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Editorial
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Stem cell therapy provides new insights for the treatment of
diseases or disorders that cannot yet be successfully managed
through conventional care. Current cell-based approaches
are mainly focused on the use of Mesenchymal Stem Cells
(MSCs) which are multipotent stem cells with unique biolog-
ical properties and are readily available from almost every
organ and tissue. MSCs are becoming widely used to improve
outcomes for multiple clinical scenarios: heart failure, wound
healing, bone regeneration, and many others. Despite prom-
ising in vitro and in vivo results, the need for extensive
manipulation steps to obtain sufficient cell numbers for
delivery significantly increases the regulatory, practical, and
financial barriers for the routine use of these novel therapies.
Helping to overcome some of these limitations, the use of
micrografts represents a suitable approach for tissue regener-
ation. Micrografting can be used to deliver not only progen-
itor cells but also growth factors and matrix extracellular
components naturally available in the tissues which further
increase the regenerative potential.

Only few clinical trials have reported the efficacy of stem
cell therapy; further research must be conducted to investi-
gate also the safety of these techniques in the long term.
Micrografting is attracting a growing interest from the
research community since it involves easy/quick and simple
procedures which reduce the amounts of donor tissues
required while reducing morbidity.

In this special issue, new procedures able to promote
repair or regeneration in areas such as plastic surgery and
wound healing are reported, using both stem cells and micro-
grafts. In the manuscript by M. M. Bashir et al., the authors
evaluate the effect of adipose tissue grafts mixed with adipose

tissue-derived stem cells (ASCs) to promote fat graft reten-
tion in patients with contour deformities of the face showing
an improvement in clinical outcomes when compared to the
control group. The papers from M. Riccio et al. and M. M.
Tresoldi et al. report the results from two clinical trials inves-
tigating the use of dermal micrografts in the treatment of
traumatic or complex wounds in different patient popula-
tions. M. Riccio et al. present the management of 70 patients
affected by traumatic wounds of the lower and upper limbs
characterized by an extensive loss of substance. The results
showed complete wound healing after 35 to 84 days. On the
other hand, M. M. Tresoldi et al. treated elderly patients with
wither micrografts or another dermal skin substitute, aiming
to compare the efficacy for wound repair of both tissue
replacement therapies. All patients reached a good degree
of reepithelialization, but the authors failed to demonstrate
a statistically significant difference between both groups.
Finally, the study from A. Andreone et al. proposes a new
approach for the management of burns based on the combi-
nation of platelet-rich fibrin and micrografts as a spray-on
skin, reporting a rapid reepithelialization and impressive
resurfacing.

This special issue also introduces the reader to fine orig-
inal basic research focused on the biological and cellular
mechanisms involved in tissue repair in different conditions,
helping to better elucidate some of the key players activated
in these processes. The study conducted by C. Zhang et al.
assessed the role of autophagy in cavernosal endothelial dys-
function of diabetic rats, explaining the therapeutic effect of
urine-derived stem cells (USCs) which upregulated autopha-
gic activity in the cavernosal endothelium, ameliorating
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cavernosal endothelial dysfunction and improving erectile
dysfunction. Another interesting study carried out by F.
Wang et al. explored the potential of injectable hydrogels as
cell-carrying scaffolds able to mimic the condition of the nat-
ural extracellular matrix (ECM) of nucleus pulposus (NP),
providing binding sites for cells. The authors reported that,
in rats, the transplantation of injectable hydrogel-loaded
NP-derived MSCs can delay the level of intervertebral disc
(IVD) degeneration while promoting its regeneration and
restoring the structure and ECM content of degenerated
NP eight weeks after treatment.

Skeletal muscle has a remarkable capacity to regenerate
following injury due to the presence within the adult mus-
cle of a tissue-resident stem cell population known as sat-
ellite cells (SC). These cells remain quiescent until physical
exercise, or muscle damage induces their activation. In the
manuscript by S. Aguanno et al., the researchers present a
culture model of the myogenic C2C12 cell line in suspen-
sion, able to self-assemble in three-dimensional cultures
and to form a system able to preserve the quiescence
and the staminality of these cells. The findings from this
study support the conclusion that this model could be
used to investigate the pathways controlling SC quiescence
entrance and maintenance.

Micrograft therapies are a promising and affordable alter-
native to improve skin regeneration through enhancement of
the endogenous wound repair processes. In the publication
from M. Balli et al., the authors provide new insights which
might contribute to a better understanding of the molecular
pathways involved in micrograft-induced wound repair.
Remarkably, the authors identified new key players in the
wound healing process such as the active protein-1 (AP-1)
and member Fos-related antigen-1 (Fra-1) which enhanced
cell migration in mouse adult fibroblasts and human kerati-
nocytes treated with soluble. These results were confirmed
when inhibition of both ERK and AP-1 completely reverted
the in vitro wound closure otherwise induced by the soluble
micrograft treatment. This outcome highlights the important
role of ERK-dependent transcriptional activity of AP-1 in the
promotion of micrograft-induced wound closure.

We sincerely hope that the articles published in this spe-
cial issue can help researchers to better understand the
potential roles of stem cell therapy and micrografting tech-
niques for tissue regeneration, including the different advan-
tages and disadvantages of both approaches. Further, the
basic research manuscripts included in the issue provide
new insights that improve the current understanding of the
cellular and molecular mechanisms involved in the wound
healing process, especially in pathological conditions such
as diabetes or intervertebral disc degeneration.
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Impaired wound healing and tissue regeneration have severe consequences on the patient’s quality of life. Micrograft therapies are
emerging as promising and affordable alternatives to improve skin regeneration by enhancing the endogenous wound repair
processes. However, the molecular mechanisms underpinning the beneficial effects of the micrograft treatments remain largely
unknown. In this study, we identified the active protein-1 (AP-1) member Fos-related antigen-1 (Fra-1) to play a central role in
the extracellular signal-regulated kinase- (ERK-) mediated enhanced cell migratory capacity of soluble micrograft-treated mouse
adult fibroblasts and in the human keratinocyte cell model. Accordingly, we show that increased micrograft-dependent in vitro
cell migration and matrix metalloprotease activity is abolished upon inhibition of AP-1. Furthermore, soluble micrograft
treatment leads to increased expression and posttranslational phosphorylation of Fra-1 and c-Jun, resulting in the upregulation
of wound healing-associated genes mainly involved in the regulation of cell migration. Collectively, our work provides insights
into the molecular mechanisms behind the cell-free micrograft treatment, which might contribute to future advances in wound
repair therapies.

1. Introduction

The skin is the largest organ of the human body providing
protection, immune defense, and sensation. Traumatic inju-
ries and impaired wound healing greatly affect the quality
of life of patients and eventually contribute to mortality.
Therefore, optimal tissue regeneration and proper wound
management are required to maintain skin integrity.

The process of wound healing emerges as a result of a
complex interplay between transcription factors that regulate
essential transcriptional networks. Their activation is tightly
regulated by signaling cascades that translate the input of
intrinsic and extrinsic factors into a transcriptional cellular
response to such cellular changes. During wound healing,
sequential cellular processes are actively coordinated by
waves of growth factors and cytokines [1–3]. Upon injury,
several transcription factors are triggered by the damaged tis-
sue. Among those, TGF-β signaling and the classical tran-

scription factor NF-κB have been described as regulators
which elicit the immune response as the initial step of the
wound healing process. This results in the immune cell and
platelet-derived production of a plethora of growth factors
including transforming growth factor-beta (TGF-β), epider-
mal growth factor (EGF), platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), and
connective tissue growth factor (CTGF) at the site of injury
[4–6]. These in turn establish key repair processes such as
angiogenesis, matrix deposition, migration, proliferation,
and fibroblast transdifferentiation through pivotal signaling
cascades [4]. While TGF-β signaling is an essential regulator
of wound contraction and matrix deposition by myofibro-
blasts, the MEK/ERK cascade has been reported to promote
proliferation and migration in both keratinocytes and fibro-
blasts, the main cell types involved in wound healing [7–9].
Interestingly, the activator protein-1 (AP-1) family has been
reported as a transcription factor downstream of the ERK
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cascade [10, 11]. Upon injury, AP-1 activity has been shown
to be induced in anMAPK-dependent manner in fetal mouse
skin [12]. This protein family consists of homo- and hetero-
dimers formed mainly between proteins of the Fos and Jun
families [13]. Upon phosphorylation, AP-1 is known to reg-
ulate genes involved in wound healing, such as growth factors
and matrix metalloproteases (MMPs) [14]. Collectively, suc-
cessful wound repair strongly depends on the spatiotemporal
activity of several cellular signaling pathways.

