sensory percep-
tion, and compromised healing capacity of the denervated

skin [2]. Epidemiological data from two studies conducted
at the Swiss Paraplegic Centre in 2013 and 2022 reported
that approximately 50 % of hospitalised patients with SCI
developed PIs during their primary rehabilitation period
[3,4]. PIs are the second most common cause of unplanned
hospital readmission in this population, following urinary
tract complications, and they impose a significant burden
on healthcare systems because of the need for surgical in-
tervention and extended inpatient care [5]. The chronic
and slow-healing nature of PIs increases the risk of both
short- and long-term complications, including bacteraemia,
osteomyelitis, squamous cell carcinoma, and sinus tract for-
mation [6]. Current treatment strategies for PIs in patients
with SCI are resource-intensive, often necessitating surgi-
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cal reconstruction and prolonged hospitalisation, and are
frequently complicated by delayed healing, infection, and
high recurrence rates [7]. These limitations have raised in-
terest in regenerative approaches aimed at promoting more
effective and durable wound healing. Cell-based therapies
and tissue engineering techniques offer promising alterna-
tives to conventional treatments by restoring the structural
integrity and functional competence of damaged tissues.
These strategies have the potential to reduce scar formation,
accelerate healing, and generate more resilient tissue that is
less prone to injury recurrence [8]. Recent advances have
underscored the therapeutic potential of adipose-derived
stromal cells (ADSCs) in enhancing the healing of chronic
wounds.

ADSCs, a subset of mesenchymal stem cells (MSCs),
possess remarkable self-renewal capacity and multipotent
differentiation potential, making them promising candi-
dates for PIs treatment. These precursor cells can differen-
tiate into key lineages involved in skin regeneration, includ-
ing fibroblasts, keratinocytes, and endothelial cells [9], as
well as loose connective tissue [10]. In addition to their dif-
ferentiation capabilities, ADSCs secrete a diverse array of
bioactive molecules, such as pro-regenerative growth fac-
tors, anti-inflammatory cytokines, pro-angiogenic media-
tors, and wound-healing peptides, which collectively sup-
port and enhance the tissue repair process [11]. ADSCs
also play a pivotal role in promoting angiogenesis, which
is a critical component of wound healing. They contribute
to neovascularization by differentiating into vascular en-
dothelial cells and supporting the formation of capillary-
like structures [12]. Fat grafts are a naturally rich source
of ADSCs, providing both cellular and extracellular matrix
components.

Fat grafts offer practical advantages, including ease of
harvest, favourable safety profile, cost-effectiveness, and
biocompatibility [13]. Fat grafting is an autologous and
homologous tissue transfer procedure in which adipose tis-
sue is harvested and reinjected during the same procedure.
Fat has many attributes of an ideal material: it is avail-
able in sufficient quantities, naturally integrates into host
tissues, and may offer long-term durability. Clinically, fat
grafting has become a standardised and widely accepted
method for soft tissue augmentation and regenerative ap-
plications, including facial volume restoration, enhance-
ment of skin elasticity, andmitigation of photoaging-related
damage [14]. Early techniques have been refined to obtain
long-term survival with grafted fat [15], for example, based
on an injectable product obtained by emulsification, filtra-
tion of the lipoaspirate, and mechanical fragmentation [16].
This technique involves processing aspirated adipose tissue
via microcutting using a Nanocube device (Lipocube, Lon-
don, UK), resulting in injectable products enriched with ex-
tracellular matrix components, ADSCs, and stromal cells.
The regenerative potential of processed fat grafts can be
further improved by incorporating bioactive agents such as

platelet-rich plasma (PRP) and ADSC-derived exosomes
and embedding these cells within biocompatible scaffolds.

Platelet-rich plasma (PRP) is prepared by sequential
centrifugation of anticoagulated autologous blood, result-
ing in a concentrated plasma fraction enriched with platelet-
derived alpha granules. These granules contain a diverse
pool of growth factors critical for tissue repair and regen-
eration, including platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), transforming
growth factor-β (TGF-β), insulin-like growth factor (IGF),
and epidermal growth factor (EGF) [17]. When applied
independently, autologous PRP has demonstrated regen-
erative efficacy and the ability to accelerate wound heal-
ing [18], with optimal clinical effects observed at platelet
concentrations exceeding one million platelets per micro-
liter [19]. In addition to its growth factor content, the fib-
rin matrix formed in PRP functions as a provisional bio-
logical scaffold, promoting MSCs survival and retention
while reducing apoptosis in adipocytes [20]. Furthermore,
a meta-analysis of 34 clinical trials involving 2458 patients
showed that MSCs and platelet-rich plasma significantly
accelerated wound healing, enhanced vascularization, re-
duced pain, and lowered recurrence rates [21]. PRP also
exhibits anti-inflammatory effects, which contribute to the
reduction of fat necrosis and cellular apoptosis, further sup-
porting its clinical utility in adipose tissue regeneration and
potential application in the treatment of PIs [13].

Similarly, exosome-based therapies represent an in-
novative approach to modulating ADSCs function and
promoting ulcer healing outcomes [22]. Exosomes are
nanoscale extracellular vesicles secreted by stem cells and
other cell types, containing a diverse cargo of bioactive
molecules, including proteins, lipids, and various RNA
species, which mediate intercellular communication [23].
These vesicles facilitate the targeted delivery of regenera-
tive signals, offering a cell-free therapeutic approach that
retains the anti-inflammatory, immunomodulatory, and re-
generative properties of their parent cells, including AD-
SCs [24]. ADSC-derived exosomes have been shown to
promote angiogenesis during wound healing [25] and stim-
ulate dermal fibroblasts to produce collagen types I and III
and elastin [26]. These effects contribute to improved cuta-
neous wound repair and reduced scar formation [27]. In ad-
dition to the benefits of using exosomes, the incorporation
of ADSCs into biocompatible scaffolds further enhances
tissue regeneration by supporting cell localisation, main-
taining differentiation potential, and providing structural
stability, which is particularly important for load-bearing
anatomical sites. Collagen scaffolds, in particular, offer a
three-dimensional (3D) porous architecture that facilitates
ADSC activity and allows for the controlled, sustained re-
lease of exosomes, thereby prolonging their therapeutic im-
pact [28]. Collagen-based biomaterials have been widely
applied in tissue engineering for applications such as lig-
ament repair [29], cartilage regeneration [30], and dermal
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grafting [31], underscoring their clinical versatility and rel-
evance. Collectively, the integration of ADSCs, PRP, ex-
osomes, and supportive scaffolds has the potential to con-
stitute a multifaceted regenerative strategy capable of en-
hancing tissue integration, stimulating neovascularization,
and accelerating wound healing.

