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Background: Numerous approaches have been developed to de-
celerate the aging process of facial skin. Synthetic fillers and cell-
enriched fat grafts are the main procedures employed to fill wrin-
kles.

Objective: The aim of this study was to evaluate the in vitro and in
vivo safety and efficiency of a new process developed by SYMBIO-
KEN: the AmeaCell, which facilitates the extraction of the stromal
vascular fraction (SVF) and the associated hypoxia pre-conditioned
matrix to promote fat graft survival.

Methods: The AmeaCell device allows the extraction from adipose
tissue of SVF and pre-conditioned MatriCS and promotes a hypoxic
environment. Experiments were carried out on human cells and
then in mice.

Results: Characterization of cells and MatriCS showed that after
their extraction using the new process developed by SYMBIOKEN,
the extracted cells expressed stem-cell markers. The presence of
characteristic proteins and lipid fractions found in the adipose ma-
trix were confirmed in MatriCS. Cobalt chloride treatment of the
matrix using the AmeacCell device induced modifications in the ma-
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trix composition with a decrease in laminin and without colla-
gen modification, both of which promote adhesion and differen-
tiation of SVF or adipose-derived stromal cells. The combination of
MatriCS and SVF (1 x 10% and 5 x 108, respectively) is safe and
efficient to fill winkles induced by UVB irradiation. The cross-talk
between MatriCS and SVF can act a durable filler compared to the
filling performed using cells or matrix or fat alone, which need to
be replaced frequently.
Conclusion: These results indicate that the combination of MatriCS
and SVF is safe and effective as a biological filler for achieving skin
rejuvenation and wrinkle filling.
© 2023 The Authors. Published by Elsevier Ltd on behalf of British
Association of Plastic, Reconstructive and Aesthetic Surgeons.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

During aging, degenerative processes affect the skin and deep structures of the face, such as loss of
collagen, elastin, and reticulin fibers, leading to the appearance of wrinkles.! Many approaches have
been developed to decelerate the process of facial skin aging. One of them is the use of synthetic
injectable fillers, such as hyaluronic acid products, which are biocompatible and have different me-
chanical properties. These filling agents primarily compensate for volume loss, but do not biologically
rejuvenate the skin? and need to be replaced frequently.’

Autologous fat grafting is another option to biologically rejuvenate the skin.* To overcome the
high rates of resorption, ranging from 20 % to 80 %, and increase its survival, enrichment of fat graft
with cells can be performed.”~” Cells can be adipose-derived stromal cells (ADSCs) or stromal vascu-
lar fraction (SVF)-derived cells composed of multipotent cells, including ADSCs, fibroblasts, immune
and endothelial cells, and pericytes.® Several publications have demonstrated the positive outcomes
of cell-enriched fat graft in improving facial skin quality (owing to the secretion of growth factors and
neovascularization) and its promising potential for application in clinical settings.8-1°

AmeaCell®, developed by SYMBIOKEN, allows the extraction of SVF and its associated pre-
conditioned matrix from adipose tissue. The partially decellularized matrix is incubated with cobalt
chloride solution to promote hypoxia. Hypoxia is known to up regulate the proliferation, differentia-
tion, adhesion, growth factors secretion, and angiogenesis, thereby promoting fat graft survival.!!

The aim of this study is to evaluate the in vitro and in vivo safety and efficiency of AmeacCell, which
facilitates the extraction of SVF and the associated hypoxia pre-conditioned matrix.

Materials and methods
Isolation of SVF, ADSCs, and MatriCS

Liposuction samples were obtained from healthy patients after acquiring informed consents from
them. According to the AmeaCell protocol (not yet commercialized; Figure 1), fat is digested with type
I collagenase (Nordmark, Germany) resulting in four phases (Figure 2). The SVF pellet is resuspended
in saline buffer and the matrix exposed to cobalt chloride solution (200 uM) (Sigma-Aldrich, France)
according to a patented process. This pre-conditioned matrix will be referred to as MatriCS in the rest
of the article.