The gold standard treatment to promote wound repair
remains skin graft methods involving skin transplantations
and have been widely used for the treatment of extensive
wounds, such as burns, skin trauma, and cancer. As these
lack blood vessels, additional blood support underneath the
wound bed is required to guarantee the success of the skin
graft. Moreover, this technique is associated with distress,
pain, and hypertrophic scar formation [15]. Over the past
years, great advances have been made in micrograft (MG)
treatments, of which many have shown promising results in
the clinical setting [16]. Compared to the conventional skin
graft methods, the micrograft technique comprises of viable
microtissue fragments that are directly applied to the site of
injury. This autologous treatment has been reported to allow
a 100-fold expansion of the micrograft transplant and offers a
fast and reliable procedure for the patients with minimal sur-
gical risks [17]. Recently, a novel MG technique has emerged
as an innovative and affordable wound treatment whereby
skin tissues are ground into a resulting solution of 80μm
microtissue fragments containing tissue-residing progenitor
cells and matrix components [18]. Moreover, a recent study
has shown that skin injury treatment with the soluble MG
fraction deprived of tissue-residing cells and highly enriched
in growth factors (such as IGF-1 and bFGF) is sufficient to
promote the endogenous regenerative capacity of the skin by
accelerating wound closure, showing increased reepithelializa-
tion, and increasing granulation formation and increased
CD31+ vessel formation [19].

Recently, the extracellular signal-regulated kinase (ERK)
signaling pathway has been identified as one of the main
drivers of the molecular mechanism behind this technique
[19]. Upon MG treatment, both fibroblasts and keratino-
cytes displayed high levels of phosphorylated ERK (p-ERK)
and exhibited upregulated transcription of MMPs. In accor-
dance with this, the beneficial effects induced by the MG
were reverted upon ERK inhibition. Nevertheless, a detailed
molecular roadmap of the transcriptional network connect-
ing ERK activation and downstream target expression and
increased migratory capacity upon soluble MG treatment
still remains largely unknown.

In this work, we dissect the molecular regulatory network
behind the accelerated cell migration obtained by the MG
treatment. To unveil key transcriptional regulators involved
in the ameliorating effects mediated by this therapy, we inte-
grated differentially expressed genes (DEGs) obtained upon a
5h treatment with the noncellular micrograft solution into a
gene regulatory network analysis (GSE123829) [19]. Interest-
ingly, MG-dependent DEGs appeared to be likely regulated
by important members of the AP-1 transcription factors,
such as Fra-1. Accordingly, MG-induced fibroblast and kera-

tinocyte migration as well as enzymatic activity of MMPs are
significantly impaired upon AP-1 inhibition. Finally, our
findings provide evidence that AP-1 connects higher ERK
activity with increased MMP activity, which in turn regu-
lates cell migration in both fibroblasts and keratinocytes.
Collectively, our study provides a deeper view into the
molecular mechanism behind the MG treatment, revealing
the significance of AP-1 and its vital role in current and
future advances in wound healing therapies.

2. Methods

2.1. Cell Culture. Tail tips (0.5 cm) of the C57BL/6 mouse
model under proper anesthesia (isoflurane) were used to
extract primary fibroblasts. Tissues were digested with colla-
genase IV for 40 minutes at 37°C. Cells were then cultured in
DMEM GlutaMax (Cat No. 61965-026, Gibco Life Science,
Grand Island) supplemented with 10% of fetal bovine serum,
1% penicillin-streptomycin, 1% L-glutamine, 1% sodium
pyruvate, and 1% nonessential amino acids. The immortal-
ized keratinocyte (HaCaT) cell line was used as a human
keratinocyte cell model and was grown in Dulbecco’s modi-
fied Eagles’ medium (DMEM) supplemented equally to the
previous media. Cells were cultured at 37°C in a humidified
incubator with 5% of CO2.

2.2. Preparation of Micrografts. Micrografts were generated
from murine skin biopsies (1 cm2) employing the Rigenera®
technique. Tissues were minced using the Rigeneracons® tis-
sue disruptor [20]. Resulting micrografts were subsequently
filtered through 70μm filter membranes to obtain a protein
concentration of 5μg/μL, followed by a centrifugation step
(10min at 3000 rpm) to deplete the solution of residing cells
and cellular debris. The extracted soluble micrograft was
then stored at −80°C for later use. Subsequently, the soluble
MGs were then diluted 1 : 10 in growth media and applied
on fibroblast and keratinocytes cells. Signaling pathways and
transcription factor AP-1 were altered by inhibitory drugs
such as MEK inhibitor PD0325901 (1 μM; Cat No. PZ016,
Sigma) and c-fos/AP-1 inhibitor T-5224 (60 μM; Cat No.
530141-72-1, MedChemExpress (MCE)), respectively.

2.3. Cell Scratch Assay. Fibroblasts and keratinocytes were
plated at a density of 3500 cell/cm2 and 10000 cell/cm2,
respectively. The scratch assay was performed on cell mono-
layers using a pipette tip, resembling an artificial in vitro
wound [21]. Subsequently, dead cells were removed using
sterile phosphate-buffered saline (PBS) and images were
taken over a time course until full closure of the in vitro
scratch was achieved. The comparison between images
allowed quantification of the cell migration rate. MGs were
added onto the cells for different treatment durations (1 h,
5 h, and 12 h).

2.4. Cell Cycle Assay and Cell Viability. Changes in the cell
cycle were assessed using the 5-ethynyl-2′-deoxyuridine
(EdU) assay (Thermo Fisher Scientific) [22]. MG-treated
cells were incubated for 2 hours at 37°C with 10 μM EdU
(ethynyl-2′-deoxyuridine) according to the manufacturer’s
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instructions (Cat. No 900584-50MG, Sigma-Aldrich). Samples
were then examined by Flow Cytometry (BD Biosciences)
and analyzed by FlowJo software. Viability of MG-treated
cells was evaluated by flow cytometry (BD Biosciences) using
the Fixable Viability Stain 660 (564405; BD Biosciences).
Statistical analysis was performed using two-tailed unpaired
t-tests and two-way analysis of variance (ANOVA). No sig-
nificant differences were found (n = 3 biological replicates).

2.5. Immunohistochemistry, Immunofluorescence Staining,
and Protein Analysis. Scratched cells and 60-70% confluent
conditions were used for immunohistochemistry and immu-
nofluorescence analysis. Cells were fixed with 4% PFA for 20
minutes at RT, permeabilized with 1% BSA, 0.2% Triton-X in
PBS for 30 minutes at RT, washed repeatedly, and blocked
with donkey serum 1 : 10 in PBS (blocking solution) for 40
minutes at RT. Cells were then incubated overnight at 4°Cwith
the following primary antibodies: Rabbit mAb Phospho-Fra-1
(Ser265) (D22B1; CST5841T, Bioké-Cell Signaling) andMouse
mAb Fra-1 (D3; sc-376148, Santa Cruz Biotechnology) were
used at a 1 : 200 dilution. Subsequently, cells were washed with
PBS and incubated with secondary Alexa Fluor antibodies for
1h at RT. Finally, cells were incubated in Hoechst 33342 at a
1 : 10000 dilution for nuclear counterstaining. Finally, cells
were mounted using the DAKO™ mounting medium. Images
were acquired using a Zeiss AxioImager Z1 Microscope and
the AxioVision SE64 software. Images were analyzed using
the ImageJ software (NIH).