In this study, we adopted a translational approach that
combined complementary components, including ADSCs,
PRP, biocompatible scaffolds, and exosome-based thera-
pies, into a comprehensive treatment strategy for PIs. By
harnessing the synergistic potential of these components,
we aimed to establish a robust in vitro foundation to in-
form future regenerative strategies and improve healing
outcomes in patients with PIs.

Material & Methods
Donor Population

This study was conducted in accordance with the Dec-
laration of Helsinki [32]. All six male patients who pro-
vided biological samples (mean age 51± 5 years) had trau-
matic SCI. The eligibility criteria included a diagnosis of
SCI and the presence of severe PIs (grades III and IV).
All recruited patients underwent fasciocutaneous flap re-
construction for PIs at the Swiss Paraplegic Centre in Not-
twil, Switzerland, between June 2020 and September 2022.

Adipose-Derived Mesenchymal Stromal Cell Isolation
Adipose tissue was processed using the Lipocube

Nano System (Lipocube Nano Kit, Cat #901890840019;
Lipocube, London, UK) to generate various fat particle
sizes. Unprocessed lipoaspirate, termed “Millifat”, was fil-
tered through the Lipocube to obtain “Microfat” (fat par-
ticle size under 1.2 mm). The Microfat was then emulsi-
fied by passing it ten times through the Lipocube system
and subsequently refined into “Nanofat” (fat particles be-
tween 0.4–0.6 mm) via an additional filtration step [33].
Finely minced adipose tissue and liposuction-derived sam-
ples were digested with 0.075 % collagenase type II (355
U/mg, Cat #17101-015, lot #371087; Worthington, Lake-
wood, NJ, USA) for 60–90 minutes at 37 °C, as described
previously [34]. Following digestion, the mixture was cen-
trifuged at 700 g for 10minutes at room temperature (RT) to
separate and discard the lipid-rich layer. The cell pellet was
washed once with phosphate-buffered saline (PBS) and red
blood cells were lysed by incubating the pellet for 2 minutes
at RT in a solution containing 0.15 M ammonium chloride
(Cat #A3661, lot #6L004172), 1 mM potassium hydrogen
carbonate (Cat #A2375, lot #3J001518) (both AppliChem,
Darmstadt, Germany), and 0.1 mM ethylenediaminete-
traacetic acid (EDTA) (Cat #A1104, lot #GL006070; Ap-
pliChem, Darmstadt, Germany). The resulting cells were
resuspended inminimum essential medium, Eagle’sαmod-
ification (α-MEM) (Cat #1-23S50-I, lot #TJ0472P; Bio-
concept, Allschwil, Switzerland) supplemented with 10
% foetal bovine serum (FBS) (#10500-064, Cat #10438-

26, lot #2372691RP; Gibco, Waltham, MA, USA), and
1× penicillin-streptomycin solution (Cat #15140-122, lot
#1910856; Gibco). Cells were cultured at 37 °C in a humid-
ified atmosphere with 5 % CO2. To stimulate proliferation,
cells were seeded at a density of 2× 103 cells/cm2 and cul-
tured in a medium containing 5 ng/mL fibroblast growth
factor (FGF) (Cat #100-18B, lot # 021308; Peprotech,
Waltham, MA, USA) until they reached sub-confluence.
Only ADSCs from passages 1 to 4 were used in subsequent
experiments. At each passage, the cells were counted, and
their volume was assessed using a Scepter Cell Counter
(Version 2.0, Cat #PHCC20040; Merck, Buchs, Switzer-
land). All cells were cryopreserved at –150 °C. ADSCs
were analysed using the MycoAlert® PLUS Mycoplasma
Detection Kit (LT07-701, lot #0073223056; Lonza, Basel,
Switzerland) and found to be mycoplasma-free.

Phenotypic Characterization of ADSCs
Following expansion, ADSCs were characterised by

flow cytometry. Approximately 105 cells per tube were
incubated for 30 minutes at room temperature in PBS
containing a 1:50 dilution of the following antibodies:
cluster of differentiation (CD)14-fluorescein isothiocyanate
(FITC) (NB100-77759, lot #B1537727; Novus Biolog-
ical distributed by LubioScience, Zürich, Switzerland),
CD44-FITC (NBP1-41278, lot #516653; Novus Biologi-
cal), CD90-FITC (NBP1-96125, lot #52837; Novus Bio-
logical), and CD105-FITC (MCA1557A488T, lot #0710;
Novus Biological). After incubation, cells were washed
and resuspended in PBS. Fluorescence was measured us-
ing a CytoFLEX flow cytometer (Model No. A00-1-1102;
Beckman Coulter Life Sciences, Nyon, Switzerland), and
data were analysed using FlowJo v.10.0 software (Treestar,
Ashland, OR, USA).

Senescence Detection Assay
Cellular senescence was assessed using an

autofluorescence-based method [35]. ADSCs (at P1)
were pre-treated with 100 nM bafilomycin A1 (Sigma-
Aldrich, Merck, Darmstadt, Germany) for 1 hour to
inhibit lysosomal acidification. Cells were detached with
pre-warmed 0.05 % trypsin-EDTA, resuspended in PBS
containing the viability stain TO-PRO-3 (Cat #R37170, lot
#1928338; Molecular Probes, Waltham, MA, USA) and
incubated for 15 minutes. Autofluorescence was measured
using a 488 nm excitation laser and a 525/50 nm detection
filter, while TO-PRO-3 fluorescence was measured with a
638 nm laser and 670/30 nm detection filter. To standardise
settings between runs, 15 µm polypropylene calibration
beads (Cat #PHCCBEADS, lot #114218900; Merck,
Darmstadt, Germany) were used (5000 events per run),
and dead cells were excluded from the analysis. Data were
analysed using FlowJo software.
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Table 1. Human genes used for quantitative RT-PCR.
Gene (NCBI reference sequence) Primer nucleotide sequence (5′ to 3′) Amplicon length (bp)