To obtain ADSCs, cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Dutscher,
France), 10 % fetal bovine serum, 100 units/ml of penicillin, and 100 pg/ml of streptomycin. ADSCs
from passages 1 to 2 were used for the experiments.
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Injection of SVF and '{ 1 | Patient liposuction : Adipose tissue
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and freated in parallel

Integrated solution : equipment and kit

Figure 1. AmeaCell process: liposuction adipose from a patient tissue was transferred into bags of the AmeaCell kit, then into
the machine to obtain extracted SVF cells and MatriCS. Both were re-injected into nude mice. A process assistant on the screen
of the machine, instructed the operator on the procedure used to treat the two phases using designated elements of the kit.
The process followed by the operator is sequential. The operator cannot modify any of the parameters which maintain the
repeatability of the process and its success.

Figure 2. Four phases obtained after collagenase digestion. Phases 1 and 3 were discarded. The extracellular matrix (Phase 2)
and SVF cells (Phase 4) were harvested, and processed separately according to the AmeaCell protocol.

Characterization of SVF and MatriCS

Cells were characterized using flow cytometry (FACScalibur Beckton Dickinson, France). They were
stained using FITC-coupled CD45 and PE-coupled CD90, CD105, CD31, CD34, and HLA-DR antibodies
and appropriate isotypic control (Abcam, France).

Vibrational characterization and thermal analysis of MatriCS

Fourier Transform Infrared Spectroscopy (FTIR)-Attenuated Total Reflectance (ATR) spectra of the
freeze-dried matrices were acquired using a Nicolet 5700 FTIR-ATR instrument (Thermo Fisher Scien-
tific, Waltham, MA, USA) in the ATR mode as previously described.'? For each sample, 64 interfero-
grams were recorded in the 4000-450 cm~! region, co-added and Fourier transformed to generate
an average spectrum with a nominal resolution between overlapping bands of 4 cm~!. The single-
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beam background spectrum collected from the clean diamond crystal before each experiment was
subtracted from the spectra before baseline correction.

Differential scanning calorimetry (DSC) analyses were performed on hydrated samples using a DSC-
Pyris calorimeter (Perkin Elmer, Waltham, MA, USA) calibrated as previously described,'? resulting in
a temperature accuracy of 0.1 °C and an enthalpy accuracy of 0.2 ]/g.

Fresh samples, 20-25 mg in weight, were equilibrated before cooling to —50 °C at 10 °C/min. The
thermograms were recorded during the heating cycle at 10 °C/min until the temperature reached
80 °C.

Cobalt dosage measurement

MatriCS exposed to cobalt chloride solution were subjected to cobalt dosage analysis. Briefly,
MatriCS was centrifuged and the phases were separated. Each phase was mineralized independently
using nitric and hydrochloric acids and the cobalt content was quantified using ICP/MS (Thermo Sci-
entific, ICAPQ, France).

Animal experiments

All experimental procedures were approved by the USO06/CREFRE Ethics committee. Animals were
checked daily for signs of inflammation, ulceration, tumor formation, or any negative side effects.

Wrinkle induction: Five-week-old female athymic mice (n = 5; Charles River Laboratories,
France) were irradiated with UVB dorsally as previously described.”® After wrinkles induction, SVF
(10° cells/mice) and MatriCS were prepared and injected into a restricted subcutaneous area. Nega-
tive replicas of dorsal skin surface were prepared using a silicon-based impression material (SILFLO,
France). Pictures were digitized, and analyzed using Skin Exigence (Besancon, France). The parameters
used in the evaluation were depth and volume of the macro-relief. Each replica was analyzed using
the Dermatop Blue system (Creative tools, India).

GFP-ADSCs experiment: Six-week old female mice (Crl:NU(lco)-Fox1nu; n = 3; Charles River Labo-
ratories, France) were subcutaneously injected with ADSCs (1 or 5 x 10° cells) combined with MatriCS
or a nonexposed matrix.

ADSCs transduction: 2 x 10 ADSCs were cultured in a T75-flask and transduced using
rLV.EF1.turboGFP viral particles (Vectalys, France) with 4 pg/ml of polybrene (Sigma-Aldrich, France).
After 48 h of transduction, cells were checked for Green Fluorescent Protein (GFP) expression using
the ZOE fluorescent cell imager (Biorad, France).