Western blotting analyses were used to unveil the role
of important proteins of the AP-1 complex in regulating the
effects induced by the MG treatment. MG-treated cells were
lysed in RIPA buffer containing 1 : 100 protease inhibitor
and phosphatase inhibitor cocktails (Cat. No P8340-1mL,
P5726-1mL, P0044-1mL, respectively). Samples (30 μg of
proteins) were heat-denatured in sample-loading buffer
(50mM of Tris-HCl, pH 6.8, 100mM DTT, 2% SDS, 0.1%
bromophenol blue, 10% glycerol), resolved by SDS-PAGE
and transferred to PVDF membranes (Cat. No 1620177,
Bio-Rad). Membranes were then stained with Ponceau S
dye (Sigma-Aldrich) and blocked with 5% BSA (bovine
serum albumin) in TBS (Tris-buffered saline) supplemented
with Tween 0.05% for 1 hour at RT. Membranes were then
incubated overnight at 4°C with the following primary anti-
bodies: mouse p-ERK (1 : 1000, sc-7383, Santa Cruz), rabbit
ERK (1 : 1000, sc-94, Santa Cruz), pFra-1 (Phospho-Fra-1
(Ser265) (D22B1) Rabbit mAb; 1 : 1000, Cat. No CST5841T,
Bioké-Cell Signaling), Fra-1 (Fra-1 Antibody (D-3) Mouse
monoclonal, 1 : 1000, Cat. No sc-376148, Santa Cruz Biotech-
nology), pJun (Phospho-c-Jun (Ser73) (D47G9) XP® Rabbit
mAb; 1 : 1000, Cat. No 3270T, Bioké-Cell Signaling), JUN
(c-Jun (60A8) Rabbit mAb; 1 : 1000, Cat. No 9165T, Bioké-
Cell Signaling), and mouse Tubulin-alpha (1 : 1000, T5168,
Sigma-Aldrich). The following day, membranes were
incubated with secondary horseradish peroxidase HRP-
conjugated antibodies (1 : 5000, Santa Cruz Biotechnology,
CA, USA), in TBS 0.05% Tween and 2.5% nonfat dry milk.
Membranes were stripped and reblotted for the total forms
of Erk, Fra-1, and c-Jun. Analyses were performed using the
Clarity Western ECL Substrate (Cat. No 1705060, Bio-Rad).

2.6. Matrix Metalloproteinase (MMP) Enzymatic Activity.
MMP activity was detected using the MMP activity Assay
Kit (Cat No. ab112146, Abcam), according to the manu-
facturer’s instructions. Data is presented as RFU (relative
fluorescence units). Following MG treatment, conditioned
medium was collected after 24 hours. Signals were evaluated
30 minutes after initiation of the enzymatic reaction using a
microplate reader with a filter set of Ex/Em = 485/535 and
normalized to the substrate control.

2.7. Transwell Migration Assay. Cells were dissociated
using 0.25% trypsin-EDTA, washed with PBS (1x), and
pelleted. Multiple well plates with permeable polycarbonate
membrane transwell inserts (Cat No. 3422, Thermo Fisher
Scientific) were used for this experiment. Fibroblasts or kera-
tinocytes (105 cells) were plated on the upper compartment
of the transwell in a total volume of 100 μL of growth
media. 600 μL of 1 : 10 diluted MGs were applied to the
lower chamber. 100,000 cells (fibroblast or keratinocytes)
were submerged in 600 μL of complete GlutaMax medium
as a control. After incubation, the transwell inserts were
removed, cleaned of stationary cells, and fixed with 70% eth-
anol. Afterwards, membranes were stained with 0.1% of crys-
tal violet. Finally, membranes were detached from the inserts,
deposited on slides, and mounted using DPX. Images were
acquired using the AxioVision SE64 software on a Zeiss
AxioImager Z1 Microscope. Images were analyzed using
the ImageJ software (NIH).

2.8. RNA Extraction and mRNA Gene Expression. Total RNA
was purified using the PureLink® RNA Mini Kit (Cat No.
12183018A, Life Technologies™) according to the manufac-
turer’s instructions. cDNA was generated from 0.5 μg of
RNA and using the Superscript III Reverse Transcriptase
First-Strand Synthesis SuperMix (Invitrogen). Quantitative
real-time PCRs (qRT-PCR) were performed using the Plati-
num® SYBR® Green qRT-PCR SuperMix-UDG (Cat No.
11733038, Thermo Fisher Scientific) on a ViiA™ 7 Real-
Time PCR System with 384-well plate (Cat No. 4453536,
Applied Biosystems). Gene expression values were normal-
ized to GAPDH, Rpl13a, and β-actin for mouse primary
fibroblasts and GAPDH, RPL13A, and β-actin housekeeping
genes for human keratinocytes. All primers used were pur-
chased from IDT technologies, Leuven, Belgium, and are
reported in Table S1.

2.9. RNA Sequencing and Bioinformatics Analyses. The data
presented in this paper has been deposited in GEO Datasets
under accession no. GSE134113. The integrity of the RNA
was evaluated using the Bioanalyzer (Agilent 2100) com-
bined with the Agilent RNA 6000 Nano Kit (Ca No. 5067-
1511). Samples were processed by the Genomics Core
Leuven (KU Leuven–UZ Leuven, Belgium). Library prepara-
tion was performed using the Illumina TruSeq Stranded
mRNA Sample Preparation Kit, according to the manufac-
turer’s protocol (Cat No. 20020594). RNA denaturation
was performed at 65°C, followed by cool-down at 4°C. Sub-
sequently, samples were indexed for multiplexing. Sequenc-
ing libraries were quantified using the Qubit fluorometer
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(Thermo Fisher Scientific, Massachusetts, USA). Library
quality and size range were assessed using the Bioanalyzer
(Agilent Technologies) with the DNA 1000 kit (Agilent
Technologies, California, USA). Libraries were sequenced
using the Illumina HiSeq4000 platform. 50 bp single-end
reads and average of 20 million reads were obtained. Quality
control of raw reads was performed with the FastQC v0.11.5.
Filtering of adapters was performed using ea-utils v1.2.2.18.
The splice-aware alignment was performed with TopHat
v2.0.13 against the mouse genome mm10. The number of
allowed mismatches was set to two and only unique mapping
reads with alignment score of 10 or more were included.
Resulting SAM and BAM alignment files were handled with
Samtools v0.1.19.24. Quantification of reads per gene was
performed with HT-Seq count v0.5.3p3. Count-based differ-
ential expression analysis was done using the R-based (The R
Foundation for Statistical Computing, Vienna, Austria) Bio-
conductor package DESeq. Reported P values were adjusted
for multiple testing with the Benjamini-Hochberg procedure,
which controls false discovery rate (FDR).

2.10. ChIP Sequencing Analysis. Publicly available ChIP-seq
data on the binding of Fra-1 in mouse embryonic fibro-
blasts was processed using the pipeline from the Kundaje
lab (Version 0.3.3) [23]. Reads were aligned to reference
genome (mm10) using Bowtie2 (v2.2.6) using the “–local”
parameter. Single-end reads that aligned to the genome
with mapping quality ≥30 were kept as usable reads (reads
aligned to the mitochondrial genome were removed) using
SAMtools (v1.2). PCR duplicates were removed using Picard’s
MarkDuplicates (Picard v1.126). Coverage was calculated
using bamCoverage function with bin size = 1 bp and normal-
ized using RPKM.

2.11. Statistical Analysis. Statistical analysis of RNA sequenc-
ing data statistical analysis was performed by bioconductor
package DESeq (R-based). Reported P values were adjusted
for multiple testing with the Benjamini-Hochberg procedure,
which controls false discovery rate (FDR). In all the experi-
ments, significant differences were determined by one-way
analysis of variance (ANOVA), two-way ANOVA, adjusted
for multiple comparison, and two-tailed unpaired t-test. Data
are presented as themean ± standard error of mean (SEM) or
as fold change (FC). Data are visualized using GraphPad
Prism 6 software (San Diego, CA, USA).