Housekeeping gene

β-actin (NM_002046)
F-CCAACCGCGAGAAGATGA 97
R-CCAGAGGCGTACAGGGATAG

GAPDH (NM_001101)
F-GGAAGCTTGTCATCAATGGAA 102
R-TGGACTCCAGGACGTACTCA

Adipogenic markers

FABP4 (NM_001442)
F-TGTAGGTACCTGGAAACTTGTC 199
R-AAATTCCTGGCCCAGTATGAAG

GLUT4 (NM_001042)
F-GGCATGGGTTTCAGGTACTCTT 117
R-GCCTCGAGTTTCAGGTACTCTT

LPL (NM_000237)
F-ACACAGCTGAGGACACTTGC 227
R-CACTGGGTAATGCTCCTGAG

Endothelial markers

CD31/PECAM-1 (NM_000442)
F-TCCCCTAAGAATTGCTGCCA 151
R-TTCTTCCCAACACGCCAATG

vWF (NM_000552)
F-CTGTGCTATGTCATGCCCAC 193
R-TCCATCCTCACCAATGCACT

VEGFR2 (NM_002253)
F-CGCATCACATCCACTGGTATT 76
R-TTTGTCACTGAGACAGCTTGG

Stem cell markers

CD90 (NM_006288)
F-AGGACGAGGGCACCTACAC 107
R-GCCCTCACACTTGACCAGTT

MCP-1/CCL2 (NM_002982)
F-TCAAACTGAAGCTCGCACTCT 129
R-GTGACTGGGGCATTGATTG

F, forward; R, reverse; bp, base pairs; vWF, von Willebrand factor; FABP4, fatty acid binding protein 4;
GLUT4, glucose transporter type 4; LPL, lipoprotein lipase; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; CD31, cluster of differentiation 31; VEGFR2, vascular endothelial growth factor receptor 2;
RT-PCR, real time polymerase chain reaction; NCBI, National Center for Biotechnology Information.

Platelet Rich Plasma and Exosome Preparations

PRP was isolated from the patients’ blood using se-
quential centrifugation. Initially, blood was centrifuged at
150 g for 10 minutes at 4 °C in monovettes. The plasma
layer was transferred to a new tube and centrifuged again
at the same parameters. The platelet-rich plasma frac-
tion, located in the bottom layer, was then concentrated by
centrifugation at 800 g for 15 minutes at 4 °C. The final
PRP preparation was stored at –20 °C for short-term or –
80 °C for long-term preservation. Activation of PRP was
achieved through a series of freeze-thaw cycles: aliquots
were thawed at 37 °C, vortexed briefly, frozen on dry ice for
15 minutes, and then thawed and vortexed again, followed
by centrifugation at 2000 g for 10 minutes at 4 °C. The su-
pernatant was pooled, diluted with PBS to a concentration
ten times that of the starting plasma, and filtered using a
0.2 µm filter (Cat #SFM33PE0022S, lot #I2A49035; cobet-
ter, Hangzhou, China). Autologous PRP was then mixed
with culture medium at concentrations of 1 %, 3 %, 5 %,
and 10 % for experimental use.

Exosome preparations were obtained from a com-
mercially available skincare solution (ASCE Dermal Sig-
nal Kit; ExoCoBio, Seoul, Republic of Korea) [36,37].

Lyophilised exosomes were resuspended in 0.02 µm-
filtered PBS to achieve a final concentration of 10 mg/mL
(equivalent to 109 exosomes/mL). These exosomes were
derived from ADSCs obtained from healthy donors and
isolated using a tangential flow filtration-based method
optimised for large-scale production, ensuring both high
yield and purity [38]. While autologous exosomes offer
ideal immunological compatibility, standardised, commer-
cially available exosome preparations present several prac-
tical advantages for clinical and experimental applications.
These include consistent quality control, extensive safety
testing, and reduced donor-to-donor variability, all of which
can be influenced by age, sex, and overall health status [39].

RNA Isolation, Complementary DNA (cDNA) Synthesis
and Real Time Polymerase Chain Reaction (PCR)

Total RNA was extracted from monolayer cultures
using Direct-zol RNA MiniPrep kit (Cat #R2060, lot
#256174; Zymo, LucernaChem, Luzern, Switzerland). For
three-dimensional cell constructs, homogenisation was per-
formed using a Dispomix device (Cat #130-093-237, lot
#5150901432; Axonlab, Baden, Switzerland) and Aurum
Total Mini Kit (Cat #7326820; lot #64562842; Bio-Rad
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Fig. 1. Characterization of ADSCs by surface marker expression and multipotent differentiation potential. The upper right
panel displays flow cytometry data confirming that ADSCs express the mesenchymal markers CD44, CD90, and CD105, but lack
the haematopoietic marker CD14. The lower panels illustrate the differentiation capacity of ADSCs: the bottom left panel shows
Oil Red O staining of lipid vacuoles following adipogenic induction (scale bar = 100 µm); the bottom middle panel shows mineral
deposition detected by Von Kossa staining following osteogenic differentiation (scale bar = 1 cm); and the bottom right panel quan-
tifies glycosaminoglycan (GAG) production in µg/mL following chondrogenic differentiation, with Alcian blue staining as a marker.
Negative controls for each differentiation test were included for comparison. **Statistical significance (p < 0.01); ADSCs, adipose-
derived stromal cells; FITC, fluorescein isothiocyanate; CD14, cluster of differentiation 14. Created in BioRender. Bertolo, A. (2025)
https://BioRender.com/3un05om.

Laboratories, Basel, Switzerland), following the manufac-
turer’s instructions. For each sample, 500 ng of RNA
was reverse transcribed to cDNA using the VILO cDNA
Synthesis Kit (Cat #11754-250, lot #2331350; Invitrogen,
Waltham, MA, USA). The cDNA was subsequently di-
luted 1:10 with ultrapure water prior to use. Real-time
PCR reactions were prepared using the primers listed in
Table 1 (250 nM), 5 µL of cDNA template, and 1× IQ
SYBR Green Supermix (Cat #1708882, lot #64505532;
Bio-Rad) in a total volume of 20 µL, performed in 96-well
plates. The PCR protocol comprised an initial denatura-
tion at 95 °C for 3 minutes, followed by 35 cycles of 95
°C for 15 seconds, 60 °C for 20 seconds, and 72 °C for
20 seconds. Melting curve analysis was performed post-
amplification, and relative gene expression was calculated
using the 2−∆∆Ct method, normalising to β-actin and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) [40].