Histological analysis

The different matrices obtained from the in vitro and in vivo experiments were collected and
embedded in paraffin for further characterization. Type I and IV collagen (AbCam, France), laminin
(Sigma-Aldrich, France), Ki67 (Vector, France), and von Willebrand factor (Dako, France) primary anti-
bodies were used.

For the GFP-ADSCs experiment, the injected skin areas and excised organs were fixed and embed-
ded in optimal cutting temperature (OCT) (Dutscher, France). The fluorescence was visualized using a
microscope (DM4000B model, Leica, France)

Results
Characterization of SVF and MatriCS

The FTIR-ATR spectrum of the total fraction (Figure 3A) presented intense and specific absorp-
tions by the lipid fraction, indicating lipids as the major constituents of MatriCS. Weak proteins
bands absorptions were also detected in the FTIR-ATR spectrum of MatriCS, at the same position as
in the protein fraction spectrum (Figure 3B). The presence of the characteristic collagen feature at

1338, 1280, 1234 and 1202 cm~1!4.1> and the absorption bands of collagen/glycoproteins at 1080 and
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Figure 3

Figure 3. MatriCS characterization. (A) FTIR-ATR spectra of freeze-dried matrices (total, protein, and lipid fractions) in the
4000-500 cm~! zone indicating that lipids are the major constituents of the total fraction. Band assignment is carried out
accordingly.>*4° (B) FTIR-ATR spectra of freeze-dried matrices and pure collagen type I in the 1700-950 cm~! zone, demon-
strating the presence of collagen in the protein and total fractions. (C) DSC thermograms of fresh matrices (total, protein, and
lipid fractions) evidencing the thermal signature of water, lipids, and collagen in the total fraction.

1050 cm~! highlight the extracellular matrix (ECM) vibrational signature in MatriCS. The results of
DSC (Figure 3C) indicate that MatriCS and protein fraction exhibit the characteristic endotherm of ice
melting associated with the presence of freezable water, which is used to estimate the amount of
free water.'? The total amount of water in MatriCS is estimated at 35 & 6 %, separated into free water
(11 + 3 %) and bound water (24 + 6 %). The thermal signature of collagen, detected as an endothermic
peak in the 60-70 °C range for both the protein fraction and whole matrix, correspond to the collapse
of the triple helical structure.'” From this, it can be inferred that nondenatured collagen is present in
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Figure 4. Representative histological staining of MatriCS obtained according to the AmeaCell process (magnification x10). Adi-
pose matrix was exposed (B) or not exposed (A) to cobalt chloride solution. Brown staining can be observed on the section for
type I collagen, type IV collagen, and laminin. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

MatriCS. The multiple lipids transitions including crystal-liquid and melting!6-7 were detected in the
range —20-40 °C for the whole and lipid fractions.

Histological staining (Figure 4) showed that MatriCS expresses ECM components such as type I and
IV collagen and laminin. Irrespective of the type of collagen considered, significant changes were not
observed, only laminin expression decreased after cobalt chloride exposure.

Flow cytometry analyses showed that SVF is composed of CD34—, CD90+, or CD105+ cells, charac-
teristic of mesenchymal stem cells of adipose tissue, that can differentiate into classical cell lineages
such as osteoblastic, adipogenic, and chondroblastic cells.!® SVF cells include CD34+ or CD31— cells as
endothelial progenitors; CD34+ or CD31+ as capillary-forming cells; and CD45+ as markers of lym-
phocytes (data not shown).

Animal experiments

No adverse events were observed over the period of investigation.