3. Results

3.1. AP-1 as a Predicted Regulator of Wound Healing-
Associated Gene Expression in Fibroblasts. Together with
immune cells, fibroblasts release growth factors as an
immediate response to tissue damage, causing surrounding
fibroblasts and keratinocytes to migrate towards the site of
injury. To reestablish skin homeostasis, these cells cooper-
ate to restore the wounded area with the formation of
new tissue. This is achieved by cellular proliferation and
migration as well as their capacity to remodel the extracel-
lular matrix through continuous synthesis and breakdown
of collagens [3, 6].

A recent study indicated that increased autologous
micrograft- (AMG-) mediated fibroblast migration requires
activation of the ERK signaling pathway that has been shown
to be induced by the growth factors present in the soluble
fraction of the micrograft [19]. To identify the transcrip-
tional regulators mediating this behavior, we made use of
the DEGs of wounded adult murine fibroblasts treated with
the noncellular fraction of the micrograft treatment [19].
These genes were subsequently integrated in a gene regula-
tory network analysis using the iRegulon analysis software
[24] (Figure 1(a)). The initial transcriptome analysis showed
123 upregulated DEGs (logFC > 1 , adjusted P value < 0.05),
including genes involved in cell migration (i.e., Cxcl2, Ccl20,
Mmp3), angiogenesis (i.e., Ets1, Vegfa, Flt1), cell cycle (i.e.,
Nos2, Ptgs2, Lif), and epithelialization (i.e., Dusp10, Ptgs2,
Hmox1) (Figures 1(b) and 1(c), Table S2).

The iRegulon analysis of AMG-dependent DEGs iden-
tified Bcl3, Foxc2, Cebpg, Mms19, Foxo6, Crx, Fosl1, Otud4,
and Plag1 as predicted transcription factors regulating
DEG expression (Figure S1A). Interestingly, among these,
we identified AP-1 family member Fosl1, encoding the Fra-
1 protein. AP-1 transcription factors have been reported to
regulate the expression of genes encoding growth factors
and MMPs [14]. Additionally, it has been shown that AP-1
activity is regulated by the ERK pathway [10, 25]. Prompted
by this evidence, we decided to focus our attention on the
role of the transcription factor AP-1 in regulating MG-
mediated wound healing. Explicitly, our findings obtained
from transcriptome analysis and gene regulatory network
analysis suggested that AP-1 family member Fra-1 might
retain a potential role in the regulation of the molecular
mechanisms behind the beneficial effects of the soluble MG
treatment (Figure 1(d)).

To validate the predicted binding of AP-1 as a tran-
scriptional regulator to the promoter of wound healing-
associated genes, we used publicly available ChIP-seq data
to investigate the ability of the Fra-1 protein to bind the
promoter region of several upregulated DEGs (Figure S1B)
[23]. Correspondingly, we confirmed binding of Fra-1 to the
promoters of several genes, such as Cxcl2, Ets1, Mmp13, and
Fosl1 itself in mouse fibroblasts. Collectively, these findings
provide strong evidence that the induced regenerative
transcriptional profile in AMG-treated fibroblasts is likely
regulated by the AP-1 family members.

3.2. Micrograft Treatment Induces AP-1 Activity via Increased
Fosl1 Expression and Fra-1 Phosphorylation. Studies have
reported that the lack of AP-1 function in both fibroblasts
and keratinocytes resulted in impaired cell migration and cell
proliferation, and, in turn, led to delayed wound closure [14].
Therefore, we aimed to determine whether the noncellular
MG treatment induces transcriptional activity of AP-1
through changes at transcriptional level or through post-
translational modifications in both cell types.

To determine the regulation of AP-1 activity upon sol-
uble MG treatment, we assessed the transcript levels of its
family members following 5 and 12 hours of MG treatment.
In adult mouse fibroblasts as well as in the epithelial/kerati-
nocyte (HaCaT) cell model, Fosl1 and FOSL1, respectively,
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appeared as the sole AP-1 factor to be significantly upregu-
lated upon treatment at the transcript level (Figure 2(a)).
Although increased expression levels of Fos and Jun genes
lead to higher activation of AP-1, posttranslational regulation
of AP-1 family members also greatly contributes to its activ-
ity. As the DNA-binding properties of AP-1 member pro-
teins and their transcriptional activity strongly depend on
posttranslational phosphorylation, we evaluated the levels
of phosphorylated Fra-1 (pFra-1) in mouse fibroblasts and
FRA-1 (pFRA-1) in human keratinocytes after 1 and 5h of
MG treatment [11, 26]. As immunostaining and western
blotting analysis revealed an increase in both total Fra-1

and phosphorylation of Fra-1 at serine 265 residues, this
could indicate that newly formed Fra-1 proteins are imme-
diately posttranslationally modified upon MG treatment
(Figures 2(b), 2(c), and 2(d)).

Optimal transcriptional activity of Fra-1 is highly
dependent of its binding to members of the Jun family.
As the most potent transcriptional regulator of this family,
c-Jun mRNA levels appear to be significantly increased upon
5h of MG treatment in wounded murine adult fibroblasts
(Figure 2(a)). Subsequently, we investigated whether c-Jun,
as part of the AP-1 complex, was also posttranslationally reg-
ulated upon treatment with the micrograft solution. In both
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Figure 1: Predicted transcription factors and gene targets from a set of MG-induced DEGs. (a) Schematic representation of the
transcriptional regulatory network analysis. Mouse primary fibroblasts isolated from tail’s tip were used in the in vitro the scratch wound
assay. MGs processed from a murine skin biopsy according to the Rigenera® protocol were processed to remove cellular remains and were
subsequently applied to the in vitro scratch layers. Differentially expressed genes (DEGs) obtained via RNA-seq analysis (N = 3) were then
used to identify the transcriptional regulatory networks using iRegulon. (b) Volcano plot showing up- (red) and downregulated (blue)
genes upon 5 h of MG treatment. Black dots represent statistically insignificant genes. Gene values are reported as a log2 fold change (P
value < 0.05). (c) Heatmap showing MG-dependent DEGs involved in essential wound healing process, such as epithelialization, cell cycle,
angiogenesis, and cell migration. (d) Transcriptional regulatory network established around Fosl1 using iRegulon, showing predicted
transcription factors (light blue) to regulate their target genes (dark blue).
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Figure 2: MG-dependent transcriptional and posttranscriptional regulation of AP-1 family members. (a) Transcript levels of AP-1 family
members evaluated by RT-qPCR. Expression values are expressed as a fold change normalized to the expression of Gapdh, β-actin, and
Rpl13a housekeeping genes. Differences are calculated with one-way ANOVA (N = 3) and indicated as ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001,
and ∗∗∗∗P < 0:0001. (b) Representative immunofluorescence showing phosphorylation and total levels of Fra-1 protein in MG-treated and
untreated primary adult fibroblasts. Nuclei were counterstained with Hoechst 33342 (N = 3). (c) Representative western blot membranes
showing level of phosphorylated and total Fra-1 and c-Jun from wounded fibroblasts upon different time durations of MG treatment (1 h
and 5 h). Untreated cells were used as a control. (d) Representative western blot membranes showing level of phosphorylated and total
FRA-1 and c-JUN from MG-treated and MG-untreated human keratinocyte (HaCaT) cells exposed to 1 h and 5 h of MG treatment.
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keratinocytes and fibroblasts, increased phosphorylation
levels of c-Jun/c-JUN were observed after 1 h and 5h of treat-
ment (Figures 2(c) and 2(d)).

Taken together, we demonstrate that posttranslational
activity of both Fra-1 and c-Jun in fibroblasts and keratino-
cytes is increased upon soluble MG treatment. This suggests
that these AP-1 members are involved in the molecular
mechanism of MG treatment and in the previously shown
accelerated AMG-dependent wound healing [19].