3D Cell Construct Preparation for Adipogenic Assay

Collagen pads, approved for use as wound dress-
ings for soft tissue regeneration, were aseptically cut into
3 mm cubes from three collagen sources: equine col-
lagen (Cat #A901698718, lot #2MCL15; BioPad, Eu-
roresearch, Milan, Italy), pure unmodified heterologous
collagen (Cat #02188120, lot #421111811; Suprasorb C,
Lohmann & Rauscher, St. Gallen, Switzerland), and cross-
linked porcine collagen (Cat #400141; lot #82000191;
Geistlich Fibro-Gide®, Geistlich, Wolhusen, Switzerland).
Four cubes were prepared for each collagen type: three for
gene expression analysis and one for immunohistochemi-
cal evaluation. ADSCs were suspended in PBS containing
2 % FBS and seeded onto the cubes at a density of 1 × 105
cells per cube at various application sites. Following a 30-
minute incubation at 37 °C to facilitate cell attachment, the
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Fig. 2. Effects of mechanical processing of lipoaspirates on stem cell yield and senescence. (a) Schematic representation of the
sequential mechanical processing of lipoaspirates using the Lipocube system, resulting in distinct adipose tissue fractions: unprocessed
Microfat, emulsified Microfat, and Nanofat, derived from the original Millifat. (b) Bar graphs compare stem cell yield (top panel) and
cellular senescence (bottom panel) across the different processing stages. Values were normalised to Millifat, the unprocessed control.
Bars represent means and SEM, n = 6; *Statistical significance (p < 0.05). SEM, standard error of the mean. Created in BioRender.
Bertolo, A. (2025) https://BioRender.com/v6e3syg.

culture medium was gently added to each well. After two
weeks of differentiation, the size of each cell construct was
measured under a stereo binocular microscope.

ADSCS and HUVEC Co-Culture in 3D, Cryosectioning
and Staining

ADSCs and human umbilical vein endothelial cells
(HUVEC, passage 2, C01510C, Gibco, Waltham, MA,
USA) were co-cultured on Geistlich Fibro-Gide® (Fi-
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Fig. 3. Effects of PRP on ADSCs cultured for 5 days. Box plots display the impact of different PRP concentrations (1 %, 5 %, and 10
%) on cell proliferation (quantified by cell count, top panel), cell volume (measured in pL, middle panel), and cell senescence (assessed
by fluorescence using a 488 nm excitation laser and a 525/50 nm emission filter, bottom panel). The experimental conditions were
compared and normalised to the positive control (Pos. Ctrl.), in which cells were cultured in FGF-supplemented medium. In the negative
control (Neg. Ctrl.), cells were maintained in FBS without FGF or PRP supplementation. Data were normalised to the positive control,
n = 6; *Statistical significance compared to the positive control (p < 0.05); PRP, platelet-rich plasma; FBS, foetal bovine serum; FGF,
fibroblast growth factor. Created in BioRender. Bertolo, A. (2025) https://BioRender.com/lh0ehgl.
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Fig. 4. Comparison of different scaffolds in supporting adipogenic differentiation of ADSCs. (a) Representative images showing
morphological changes and construct shrinkage in ADSCs cultured on three collagen-based scaffolds (BioPad, FibroGide, and Suprasorb)
on day 1 (d1) and day 14 (d14); notably, constructs on BioPad exhibited significant shrinkage (approximately 85 %), whereas Suprasorb
and FibroGide scaffolds showed moderate (40 %) and minimal (5 %) shrinkage, respectively. (b) Oil Red O staining demonstrated lipid
droplet accumulation (in red), indicative of adipogenic differentiation in ADSCs cultured on each scaffold. Representative images of
the monolayer controls and three scaffolds are shown. Scale bars = 200 µm. (c) Box plots display the relative gene expression levels of
adipogenic markers FABP4, GLUT4, and LPL (n = 6) as assessed by qPCR (normalised to β-actin and GAPDH). Constructs cultured
on FibroGide and Suprasorb scaffolds exhibited higher adipogenic marker expression than those on BioPad and monolayer controls. ns,
no statistical significance; FABP4, fatty acid binding protein 4; GLUT4, glucose transporter type 4; LPL, lipoprotein lipase; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; qPCR, quantitative polymerase chain reaction. Created in BioRender. Bertolo, A. (2025)
https://BioRender.com/4zwvtz2.
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Fig. 5. Endothelial differentiation in co-cultures of ADSCs and HUVECs on FibroGide scaffolds. (a) Relative gene expression
levels of endothelial markers—CD31, VEGFR2, and vonWillebrand factor (vWF)—in 3D co-cultures consisting of 80 % ADSCs and 20
% HUVECs. Two culture conditions were compared: EBM-2 medium supplemented with standard growth factors (EBM-2 + GF) and
EBM-2 medium supplemented with 5 % PRP (EBM-2 + 5 % PRP). Expression levels were normalised to the baseline expression in cells
cultured in EBM-2 medium + 2 % FBS, with data presented as means± SEM (n = 6). (b) Representative immunohistochemical images
illustrating the localisation ofCD31, VEGFR2, and vWF within the 3D FibroGide constructs, confirming the presence of endothelial cells.
Scale bars represent 200 µm. HUVECs, human umbilical vein endothelial cells; 3D, three-dimensional; VEGFR-2, vascular endothelial
growth factor receptor 2; EBM-2, endothelial basal medium-2; CD31, cluster of differentiation 31; GF, growth factors. Created in
BioRender. Bertolo, A. (2025) https://BioRender.com/5kie0pm.
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Fig. 6. Characterisation of ADSC-derived exosomes and their effects on ADSCs cultured. (a) Nanoparticle tracking analysis re-
vealed the size distribution of exosomes, with the predominant particle size around 119 nm, illustrating particle concentration as a function
of size (nm). (b) Representative fluorescence microscopy image of exosomes (scale bar = 350 nm). (c) Box plots display the impact of
supplementing ADSCs cultures with 10 µg/mL exosomes on cell proliferation (cells/mL), cell volume (pL), and gene expression levels of
CD90 andMCP-1. All data were normalised to a negative control (cultures maintained without FGF supplementation). n = 6; *Statistical
significance (p< 0.05); **Statistical significance (p< 0.01). Created in BioRender. Bertolo, A. (2025) https://BioRender.com/l65qm76.