The effect of subcutaneous SVF injection associated with MatriCS on skin rejuvenation was inves-
tigated using the wrinkle induction experiment. At 4 weeks post injection, the mice were sacrificed.
Histological studies on the skin and replica analysis of wrinkles were performed. In the normal skin
group (positive control with no irradiation and no injection), Ki67 staining showed cells in active pro-
liferation at the junction epidermis-dermis. In irradiated mice with no injection (negative control), the
thickness of epidermis increased and proliferation at the junction epidermis-dermis was less promi-
nent compared to that in the mice with normal skin. In the test group subjected to skin irradiation
and injection with MatriCS + SVF, cell proliferation was more pronounced compared to that in the
negative control, and was close to the proliferation observed in the positive control (Figure 5). Colla-
gen was less expressed in the skin of negative control than in normal skin group or the test group.
Few capillaries that were stained using the von Willebrand factor, an endothelial cell marker, were
also visible in the test group. They appeared to be less numerous than those in the normal skin
group, and more than those in the irradiated and untreated skin groups (data not shown).

Analysis of digitized images of replicas in Figure 6 aided in the quantification of the macro-relief.
Images showed that the treatment using SVF and MatriCS can significantly reduce the depth of skin
wrinkles.
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Figure 5. Representative histological staining of skin in UVB-induced wrinkle experiment: (magnification x20). Matrix was
exposed (B) or not exposed (A) to cobalt chloride solution. Brown staining can be observed on the section for Ki67, type I
collagen. (A). Positive control, normal skin that was not irradiated or treated by injection. (B). Negative control, skin that was
irradiated but not treated by injection. (C). Test condition, irradiated skin injected with MatriCS+SVF. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 6. Examples of topographies obtained during the calculation of the macro-relief of a mouse at TO (left) and at T1 month
after injection of SVF+MatriCS (right). The deeper points appear blue, and the shallower points are shown in red. The surface
undulations were preserved for calculating the volume. The volume of the wrinkles (mm?) is in relation to the average plane,
and the depth of the wrinkles (um) corresponds to the difference between the highest and the lowest point on the surface.
Each calculated topography has a resolution of 668 x 668 pixels. The size of a pixel being equivalent to 0.015 mm, the analysis
region corresponded to an area of 1 cm? (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Figure 7. Analysis of wrinkle depth variation: variations in wrinkle depth after subcutaneous injection. The left panel shows
the skin injected with MatriCS alone. The right panel shows the skin injected with MatriCS+SVE.

Analysis of wrinkles depth variation was carried out (Figure 7). A negative value indicates that
the depth of the wrinkle at the end of the experiment is less than the initial depth of the wrinkle,
which indicates the effectiveness of the performed filling. As shown on the left panel of the graph,
only replicas from three mice were analyzed since large artifacts disturbed the surface on the other
replicas. When MatriCS was injected alone, all values were positive (20 % to 80 %), indicating that the
wrinkle were deeper at the end of the experiment than those observed initially. MatriCS alone could
not sufficiently fill the wrinkle. The same result was obtained after the injection of SVF alone (data
not shown). As shown on the right panel of the graph, when MatriCS + SVF was used, the values were
all negative (—8 % to —65 %), indicating that the wrinkle was less deep at the end of the experiment
than those observed at the beginning of the experiment. The combination of MatriCS + SVF could fill
in the wrinkle lastingly. The values obtained for each condition are representative of inter-individual
variability.

According to the literature,” the positive effect of cells on fat graft survival is supported by ADSCs.
To study this hypothesis using MatriCS, subcutaneous injection of GFP-ADSCs/MatriCS was performed.
GFP-ADSCs (1 or 5 x 106 cells) were tested to mimic the inter-patient variability in term of cell num-
bers and their behavior during proliferation, differentiation, migration, and self-renewal.

Irrespective of the dose considered, cell behavior was the same. GFP staining was observed only
at the site of injection, i.e., in skin compartment. The staining was visible just after the injection (T0)
and also 6 weeks post injection (T6). Cells were mainly located in dermal papilla. Small fluorescent
vessels were located in dermal papilla, which indicated neovascularization as evidenced using GFP-
ADSC (Figure 8A and B). No GFP staining was observed, at T6, in other organs (lungs, spleen, liver,
and kidneys; data not shown). Figure 8C shows the benefit of cobalt chloride conditioning, which
was observed as an increase in GFP staining at the skin level in MatriCS compared to that of the
unconditioned matrix.