3.3. Micrograft-Induced Cell Migration Is Reverted upon AP-1
Inhibition. Recently, it has been shown that the soluble frac-
tion of autologous micrograft (AMG) treatment on wounded
murine adult fibroblasts resulted in increased in vitro
cell migration and MMP activity, leading to an improved
in vitro scratch closure capacity and an improved in vivo
wound healing [19]. As the predicted transcription factor
AP-1 is known to regulate cell migration, we assessed its
involvement in the accelerated MG-mediated scratch closure
by evaluating the migratory capacity of MG-treated murine
primary adult fibroblasts and human HaCaT cells using the
in vitro cell scratch assay in the presence or absence of the
specific c-Fos/AP-1 inhibitor T-5224 (Figures 3(a)–3(e))
[27]. AP-1 inhibition significantly delayed the in vitro scratch
closure in MG-treated fibroblasts (Figures 3(a) and 3(b)).
Similarly, MG-treated keratinocytes showed a significant
delay in scratch closure following 5h and 12 h of treatment
in the presence of the AP-1 inhibitor, suggesting the essential
role of AP-1 in regulating the migratory capacity of this cell
type (Figures 3(c)–3(e)).

Interestingly, transwell migration assay of both MG-
treated fibroblasts and keratinocytes showed significantly
reduced cell migration upon AP-1 inhibition (Figures 3(f)
and 3(g), respectively). This could suggest that AP-1 inhibi-
tion results in downregulation of essential chemokine
receptors, leading to impaired cell migration. Collectively,
we showed that inhibition of AP-1 directly resulted in
impaired cell migration, completely reverting the effects of
MG treatment on the migratory capacities in both fibro-
blasts and keratinocytes.

3.4. Micrograft-Accelerated Scratch Closure through AP-1
Activity Does Not Depend on Fibroblast Cell Proliferation. As
the AP-1 family has been described to regulate both migration
and proliferation [14], we assessed possible changes in cell
cycle regulation in order to investigate the contribution of cell
proliferation to the in vitro scratch closure.

To determine the role of AP-1 in cell proliferation under
cell-free MG-treated conditions, we performed a cell cycle
assessment on soluble MG-treated proliferating fibroblasts
and keratinocytes using the 5-ethynyl-2′-deoxyuridine
(EdU) assay in the presence of the AP-1 inhibitor T-5224.
Interestingly, no changes in cell cycle phases were observed
in MG-treated fibroblasts and the overall proliferation rate
remained unchanged (Figure 4(a)). In contrast, MG-treated
keratinocytes showed a decreased number of cells in the S-
phase, indicating reduced cell proliferation of keratinocytes
upon MG treatment (Figure 4(b)). Furthermore, we showed
that MG treatment upon AP-1 inhibition does not alter cell
viability in both cell types (Figures 4(c) and 4(d)). Therefore,
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Figure 3: MG treatment accelerates scratch closure and cell migration through transcriptional activity of AP-1. (a) Representative images of
wounded adult mouse fibroblasts exposed to 5 h of MG treatment in the presence or absence of the specific AP-1 inhibitor T-5224 (60 μM).
(b) Quantification of scratch closure from 3 independent experiments as in Figure 3(a). Data is presented as the mean ± SEM (N = 3). The
surface area was normalized to the T0 image, and significant differences are calculated with two-way ANOVA, followed by the Holm-
Sidak test and indicated as ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001. (c) Representative images of wounded human keratinocytes exposed to 5 h
and 12 h of MG treatment in the presence or absence of AP-1 inhibitor T-5224 (60 μM). (d, e) Quantification of scratch closure from 3
independent experiments as in Figure 3(c). Data is shown as themean ± SEM (N = 3). The surface area was normalized to the T0 image and
significant differences are calculated by two-way ANOVA followed by the Tukey test and indicated as ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:005,
and ∗∗∗∗P < 0:001. (f, g) Pictures showing transwell migration assays chamber membranes. Adult murine fibroblasts (left panel) and
human (HaCaT) keratinocytes (right panel) were exposed to MG treatment in the presence or absence of the AP-1 inhibitor T-5224
(60 μM). Data is presented as the mean ± SEM. P values were calculated using ordinary one-way ANOVA corrected by the Tukey
test. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, ∗∗∗∗P < 0:0001.
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11Stem Cells International



we exclude the involvement of AP-1 in promoting cell prolif-
eration upon soluble MG treatment in vitro.

3.5. Micrograft Treatment Regulates the Matrix Remodeling
Machinery in an AP-1-Dependent Manner. During the heal-
ing process, cell migration and active extracellular matrix
(ECM) remodeling represent crucial events for successful
wound healing. Therefore, we aimed to assess the impact
of AP-1 activity on the enzymatic function of MMPs.
Recently, it has been shown that essential wound healing-
associated genes, such as cytokines and MMPs, were strongly
upregulated upon AMG treatment [19]. Upon transcriptional
analysis of this dataset, these in turn appeared to be targets of
the AP-1 (Figures 1(b) and 1(d) and Figure S1B). Additionally,
it has previously been shown that upon AMG treatment,
MMP expression levels and their enzymatic activity were
significantly increased [19]. As AP-1 has been reported to
regulate the expression levels of several genes, including
those encoding MMPs [14], we determined whether the
soluble MG-induced activity of MMPs was AP-1 dependent.
Cell-free MG-treated fibroblasts and keratinocytes were
cocultured in the presence of the AP-1 inhibitor T-5224.
Interestingly, we observed that AP-1 inhibition in MG-
treated fibroblasts and keratinocytes expressed significantly
lower transcript levels of several MMP members after 5h
and 12h of treatment (Figures 5(a) and 5(c)). Subsequently,
we exposed fibroblasts and keratinocytes in the in vitro
scratch assay to the MG solution treatment with and without
AP-1 inhibition. The conditioned medium collected from
these conditions was then used to perform a fluorescence-
based assay to determine the enzymatic activity of the
MMPs. Remarkably, enzymatic activity was greatly hindered
upon AP-1 inhibition in fibroblasts and keratinocytes
(Figures 5(b) and 5(d)). These findings indicate that AP-1

might play a central role in MG-induced cell migration,
and more importantly, this connection might explain the
improved wound healing upon cell-free MG treatment.

3.6. AP-1 Transcriptional Activity Is Responsible for ERK-
Mediated Wound Healing upon Micrograft Treatment.
Wound healing processes enhanced by the soluble MG have
been shown to be induced in an ERK-dependent manner
[19]. To further unravel the downstream mechanism of this
treatment at the transcriptional level, we showed the impor-
tance of the transcription factor AP-1 in regulating cell
migration and MMP activity upon MG treatment. As it has
been reported that AP-1 is regulated by ERK, we assessed
whether this regulation takes place in both MG-treated fibro-
blasts and keratinocytes [11, 12]. Therefore, we determined
posttranslational modification of important AP-1 family
members, including phosphorylation of the mouse and
human homologs of Fra-1 and c-Jun in the presence of the
MEK inhibitor PD0325901.