broGide) scaffolds in endothelial basal medium-2 (EBM-
2) basal medium (Cat #CC-3156, lot #0001006766; Lonza)
supplemented with 2 % FBS. HUVEC were analysed us-
ing the MycoAlert® PLUS Mycoplasma Detection Kit and
found to be mycoplasma-free. The medium was further
supplemented with either 5 % PRP or a growth factor
cocktail (endothelial cell growthmedium (EGM)-2medium
containing hydrocortisone, FGF-2, VEGF, R3-insulin-like
growth factor (IGF)-1, ascorbic acid, EGF, and sulphated
gentamicin/amphotericin B; Cat #CC-4176, lot #00141;
Lonza). The co-culture of ADSCs and HUVEC in an
8:2 ratio was incubated for 10 days. Post-culture, cell
constructs were embedded in optimal cutting temperature
(OCT) compound (Cat #361603E, lot #03831874; VWR
Chemicals, Dietikon, Switzerland) for 30 minutes, frozen
at –80 °C, and sectioned at 20 µm using a cryostat (Mi-

crom HM560, Histocom AG, Zug, Switzerland). For im-
munohistochemical analysis, endogenous peroxidases were
quenched by incubating sections in 3 % H2O2/PBS at room
temperature, followed by a PBS wash. Non-specific bind-
ing was blocked for 1 hour in PBS containing 1 mg/mL
bovine serum albumin (BSA), 10 % FBS, and 0.1 % Tri-
ton X-100. Sections were then incubated overnight at 4 °C
with primary antibodies against CD31 (mouse monoclonal,
1:50, BBA7, lot #k0907; R&D Systems, Minneapolis,
MN, USA), VEGFR2 (rabbit polyclonal, 1:50, BS-2089R,
lot #P573; Bioss, Woburn, MA, USA), and von Wille-
brand factor (vWF) (rabbit polyclonal, 1:100, sc-14014,
lot #D1409; Santa Cruz Biotechnology, Dallas, TX, USA)
in blocking solution. After washing with PBS, sections
were incubated for 2 hours with biotinylated secondary an-
tibodies (goat anti-mouse, 1:200, B0529, Cat #A90-216P,
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lot #A90-216P-21; goat anti-rabbit, 1:200, L42015, Cat
#A120-201P, lot #A120-201p-10; both from Bethyl, Mont-
gomery, AL, USA), followed by streptavidin-horseradish
peroxidase (1:200, S2438, lot #109K6135; Sigma-Aldrich,
Merck, Darmstadt, Germany) for 1 hour at RT. Visualisa-
tion was achieved using 0.075 % 3-amino-9-ethylcarbazole
in a 0.01%H2O2 solution. The sections weremountedwith
70 % glycerol (A3739, lot #2217823; AppliChem, Darm-
stadt, Germany) and examined under a light microscope
(OLYMPUS IX71, Hamburg, Germany).

ADSCS In Vitro Differentiation into Osteogenic,
Chondrogenic and Adipogenic Lineages

To confirm trilineage potential, ADSCs were in-
duced to differentiate into osteogenic, chondrogenic, and
adipogenic lineages. In all cases, the negative control
consisted of ADSCs cultured in α-MEM supplemented
with 10 % FBS (#10500-064, Gibco, Waltham, MA,
USA), 2.5 µg/mL amphotericin B (A1907, lot #1T004206;
AppliChem, Darmstadt, Germany), and 1× penicillin-
streptomycin solution (#15140-122, Gibco, Waltham, MA,
USA).

Chondrogenic Differentiation

Collagen cubes (BioPad) were used as scaffolds to
support the chondrogenic differentiation of ADSCs, as pre-
viously established as an appropriate scaffold for this ap-
plication in vitro [41]. Cells (4 × 105 cells per cube) were
seeded onto collagen cubes and allowed to adhere for 30
minutes before addition of the culture medium. The cell
constructs were then cultured for three weeks at 5 % O2 in
chondrogenic medium, which consisted of Advanced Dul-
becco’s Modified Eagle Medium (DMEM) + GlutaMAX
(#11540446, lot #1775313; Gibco, Waltham, MA, USA),
2.5 % FBS, 1× penicillin-streptomycin solution (#15140-
122, Gibco, Waltham, MA, USA), 2.5 µg/mL ampho-
tericin B (A1907, AppliChem, Darmstadt, Germany), 40
ng/mL dexamethasone (D4902, lot #BCBL2140V; Sigma-
Aldrich, Merck, Darmstadt, Germany), 50 µg/mL ascorbic
acid 2-phosphate (#49752, Cat #D4902, lot #SLBM7892V;
Sigma-Aldrich, Merck, Darmstadt, Germany), 1× Insulin-
Transferrin-Selenium X (#12097549, lot #1724124; Gibco,
Waltham, MA, USA), and 10 ng/mL transforming growth
factor-β1 (TGF-β1, # 100-21, lot #0611209-1; Peprotech,
Waltham, MA, USA).

Glycosaminoglycan (GAG) accumulation was quan-
tified as a marker of chondrogenesis. After six hours of
enzymatic digestion of the cell constructs at 60 °C us-
ing 125 µg/mL papain (P4762, lot #5Y008189; Sigma-
Aldrich, Merck, Darmstadt, Germany) in a buffer contain-
ing 5 mM L-cysteine-HCl (C1276, lot #1320377; Sigma-
Aldrich, Merck, Darmstadt, Germany), 5 mM sodium
citrate (#131655, lot #307596; AppliChem, Darmstadt,
Germany), 150 mM NaCl (A2942, lot #76003985; Ap-
pliChem, Darmstadt, Germany), and 5 mM EDTA (A2937,

lot #2L011192; AppliChem, Darmstadt, Germany), GAG
accumulation was measured using an Alcian blue bind-
ing assay [42]. Quantification was performed using
chondroitin sulphate (#1133570, lot #087K1416; Sigma-
Aldrich, Merck, Darmstadt, Germany) as the reference
standard.

Osteogenic Differentiation
ADSCs were cultured as monolayers at a density of

5 × 103 cells/cm2 and differentiated using the STEMPRO
Osteogenesis Differentiation Kit (A10069, lot #2216485;
Gibco, Waltham, MA, USA) for three weeks. Calcium de-
position was assessed by Von Kossa staining. Briefly, the
cell monolayer was fixed in 10 % formaldehyde (F8775,
lot #1359985; AppliChem, Darmstadt, Germany)/PBS for 5
minutes, washed with water, and incubated in 5 % silver ni-
trate (#131459, lot #MKBQ3322; AppliChem, Darmstadt,
Germany) for 5 minutes. The monolayer was then exposed
to ultraviolet light for 20 minutes, allowing the silver depo-
sition to replace the reduced calcium. To remove unreacted
silver, the cells were washed with 5 % sodium thiosulfate
(#131721, lot #S67472; AppliChem, Darmstadt, Germany)
and rinsed with distilled water afterwards.