Discussion

For a long time, adipose tissue was perceived as a passive reservoir for energy storage.'® Nowa-
days, it is being considered as a complex and highly active metabolic and endocrine organ. Composed
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Figure 8. Immunostaining of GFP-ADSCs and local behavior dose (magnification x20) (A). Immunostaining at the site of injec-
tion (skin compartment), at TO and 6 weeks post injection (T6) at low dose (1 M). (B). Immunostaining at the site of injection
(skin compartment), at TO and 6 weeks post injection (T6) at high dose (5 M). (C) Immunostaining of GFP-ADSCs at 6 weeks
post injection depending on the cobalt exposure of the matrix.
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of connective tissue, nervous tissue, micro vessels, adipocytes, and SVF cells (ADSCs, endothelial pro-
genitors, and immune cells), adipose tissue functions as an integrated unit.’® Cells included in the
adipose tissue are capable of secreting various paracrine factors involved in cell adhesion, prolifera-
tion, migration, and differentiation.!?-20

Several medical devices that use enzymatic or mechanical procedures to isolate stem cells or SVF
exist in the market. Each option has its advantages and limitations, but it is well described that the
rate of stem cells recovery is lower after mechanical than after an enzymatic procedures.?! Therefore,
enzymatic extraction was chosen for AmeaCell®.

SVF constitutes a highly heterogeneous population. Stem and progenitor cells, including ADSCs in
the adipose tissue, usually amount to 30 % of the entire cell population.?? These cells have been char-
acterized for their specific mesenchymal-associated markers, as expressed in ADSCs after the pro-
cess.?2 Other lineages present in the SVF are endothelial cells (10-20 %), granulocytes (10-15 %),
monocytes/macrophages (5-15 %), lymphocytes (10-15 %), pericytes (1 %), and hematopoietic stem
cells.? SVF cells contribute to the increased communication between cells and their environment
than ADSCs alone. This explains why SVF was used by SYMBIOKEN

SYMBIOKEN developed an innovative and unique process to obtain a pre-conditioned matrix asso-
ciated with SVF to provide long-lasting effect. After digestion of adipose tissue, the matrix is partially
decellularized, and pre-conditioned with cobalt chloride to enhance hypoxia.?* At the end of the pro-
cedure, a part of cobalt is transferred to MatriCS (19-48 ug vs initial 174 pg) allowing hypoxia main-
tenance that will improve SVF cell adhesion, survival, and differentiation,>>->® when SVF and MatriCS
are injected together to the injection site.

Hypoxia of the matrix achieved using the cobalt chloride solution exhibits numerous benefits. It is
well documented that hypoxia acts on the cell compartment and extracellular matrix (ECM) com-
position. Composed of various elements ensuring tissue architecture, the ECM includes structural
proteins, such as collagens, and various classes of adhesion proteins, such as fibronectin, laminin,
elastin, and proteoglycans.?’ The molecular and structural integrity of MatriCS were evidenced us-
ing physicochemical characterization (FTIR-ATR and DSC). Histological studies of MatriCS showed that
the expression of collagens (I and IV) was not modified; however, a decrease in laminin expression
was observed. Changes in the ECM can trigger a signaling pathway through integrins to intracellu-
lar microtubule cytoskeleton and actin filaments leading to the modulation of cell morphology and
movements.?’ This laminin decrease can act on the cells that are retained inside MatriCS and also
on SVF cells that are added at the end of the process. Laminin is a noncollagen protein constitu-
tive of the ECM, and by binding to the integrins, it contributes to the stimulation of migration of
different cell types. For example, laminin-511, is a potent adhesive and pro-migratory substrate for
several normal and tumoral cell lines in vitro.”® In our study, laminin decrease induced less inter-
actions with cell receptors leading to less cell migration. The nonmodulation of collagen expression
led the cells to adhere to MatriCS, which could also explain why GFP-ADSCs remained at the site of
injection irrespective of the cell dosage used. By decreasing the migration of cell, differentiation is
favored as demonstrated in this study, and GFP-ADSCs differentiate into cells of dermal papillae and
capillaries. This suggests that the hypoxia preconditioning of MatriCS has a positive impact on the
ECM composition, as described in the literature. For example, the upregulation of expression of adhe-
sion molecules of endothelial cells, such as intercellular adhesion molecule-1, vascular cell adhesion
molecule-1, and endothelial leukocyte adhesion molecule-1, is mediated via hypoxia induced by cobalt
chloride.®