Interestingly, upon ERK inhibition in MG-treated cells,
reduced levels of pFra-1/pFRA-1 were observed while
pJun/pJUN did not decrease (Figure 6(a)). This could sug-
gest that heterodimers involving Fra-1 regulate the ERK-
dependent effects of the MG treatment. To validate this, we
performed RNA sequencing on MG-treated wounded fibro-
blasts in the presence or absence of the MEK inhibitor
PD0325901 (Figure 6(b)). Using DEG-derived GO terms,
expression values of genes involved in cell migration, angio-
genesis, cell cycle, and epithelialization showed clear tran-
scriptional changes upon MEK inhibition (Figure 6(c)). As
these genes are known to be differentially expressed upon
micrograft treatment [19], we assessed whether these genes
were affected by MEK inhibition. Although a few crucial
genes of angiogenesis (e.g., Vegfa and Flt1) were altered by
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Figure 4: AP-1 in MG-treated cells does not affect fibroblast cell proliferation and viability. (a, b) Cell cycle changes were analyzed using the
common 5-ethynyl-2′-deoxyuridine (EdU) assay (associated with DAPI staining to evaluate the nuclear content) on both MG-treated
fibroblasts and human keratinocytes exposed to 5 and 12 h of MG treatment in the presence or absence of the AP-1 inhibitor T-5224.
Quantification average of N = 3 is shown. Data is presented as the mean ± SEM. Two-way ANOVA was used to perform statistical
analysis. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001. (c, d) MG-induced effects on cell viability were evaluated via FACS analysis using the Fixable
Viability Stain 660. Percentage (%) of viable cells after exposure to 5 and 12 h of MG treatment is shown. No significant differences were
found among the different conditions.
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this inhibition, a multitude of genes involved in cell migration
were significantly affected upon treatment with PD0325901,
confirming that the soluble MG treatment mainly increased
cell migration. Additionally, high levels of Fosl1 and Junbwere
downregulated after MEK inhibition, possibly linking this
reduction to the changes in cell migration.

4. Discussion

As skin injuries and impaired tissue regeneration have drastic
financial and medical consequences for patients, micrografts
(MG) provide an affordable treatment to aid the endogenous

wound healing. Although multiple MG systems have been
shown to be successful in clinical trials, the molecular mech-
anisms behind these techniques remain unclear [16]. Previ-
ously, it has been demonstrated that cell-free autologous
MG (AMG) treatment improves ERK-dependent cell migra-
tion and matrix remodeling, resulting in accelerated wound
closure in vitro and in vivo [19]. However, the downstream
mechanisms of the transcriptional regulation behind the solu-
ble MG-induced cellular changes have not yet been explored.

In the present work, we identified AP-1 among other
transcription factors responsible for establishing a regenera-
tive transcriptional profile in both fibroblasts (Figure 1) and
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Figure 5: Transcriptional and posttranscriptional regulation of the matrix remodeling machinery via MG-dependent AP-1 activity. (a)
Matrix metalloproteinase (MMP) gene expression levels were evaluated by RT-qPCR in 5 h MG-treated adult fibroblasts in the presence
or absence of T-5224 (60 μM). Expression values are expressed as z-score of the average fold change (FC) normalized to the expression
of GAPDH, β-actin, and Rpl13a genes (N = 3). (b) Enzymatic activity of MMPs in adult fibroblasts exposed to 5 and 12 h of MG
treatment was evaluated via FRET (fluorescence resonance energy transfer). Signal intensities were normalized to the substrate control.
Data is reported as relative fluorescence units (RFU). (c) MMP gene expression levels were evaluated by RT-qPCR in 5 h and 12 h MG-
treated human keratinocytes in the presence or absence of T-5224 (60 μM). Expression values are expressed as z-score of the average FC
normalized on the expression of GAPDH, β-actin, and RPL13A genes (N = 3). (d) Enzymatic activity of matrix metalloproteinases of
conditioned media derived from human keratinocytes exposed to 5 and 12 h of MG treatment was evaluated via FRET (frequency
resonance energy transfer). Signal intensity signals were normalized to the substrate control. Data is reported as relative fluorescence
units (RFU).
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keratinocytes. Although inhibition of AP-1 activity leads to a
drastic reduction in cell migration and loss of a transcrip-
tional program favoring matrix remodeling, we do not
exclude indirect effects triggered by AP-1 nor the contribu-
tion of other essential transcription factors to the improved
soluble MG-induced wound healing. As another predicted
regulator of the identified DEGs, B cell lymphoma 3 (Bcl3)
has been shown to promote wound healing as its knockdown
resulted in significantly reduced cell proliferation and migra-
tion in the human osteosarcoma U2OS line [28]. Addition-
ally, keratinocyte migration has been demonstrated to be
drastically impaired upon CAAT enhancer-binding protein
gamma (C/EBPγ) silencing [29]. Aside from cell migration,

dysregulated genes involved in other wound healing pro-
cesses might be regulated by other predicted TFs. For exam-
ple, Forkhead box protein C2 (Foxc2) is a known regulator of
angiogenesis in both wound healing and oral squamous cell
carcinoma [30, 31]. However, as AP-1 is known to regulate
both MMP activity and cell migration, and is additionally
regulated by ERK signaling, we aimed our attention at the
AP-1 complex member Fosl1.

Upon cell-free MG treatment, both Fosl1/FOSL1 tran-
script levels and phosphorylated Fra-1 and FRA-1 contribute
to an elevated AP-1 activity in both fibroblasts and keratino-
cytes (Figures 2(a), 2(c), and 2(d)). The activator protein-1
(AP-1) complex is composed of homo- and heterodimers of
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Figure 6: ERK signaling pathway activation regulates wound healing events through AP-1 transcription factor activity. (a) Representative
western blot showing protein levels of phosphorylated and total ERK, Fra-1, and c-Jun from wounded murine adult fibroblasts and
unwounded human keratinocytes (HaCaT cells) exposed to 1 h and 5 h of MG treatment in the presence or absence of the MEK inhibitor
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leucine zipper proteins where a Fos family member binds to a
protein of the Jun family [32]. While the Jun family is able to
form homodimers, Fos proteins are restricted to dimeriza-
tion with a Jun member [33]. Upon dimerization, AP-1 binds
to 12-O-tetradecanoate-13-acetate (TPA) response elements
(TRE) within the genome, although its transcriptional behav-
ior strongly depends on the dimer composition and its phos-
phorylation [13]. As Fra-1 is likely to form the AP-1 complex
by dimerization with the most potent Jun protein c-Jun, c-
Jun phosphorylation (pJun) found to be increased upon sol-
uble MG treatment. While it has been reported that c-Jun
expression is minimally affected after in vitro wounding, ele-
vated mRNA levels of Fos genes are found shortly after injury
[34]. Among these Fos members, c-Fos and Fosl1 have been
reported to be briefly expressed as an immediate response
to extracellular stimuli, favoring the wound recovery by initi-
ating the expression of healing-associated genes, such as
growth factors, MMPs, and integrins [14]. Accordingly, upon
specific AP-1 inhibition, the soluble MG-induced scratch
closure is completely reverted, and the cellular migratory
capacity showed to be highly impaired (Figure 3). Of note,
a slight MG-dependent reduction in proliferation was dis-
played in treated keratinocytes. However, as MG treatment
as well as AP-1 induction did not increase cell proliferation,
we affirm that changes in cell cycle did not contribute to
accelerated in vitro wound closure in an AP-1-dependent
way (Figure 4). In addition, the enzymatic activity of matrix
remodeling enzymes (MMPs) was severely compromised in
the presence of AP-1 inhibitor T-5224 (Figure 5). Interest-
ingly, decreased Fra-1 expression has been reported to result

in decreased MMP expression and cell migration [35, 36].
Moreover, overexpression of Fra-1 significantly improves
cell motility and invasiveness in cancer [37, 38]. Taken
together, these findings support the role of Fra-1/AP-1 in
regulating cell migration in the context of wound healing
as matrix remodeling and integrin expression facilitates cel-
lular movement through the matrix.