Adipogenic Differentiation
ADSCs were cultured in monolayers at a density of

2.5 × 104 cells/cm2 under two alternating culture condi-
tions: Adipogenesis-maintenance medium (DMEM/Ham’s
F12 (#1-26F09-I, lot #SH09306P; Bioconcept, Allschwil,
Switzerland), 2.5 % FBS, 1× penicillin-streptomycin so-
lution, 2.5 µg/mL amphotericin B, and 170 mM in-
sulin (I6634, lot #SLBL0827V; Sigma-Aldrich, Merck,
Darmstadt, Germany)) and adipogenesis-inducing medium
(adipogenesis maintenance medium supplemented with 1
µM dexamethasone, 0.5 mM 3-Isobutyl-1-methylxanthine
(I5879, lot #0001416650), and 0.2 mM indomethacin
(I7378, lot #1353739); all from Sigma-Aldrich, Merck,
Darmstadt, Germany). After two weeks of differentiation,
the lipid droplets were stained with Oil Red O (O0625,
lot #039k-1466; Sigma-Aldrich, Merck, Darmstadt, Ger-
many).

For 3D cell culture, cryosections (20 µm) of the cell
constructs were fixed in 10% formaldehyde/PBS for 5 min-
utes. The slides were then washed with 60 % isopropyl al-
cohol (I9030, lot #9F011108; AppliChem, Darmstadt, Ger-
many) for 5 minutes before being stained with filtered (0.2
µm) Oil Red O solution for 10 minutes. After staining, the
slides were washed again with 60 % isopropyl alcohol for
2 minutes, followed by rinsing in distilled water. Finally,
the slides were mounted with 70 % glycerol (A3739, lot
#2217823; AppliChem, Darmstadt, Germany) and exam-
ined under a light microscope.
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Statistical Analysis
Differences between samples (n = 6) were evaluated

using the non-parametric Wilcoxon signed-rank test for de-
pendent variables, with statistical significance defined as p
< 0.05. The matched pairs rank biserial correlation coeffi-
cient (rrb) was used to measure the effect size, which rep-
resents the probability that a randomly selected pair will be
in the predicted order. The categorisation for rank-biserial
rrb is considered “extremely strong” (perfect positive ef-
fect) between 0.9 to 1.0, “very strong” between 0.7 and
0.9 and “strong” between 0.5 and 0.7. Based on our sam-
ple size (6 matched pairs), a power of 80 %, and a two-
sided alpha level of 0.05, the resulting detectable rank-
biserial correlation was 0.81 (calculated with R package
pROC (Version 1.19.0.01) used in RStudio software (Ver-
sion2025.05.1, Posit Team, Boston, MA, USA)). All data
analyses were conducted using SPSS version 24.0 for Win-
dows (IBM Corp., Armonk, CA, USA). Schematic rep-
resentations and figures were generated using BioRender
(https://www.biorender.com/).

Results
Characterization of Adipose-Derived Stromal Cells

Flow cytometry analysis confirmed that the isolated
ADSCs expressed mesenchymal stem cell markers CD44,
CD90, and CD105, while lacking the haematopoietic
marker CD14 (Fig. 1, top right). In addition, the mul-
tipotent nature of the isolated cells was verified through
differentiation assays. Adipogenic differentiation was con-
firmed by lipid vacuole accumulation (Oil Red O staining),
while osteogenic and chondrogenic differentiation were
confirmed byVonKossa staining formineral deposition and
glycosaminoglycan production (p< 0.01, rrb = –1), respec-
tively (Fig. 1, lower panels).

Effects of Mechanical Processing on Stem Cell Yield and
Senescence

Lipoaspirates (“Millifat”) were processed using the
Lipocube system to yield distinct fat fractions: unpro-
cessed “Microfat”, “emulsified Microfat”, and “Nanofat”
(Fig. 2a). Quantitative analysis showed that highest AD-
SCs yield was obtained from unprocessed Microfat (26 %
increase compared to Millifat) followed by emulsified Mi-
crofat (14% increase compared toMillifat) and Nanofat (14
% reduction compared to Millifat; Fig. 2b). Although the
reduction in yield did not reach statistical significance, me-
chanical processing notably decreased cell yield due to the
loss of biological material. Cellular senescence, as mea-
sured by fluorometric analysis, decreased following me-
chanical processing. Specifically, compared with Millifat,
senescence was reduced by 6 % in Microfat, 12 % in emul-
sified Microfat (p < 0.05, rrb = –1), and 4 % in Nanofat.

Impact of Platelet-Rich Plasma on ADSCs Cultures
The effects of different PRP concentrations (1 %, 5

%, and 10 %) on ADSCs monolayer cultures were evalu-
ated over a 5-day period (Fig. 3). Compared to the positive
control (medium supplemented with FGF), both the nega-
tive control (FBS only) and cultures with 1 % PRP showed
a significant reduction in cell proliferation (40 %, rrb= 1
and 20 %, rrb= 0.9, respectively; p < 0.05), larger cell vol-
ume (35 % increase for both; p < 0.05 and rrb= –1), and a
substantial increase in cell senescence (70 %, rrb= –1 and
20 %, rrb= –0.6, respectively; p < 0.05). In contrast, sup-
plementation with 5 % and 10 % PRP maintained prolif-
eration, cell volume, and senescence levels comparable to
those observed in FGF-supplemented cultures. Notably, 5
% PRP consistently enhanced these parameters, suggesting
that this is the optimal concentration for supporting ADSCs
cultures.

Comparison of Scaffolds in Supporting Adipogenic
Differentiation

Three collagen-based scaffolds (BioPad, FibroGide,
and Suprasorb) were compared for their capacity to support
adipogenic differentiation of ADSCs over 14 days period.
Morphological assessment revealed that cell constructs on
BioPad exhibited significant shrinkage (85 %), whereas
those on Suprasorb (40 %) and FibroGide (5 %) showed
a reduction and a minimal shrinkage respectively (Fig. 4a).
Oil Red O staining confirmed the accumulation of lipid
droplets in all scaffolds, indicating adipogenic differentia-
tion (Fig. 4b). Moreover, quantitative PCR analysis of adi-
pogenic markers (FABP4, GLUT4, and LPL) demonstrated
higher expression levels in constructs using FibroGide and
Suprasorb compared with BioPad and monolayer cultures
(Fig. 4c).