Hypoxia is also critical for maintaining the stemness of cells. Hypoxia increases the expression
of stem-cell markers and the amount of secreted growth factors, such as hepatocyte growth fac-
tor and vascular endothelial growth factor (VEGF), in ADSCs.?0 After culture under hypoxic condi-
tions, ADSCs continue to express mesenchymal-associated markers, such as CD73, CD105, and CD90,
while they are negative for hematopoietic-associated markers, including CD14, CD45, CD19, CD34,
and HLA-DRDPDQ.?> Hypoxia acts on VEGF by increasing its release, which leads to enhanced vas-
cularization with significant vessel length.>! These results suggest that the increase in proliferation
and vascularization observed in our study can be due to the increase in VEGF release. This is in
accordance with the results of our animal experiments, where GFP-ADSCs were found to be more
abundant when MatriC + SVF were used in combination compared to that of nonconditioned ma-
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trix combined with cells. Expression of GFP is associated with cell proliferation. The hypoxia ex-
posure to the different cell types can modulate their behavior. For example, hypoxia can lead the
M1 macrophages to differentiate into M2-like phenotype32 that are useful for rejuvenation processes
by suppressing inflammation, contributing to tissue repair, remodeling, and angiogenesis. Further-
more, M2 macrophages, under the action of SVF, can enhance angiogenesis in adipose transplan-
tation by acting as an angiogenic signal source and promoting cell migration.>?-33> It was reported
that the ADSCs in the SVF increased immunoregulatory activity and also blocked the cytotoxic activ-
ities of CD8 cells.>* A recently discovered CD49d+CXCR4highVEGFR1high population of neutrophils
was found to specifically migrate to sites of hypoxia and enhance angiogenesis.>> Moreover, SVF
cells increased immunological tolerance by promoting the proliferation of inhibitory macrophages
and T regulatory cells and by decreasing ongoing inflammation.® Shilts et al. have described that
despite arrays of cell-surface proteins organizing immune cells into interconnected cellular communi-
ties, linking cells through physical interactions is beneficial for signaling, communication, and struc-
tural adhesion.3” This additional property of immune cells can aid in SVF cells retention at the site of
injection.

All these studies and our results indicate that SVF and MatriCS have a potential biomedical impact.
A hypoxic conditioning of the matrix combined with SVF can promote long-term wrinkle filling and
skin rejuvenation.?® Our results corroborate those in literature, because the cells in the SVF display
mesenchymal stem-cell markers and have a multi-differentiation potential in vitro and in vivo. Injec-
tion of SVF containing ADSCs in combination with MatriCS has demonstrated antiwrinkle effect and
safety of this procedure since the stem cells differentiate into cell types present at the injection site.
Injection of ADSCs and its secretory factors are effective in producing the antiwrinkle effect, as it is
mainly mediated by reducing UVB-induced apoptosis and stimulation of collagen synthesis by human
dermal fibroblasts.!> Koellensperger et al. have demonstrated that ADSCs injected intracutaneously, re-
main at the site of the injection,>® survive in vivo, and partly differentiate into the cell type required
at the injection site led by the new microenvironment.

The use of MatriCS + SVF allows a true cross-talk between them. Individually, each component
did not exhibit satisfactory performance as a durable filling. The addition of SVF improved MatriCS
volume stability over time and reduced the degradation. Owing to the cobalt chloride preconditioning,
MatriCS composition acts as a true scaffold for these cells. MatriCS promotes mechanical support, cell
shape/function stability, and transport of chemical signals. In turn, the different cell types in the SVF
fraction remain at the site of injection and maintain the MatriCS through their secretions, leading to
the survival of the graft and rejuvenation of the skin.

A clinical trial, using the AmeaCell device, focusing on this application would be interesting to
conduct to confirm the in vitro and in vivo results obtained in this study.
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