Transcriptional regulation of Fos proteins occurs mainly
through MAPK activity as a response to mitogenic cues.
As a response to extracellular signals, ternary complex fac-
tor (TCF) phosphorylated by ERK enables its binding
together with SRE-binding factor (SRF) to serum response
elements (SRE) in the promoter region of Fos genes. Fur-
thermore, it has been reported that AP-1 is able to autore-
gulate itself by binding to promoter regions of Fos genes
and c-Jun [39–41]. In addition to transcriptional regulation,
AP-1 members are posttranscriptionally phosphorylated by
MAPK components, leading to reduced ubiquitination and
increased transcriptional activity [42, 43]. Studies have
shown that JNK-mediated phosphorylation of the serine
63 and 73 residues of c-Jun increases both stability and
activity [42, 44]. Similarly, Fra-1 stability depends on phos-
phorylation on serine 252 and 265 by ERK1/2 signaling
[45]. In addition, phosphorylation by ERK1/2 results in higher
activity of Fos proteins [46, 47]. In this work, we confirm
that MG-induced phosphorylation of Fra-1 is strongly
dependent on ERK1/2 activity in both fibroblasts and ker-
atinocytes (Figure 6(a)). Additionally, we report that both
phosphorylated and total Fra-1 levels decrease in the pres-
ence of the ERK inhibitor, confirming the ERK-dependent
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posttranscriptional regulation of this Fosl1-encoded protein.
Noteworthy, cell-free MG-induced phosphorylation levels
of c-Jun appear to be independent of ERK, suggesting its reg-
ulation through other mechanisms. As mentioned earlier, the
JNK branch of the MAPK cascade could be responsible for
this increase, as JNK contributes to AP-1 expression upon
exposure to mechanical stress, in this case the in vitro
wounding [48]. Finally, RNA-seq data indicate that ERK
inhibition greatly impairs the migratory transcriptional pro-
files of MG-treated adult fibroblasts. As most of these DEGs
are predicted to be regulated by AP-1 (Figure 1), this could
suggest that soluble MG-enhanced cell migration arises as a
result of the transcriptional activity of AP-1.

Collectively, we propose a mode of action behind the
accelerated wound healing using the cell-free MG treatment
(Figure 7). Our findings indicate that soluble MG-induced
ERK signaling has a double mechanism to regulate matrix
remodeling and cell migration through transcriptional activ-
ity of AP-1. As ERK signaling is activated upon MG solution
treatment, this cascade leads to the increased gene expression
of Fosl1, resulting in a higher amount of the transcription fac-
tor Fra-1/AP-1. This in turn becomes posttranscriptionally
phosphorylated by the active ERK signaling. Phosphorylated
AP-1 subsequently triggers a migratory phenotype in kerati-
nocytes and fibroblasts through the activation of MMP activ-
ity and a transcription program favoring chemotaxis and cell
motility. Although other signaling pathways and transcrip-
tion factors are likely to contribute to this phenotype, we
show that inhibition of both ERK and AP-1 is sufficient to
completely revert in vitro wound closure by the soluble MG
treatment. Altogether, our results highlight the crucial role
of ERK-dependent transcriptional activity of AP-1 in coordi-
nating the beneficial effects of the MG treatment, opening
new opportunities for future wound healing studies.
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The skin graft is a surgical technique commonly used in the reconstructive surgery of the limbs, in order to repair skin loss, as well
as to repair the donor area of the flaps and cover the dermal substitutes after engraftment. The unavoidable side effect of this
technique consists of unaesthetic scars. In order to achieve the healing of posttraumatic ulcers by means of tissue regeneration
and to avoid excessive scarring, a new innovative technology based on the application of autologous micrografts, obtained by
Rigenera technology, was reported. This technology was able to induce tissue repair by highly viable skin micrografts of 80
micron size achieved by a mechanical disaggregation method. The specific cell population of these micrografts includes
progenitor cells, which in association with the fragment of the Extracellular Matrix (ECM) and growth factors derived by
patients’ own tissue initiate biological processes of regeneration enhancing the wound healing process. We have used this
technique in 70 cases of traumatic wounds of the lower and upper limbs, characterized by extensive loss of skin substance and
soft tissue. In all cases, we have applied the Rigenera protocol using skin micrografts, achieving in 69 cases the complete healing
of wounds in a period between 35 and 84 days. For each patient, the reconstructive outcome was evaluated weekly to assess the
efficacy of this technique and any arising complication. A visual analogue scale (VAS) was administered to assess the amount of
pain felt after the micrografts’ application, whereas we evaluated the scars according to the Vancouver scale and the wound
prognosis according to Wound Bed Score. We have thus been able to demonstrate that Rigenera procedure is very effective in
stimulating skin regeneration, while reducing the outcome scar.

1. Introduction

Complex injuries of the limbs, causing crushing and loss of
skin and soft tissue, occur frequently due to common inju-
ries, both domestic and at work. The aim of surgical treat-
ment is the morphological and functional reconstruction,

allowing the recovery of the shape of the injured limbs and,
at the same time, the reconstruction of its normal protective
well-padded and sensitive skin which has specific properties
for giving the limbs their principal functions: gait ability
and grasp ability. Unfortunately, the regeneration of a spe-
cialized tissue (i.e., skin) requires the restoring of the entire
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histological hierarchy. Usually, when the injury causes wide
and deep loss of the skin and soft tissue, with bone fracture
exposed, in order to achieve a functional reconstruction,
using free flaps is preferable [1–3], while a useful option is
covering the wound with a dermal template [4, 5]. However,
in performing of all these techniques, skin grafts taken from
the thighs/buttocks to directly repair the injury (or the donor
site of the flap) are always essential, as well as the use of der-
mal substitute after its engraftment, often causing unsightly
scars both at the donor and recipient site of skin grafts.

To avoid unaesthetic scars, considered an inevitable side
effect of this technique, and to allow at the same time tissue
regeneration of the injured site, a new innovative technology
based on the application of autologous micrografts obtained
by Rigenera® technology, able to induce tissue repair by
highly viable skin micrografts achieved by a mechanical dis-
aggregation method [6–8], was recently reported. A small
piece of dermal/connective tissue may improve tissue repair
of complex wounds [9–11] or hypertrophic scars [12]. At
first, micrograft technology was applied in oral-maxillofacial
surgery where micrografts derived from the human dental
pulp or periosteum were used for periodontal regeneration,
bone regeneration of atrophic maxilla, and alveolar socket
preservation [13–16]. In the last few years, micrograft tech-
nology was applied in plastic and reconstructive surgery
where micrografts derived from the cartilage were used for
treatment of osteochondral lesion of the nose [17] and for
enrichment of adipose tissue from human lipoaspirates [18].

Based on these considerations, the purpose of this obser-
vational study was to evaluate the efficacy of micrografts in
the treatment of posttraumatic skin defects. For this reason,
we have used this approach in the treatment of the post-
traumatic wounds of the limbs, with excellent results in terms
of clinical outcomes and demonstration of the regenerative
capacity of this method by means of the tissue characte-
rization [7].

2. Patients and Methods

2.1. Patients. From 2015 to February 2017 in four Italian
Plastic and Reconstructive Units, we treated 70 patients, 38
females and 32 males with a mean age of 53 years (range 34-
74 years), affected by chronic posttraumatic leg ulcer applying
Rigenera protocol. All patients signed written consent to
participate according to the Declaration of Helsinki. Ethics
Committee approved the study (protocol N.2017-0274OR).
Clinical Trial of the study is found inhttps://clinicaltrials.gov/
ct2/show/NCT04030832. 24 patients suffer from bone expo-
sure through chronic posttraumatic ulcer or surgical wound
dehiscence with a mean bone exposed surface of 2 cm2, and
12 patients suffer from tendon exposure through chronic
posttraumatic ulcer or surgical wound dehiscence. In three
cases, we combined the use of Rigenera procedure with the
Integra® dermal regeneration template. In one of these three
patients, the Rigenera protocol was used to treat the donor site
of a free flap applying the Rigenera® biocomplex over the
neoderma created by Integra®. The mean time between
trauma and Rigenera treatment was 7 weeks (range 2-18
weeks) (Table 1). All patients provided informed consent at

the study protocol conformed to the ethical guidelines of the
1975 Declaration of Helsinki. The primary diagnosis and ini-
tial operative procedures leading to wound dehiscence are
listed in Table 1. We also reported the correlated diseases
affecting the patients. After an average 1-year follow-up, the
evaluation of wound closure was accomplished.