Endothelial Differentiation of ADSCs-HUVEC
Co-Cultures

Co-culture experiments using ADSCs and HUVECs
(8:2 ratio) on FibroGide scaffolds demonstrated that AD-
SCs supported endothelial differentiation. Gene expres-
sion analysis showed that cells cultured with growth factors
(EBM-2 + growth factors (GF)) exhibited a 40 % reduction
in CD31 and a 48 % reduction in VEGFR2 expression, with
a marginal change in vWF expression (+5 %) compared to
those culturedwith EBM-2 + 2%FBS (Fig. 5a). In cultures
supplemented with 5 % PRP, CD31 expression decreased
by 41 % and vWF by 25 %, whereas VEGFR2 remained
nearly unchanged (–6 %). Immunohistochemical staining
further confirmed the localisation of the endothelial mark-
ersCD31, VEGFR2, and vWF within the three-dimensional
constructs (Fig. 5b).

Characterization and Effects of ADSCs-Derived Exosomes
Nanoparticle tracking analysis of ADSC-derived ex-

osomes revealed a predominant particle size of approxi-
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mately 119 nm (Fig. 6a), which was confirmed by fluo-
rescence microscopy (Fig. 6b). When ADSCs monolay-
ers were cultured for five days with 10 µg/mL exosomes,
no significant changes in cell proliferation or volume were
observed compared to the negative control (without FGF
supplementation; Fig. 6c). However, compared to the
FGF-supplemented control, ADSCs proliferation was sig-
nificantly lower (2.3-fold to 1.3-fold, p < 0.01 and rrb= 1),
and cell volume was increased (0.9-fold to 1.0-fold, p <

0.05 and rrb= –0.82). Notably, exosome treatment was as-
sociated with the upregulation of stem cell markers (Fig.
6c). Compared to the negative control, CD90 expression in
ADSCs cultured in FGF increased from 0.8-fold to 2.1-fold
with exosomes, andMCP-1 expression increased from 2.1-
fold with FGF to 4.8-fold with exosomes, suggesting a role
for exosomes in maintaining stemness in ADSCs.

Discussion
Conventional wound care methods often fail to

achieve complete PIs healing, resulting in prolonged recov-
ery periods and repeated interventions. PIs reconstruction
using a fasciocutaneous flap remains a significant clinical
challenge due to the high risk of complications, such as in-
fections, wound healing disorders and eventually ulcer re-
currence [43]. The present study offers valuable insights
into the development of a cell-based therapy for PIs treat-
ment by combining autologous cells with biomaterials to
enhance tissue repair.

Based on the results presented in this study, each com-
ponent will be combined to generate a minimally invasive
protocol for implementation during surgical reconstruction
of PIs. In our approach, emulsified Microfat, PRP, and
porous collagen scaffolds were tested for potential applica-
tion to the PIs. Based on these results, our proposed trans-
lational method utilises a “sandwich” technique, whereby
PRP is first applied to the wound bed, followed by a layer of
collagen scaffold and a fasciocutaneous flap enriched with
emulsified Microfat infiltration and exosomes. The com-
bination of MSCs with biomaterials offers several advan-
tages, including enhanced cell viability, targeted delivery,
and improved retention of cells at the injury site. These
factors will potentially contribute to increased angiogenesis
[44], accelerated re-epithelialization [45], and overall en-
hanced tissue regeneration [46]. Furthermore, by utilising
fresh autologous cells, our approach circumvents the poten-
tial drawbacks associated with extensive ex vivo expansion,
such as the onset of cellular senescence [47]. Additionally,
the use of FibroGide as a scaffold mitigates concerns re-
garding rapid degradation, as our results demonstrated min-
imal size reduction in culture. To overcome the logistical
and regulatory challenges commonly associated with trans-
lating in vitro research into clinical applications, all bio-
logical materials employed are autologous (except for the
scaffold and exosomes), obtained using clinically approved
devices in compliance with Good Clinical Practice (GCP)

standards, and are readily available through minimally ma-
nipulated systems designed for the surgical theatre.

Cell-based therapies are already applied alongside
standard wound care strategies, such as debridement, direct
surgical closure, or reconstructive flap surgery, to expedite
wound healing. Emerging evidence highlights the potential
of ADSCs and MSCs in chronic wound healing, although
their use in adult PIs has not been the primary focus [48].
ADSCs-based interventions have been shown to enhance
angiogenesis, accelerate re-epithelialisation, improve gran-
ulation tissue formation, and promote faster wound closure
[49]. For example, autologous MSC therapy for diabetic
foot ulcers led to a 72 % reduction in ulcer size and im-
proved pain-free walking [50]. Currently, MSCs are be-
ing employed in a phase I/II, multicentre, randomised, con-
trolled clinical trial to provide an effective treatment for ve-
nous leg ulcers, potentially reducing wound closure time
and associated complications [51]. Additionally, a study
utilisingMSC-seeded collagen sponges as wound dressings
in patients with intractable dermatopathies reported com-
plete wound healing in 18 of 20 patients [52].

Fat grafts also play a crucial role in tissue engineer-
ing because of their high content of growth factors and
ADSCs, as well as their ease of harvest, safety, and cost-
effectiveness [53]. Fat grafting, an autologous tissue trans-
fer technique, offers advantages such as natural integration
into host tissues and potential long-term volume retention.
Advances in fat grafting, particularly the use of injectable
emulsified fat obtained through lipoaspirate emulsification
and filtration, have led to improved graft survival [16]. A
recent study has also suggested a synergistic effect between
fat tissue and PRP in promoting tissue regeneration and ac-
celerating recovery [54].

PRP, derived from centrifuged whole blood, provides
a concentrated solution of alpha granules rich in growth
factors [55]. When combined with fat grafts, PRP signif-
icantly enhances fat cell survival by promoting cell prolif-
eration [56], and its bioactive components accelerate wound
healing [57]. PRP also exhibits anti-inflammatory prop-
erties and reduces fat necrosis and cell death, reinforcing
its role in adipose tissue regeneration [53]. In contrast,
ADSCs-derived exosomes did not modify ADSCs prolif-
eration but promoted the maintenance of stemness, as ev-
idenced by the increased expression of CD90 and MCP-
1, compared to standard culture conditions supplemented
with FGF. The preservation of stemness and the presence of
stem cells influence the efficacy and quality of wound heal-
ing, both through direct cellular contributions and extensive
paracrine immuno-modulation of the wound microenviron-
ment. These observations imply that PRP and exosomes
may have complementary roles: PRP supports host tissue
regrowth, whereas exosomes prolong ADSCs longevity in
situ. In addition, MSC-derived exosomes have been shown
to significantly induce the proliferation and migration of
key skin cells [26], such as dermal fibroblasts and ker-
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atinocytes, which are crucial players in re-epithelialisation
and the formation of new tissue, by increasing the phospho-
rylation of extracellular signal-regulated kinase (ERK)-1/2
[58] or by activating signalling pathways such as Wnt/β-
catenin and Akt [59]. Consequently, the combined appli-
cation of PRP and exosomes holds significant promise for
enhanced wound healing in the proposed cell-based therapy
for PIs.

We also assessed various scaffolds to establish a pro-
tocol to ensure the survival of ADSCs after flap recon-
struction of PIs. Among the tested matrices, FibroGide
and Suprasorb exhibited excellent handling characteristics
and efficiently absorbed the cell suspension without leaving
residual cells in the culture plate. Notably, FibroGide and,
to a lesser extent, Suprasorb, maintained their structural in-
tegrity during cell culture, making them suitable for with-
standing local body pressure. Histological analysis con-
firmed fat deposition throughout the scaffolds, reinforcing
their potential as biomaterials for ADSCs therapy in regen-
erative medicine. Additionally, co-culture experiments em-
ploying HUVECs as a proxy for blood vessel formation
demonstrated that ADSCs contributed to early vascular net-
work formation in a three-dimensional environment. This
finding suggests that implanting an ADSCs-scaffold con-
struct may improve wound healing by supporting vascular-
isation and tissue regeneration, thereby contributing to the
establishment of a stable microvascular network [60].

Despite these promising findings, several limitations
warrant further consideration. First, the in vitromodel may
not fully replicate the complexity of the wound microen-
vironment, potentially affecting the translation of the re-
sults to clinical applications. Nevertheless, our method was
specifically designed to reduce key translational risks, in-
cluding immunogenicity and long-term safety. The use
of autologous cells and natural biomaterials, such as col-
lagen, a biodegradable and biocompatible polymer, min-
imises the risk of immune rejection due to their inherently
low antigenicity. Furthermore, current clinical trials in-
volving MSCs have not reported tumorigenic complica-
tions, supporting their safety profiles for regenerative ap-
plications [49]. To further mitigate the potential risk of cel-
lular transformation and reduce manufacturing costs, our
approach avoids ex vivo expansion of ADSCs, relying in-
stead on fresh, minimally manipulated autologous material.
Second, one of the major challenges in wound healing re-
search is to validate laboratory data by finding good animal
models which mirror the human condition. Animal models
must fulfil the requirements associated with the basic bio-
chemistry, physiology, and general biology of PIs, which
can be achieved using an ischaemia-reperfusion model in
mice and rats [61]. Unfortunately, the use of animal mod-
els for PIs presents several challenges related to anatomy
(mice and rats have higher hair density and thinner skin
than humans), the immune system (immune and inflamma-
tory responses are significantly different from those in hu-

mans), and ethical considerations (due to stringent guide-
lines and ethical concerns) [62]. These factors collectively
underscore the difficulty of accuratelymodelling human PIs
in animals and highlight the need to apply alternatives be-
fore requesting animal licences. Recent advances in hu-
man micro-physiological systems now enable direct inves-
tigation of chronic wound biology without the use of ani-
mals. By demonstrating clinically relevant endpoints, such
as reduced ADSC senescence, optimised PRP dosing, and
early angiogenic responses, our approach not only fulfils
ethical considerations but also provides robust quantitative
benchmarks for future translational or in vivo investiga-
tions. Therefore, in this study, we opted for a different ap-
proach based on in vitro and controlled conditions. How-
ever, diverse animal studies have already shown the benefi-
cial impact of implementing ADSCs [63], PRP [13,64], and
ADSCs-derived exosomes [65] during flap reconstruction.
Third, autologous PRP can exhibit variability in efficacy
owing to differences in preparation methods, leading to in-
consistent growth factor content and reproducibility chal-
lenges [66]. Lastly, while we acknowledge the limitations
of a small sample size, the focus of this study was on assess-
ing cellular responses under controlled conditions rather
than achieving a statistical representation of the broader
population. In our study, most comparisons yielded a rank-
biserial correlation greater than 0.8 or lower than –0.8, in-
dicating that the sample size was sufficient. Only male pa-
tients were included, initially because the study also aimed
to investigate the potential influence of testosterone on AD-
SCs. Although this part of the project was discontinued due
to inconclusive results, the donor pool remained restricted
to men. This choice reduces biological variability in our
experiments and reflects the predominance of male indi-
viduals with SCI in our clinic, but we acknowledge that
it limits the generalizability of our findings. Indeed, fu-
ture research should focus on clinical validation to assess
long-term outcomes, refine therapeutic protocols, broaden
the patient pool, and standardise PRP-based applications for
the treatment of PIs.

Conclusions
This study established an in vitro foundation for amin-

imally manipulated, autologous cell-based approach aimed
at improving wound healing in PIs among patients with
SCI. Mechanically derived ADSCs, PRP, and collagen
scaffolds promoted adipogenic differentiation, reduced cel-
lular senescence, and supported early vascularisation under
controlled conditions. The proposed sandwich technique—
which involves applying PRP to the wound bed, placing a
collagen scaffold (FibroGide or Suprasorb), and enhanc-
ing with emulsified Microfat infiltration—may represent
a feasible and reproducible protocol for accelerating tis-
sue repair following reconstructive surgery. While each
component appears to contribute beneficially to cellular
and molecular parameters relevant to wound healing, the
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in vitro model employed does not fully capture the com-
plexity of the wound microenvironment in vivo. Therefore,
these findings should be interpreted as preliminary and war-
rant further validation through comprehensive in vivo and
clinical trials. Nevertheless, the findings and developments
described set the foundation for future interventions aimed
at accelerating healing in patients with SCI after surgical
PIs reconstruction.
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