Table 1: Patients and wound description.

n (%)
Mean
value

Minimum-
maximum

Patients

Total 70 (100%)

Sex

Male 32 (23%)

Female 38 (27%)

Age 53 years 34-74 years

Underlying disease

None 49 (70%)

Diabetes type II 15 (22%)

Arteriopathy 6 (8%)

Wound description

Wound location

Thigh 6 (8%)

Leg 30 (43%)

Ankle 19 (28%)

Foot 15 (21%)

Type of injury

Wound dehiscence 18 (26%)

Posttraumatic ulcer 32 (45%)

Metabolic ulcer 18 (26%)

Burn 2 (3%)

Surface area 14 cm2 7-28 cm2

Exposed structures

None 34 (49%)

Tendon 12 (17%)

Bone 24 (34%)

Rigenera procedure

Infection

Before procedure 8 (11%)

After procedure 0 (0%)

Rigenera treatment
delay after trauma

7weeks 2-18weeks

Antibiotics
postoperative

70 (100%) 6 days 6 days

Time of complete
healing

48 days 35-84 days

None (S-J syndrome) 1 (1%)

Complication/note

None 66 (95%)

Stevens-Johnson
syndrome

1 (1%)

Associate use
(Rigenera+Integra®)

3 (4%)
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2.2. Surgical Procedure. All cases reported in this study were
treated by means of the Rigenera protocol after surgical or
enzymatic ulcer’s debridement and after wound infection
resolution probe by culture exam. The Rigenera® technology
is based on the use of the Rigenera machine and Rigenera-
cons (Human Brain Wave, Turin, Italy), a biological disrup-
tor able to disaggregate small pieces of human connective
tissues and select a specific cell population including progen-
itor cells, on the basis of cellular size. These progenitor cells,
in association with the fragment of the Extracellular Matrix
(ECM) and growth factors derived by starting tissue, create
autologous micrografts ready for use, which can be applied
on the injured area alone or in combination with different
biological scaffolds, such as collagen. This protocol consists
of different steps: (1) collection of a skin tissue sample
of 1 cm × 1 cm from a hide donor site with respect to the
recipient site (expansion ratio 1 : 10) (Figure 1(a)) (each
skin sample is divided into fragments of about 2mm2 each);
(2) the fragments are positioned in two separated single-use
capsules, below the rotating system of helical blades, resting
on the filter placed on the bottom of the capsule (disaggrega-
tion of tissue for two minutes by Rigeneracons through the
addition of 3ml of sterile saline solution) (Figure 1(b)); (3)
collection of 2.5ml of autologous micrografts obtained after
the disaggregation in a sterile solution (Figure 1(c)) from
each capsule; (4) injection of 2.5ml of micrograft solution
on an equine collagen sponge to create a regenerative bio-
complex (Figure 1(d)); (5) injection of 2.5ml of micrograft
solution into the site of injury by perilesional infiltrations
and placement of the biocomplex over the ulcer taking care
that the seeded surface of the sponges was in contact with
the wound floor (Figures 1(e) and 1(f)); and (6) secondary
medication by means of paraffin gauge tie over (Figure 1(g)).

In our patients, we collected small pieces of tissue by
inguinal fold after local anaesthesia. Following the applica-
tion of micrografts, all patients received for 6 days oral
penicillin therapy. We performed the first dressing after
4 days without paraffin gauge removal and a second dress-
ing after 3 days with paraffin gauge change and subjected
the patients to weekly controls to evaluate the progression
of wound healing. After complete healing on the treated
site, moisture oil was gently applied, and after one month,
the patient starts tissue massage and follow-up visit was
delayed in a month’s time.

2.3. Clinical, Pain, and Scar Evaluation. For each patient, the
surface of the wounds at days 4 and 7 and every week up to
complete healing has been measured and each wound was
assessed for contraction. Surfaces were followed by tracing
the wound edges on the computer with digital pictures.
Wound contraction was measured by computer planimetry,
expressed in percentage of reduction of the original wound
area. At each follow-up visit, we record side effects and com-
plications, and a visual analogue scale (VAS) was adminis-
tered to assess the amount of pain felt after the micrografts’
application. The pain VAS is in fact self-completed by the
respondent who is asked to place a line perpendicular to
the VAS line at the point representing its pain intensity.
The number indicated by the respondent on the scale is

recorded, and the scores range from 0 to 10, where 0 indi-
cates pain absence and 10 severe pain [19]. Functional and
aesthetic outcome was assessed using the Vancouver scale
VSS [20] (height, pliability, vascularization, and pigmenta-
tion of scars) and Wound Bed Score [21] (healing time,
eschar, granulation tissue, exudate, dermatitis, fibrosis,
and wound bed) two months (T0) and 12 months (T1)
after reepithelialisation.

2.4. Statistical Analysis. Application of the Shapiro-Wilk test
showed data had no normal distribution; accordingly, all
statistical analyses were carried out according to a nonpara-
metric approach. To investigate the effectiveness of the
Rigenera® technology, the total VSS and WBS score absolute
variations between T0 and T1 were calculated, as well as the
corresponding median values and their 95% Confidence
Interval (95% CI). Median values were then compared using
the Wilcoxon signed-rank test. Further, the percentage vari-
ation between T0 and T1 was calculated for each item of
the VSS and WBS scale, and differences in each item of the
two scales between T0 and T1 were investigated by means
of Friedman’s test.

All data were statistically analyzed using a one-way
ANOVA test. The threshold for statistical significance was
set at p values < 0.05. Repeatability is represented as a stan-
dard deviation to calculate the differences between measure-
ments using SPSS 16.0 software (SPSS Inc., Chicago, IL,
USA) for assessment.

3. Results

70 patients admitted to our Plastic and Reconstructive Unit
were enrolled in this study. Follow-up of 90% was achieved at
1 year. Patient number 6 was removed from the study after
developing Stevens-Johnson syndrome after administration
of the second antibiotics. The mean age was 53 years (range
34-74 years), with 26 men (37%) and 44 women (63%). One
hundred percent of wounds were located on the lower limb.
Patientsandwounddescriptions are shown inTable1.Theori-
gin of the soft tissue defect was open fracture in 24 patients
(34%) and full-thickness skin wounds with tendon exposure
in 12 patients (17%). In addition, Rigenera protocol was used
in combination with Integra® dermal regeneration in 3
patients (4%). The mechanism of injury included trauma in
the majority of cases (45%) and wound dehiscence (26%) and
metabolic ulcer (26%) in the remaining cases. The mean time
between trauma and the Rigenera treatment was 7 weeks
(range 2-18 weeks). In all the other patients, we observed, on
average, a complete healing of the ulcer with bone or tendon
coverage in 48 days after the micrografts’ application, with a
range variable between 35 and 84 days. In all cases, the micro-
grafts were applied only once; no side effect or complication
was detected. In case numbers 7, 8, and 14, the micrografts
were associated to Integra®. In cases 7 and 8, it was
employed as secondary dressing; in these patients, the
complete healing was achieved without a secondary surgi-
cal procedure of skin grafting. In case 14, the micrografts
were put over the dermal substitute 30 days after its
engraftments in order to achieve complete
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reepithelialisation without the secondary procedure of skin
graft. In these three cases, wound healing was obtained
after, respectively, 35, 42, and 35 days. At day 0, surfaces
of every wound were about 14 cm2 (range 7-28 cm2). At

day 7, mean surfaces were 11.6 cm2 (standard error of
the mean was ±2.3 cm2). At day 14, mean surfaces were
9.3 cm2 (standard error of the mean was ±1.6 cm2). At
day 21, mean surfaces were 4.5 cm2 (standard error of

(a) (b)

(c)

(d)

(e)

(f) (g)

Figure 1: (a) Intraoperative view of skin tissue sample collection from the groin area. (b) Intraoperative view of Rigeneracons filling with
2mm pieces obtained from the tissue sample. (c) Intraoperative view of collection of autologous micrografts obtained after the
disaggregation in a sterile solution. (d) Injection of 1ml of the micrograft solution on an equine collagen sponge. (e) Intraoperative view
of Rigenera biocomplex, consisting of collagen sponge and disaggregated tissue solution, put in the wound’s bed. (f) Intraoperative view of
perilesional injection of 1ml of micrograft solution. (g) Intraoperative view of tie over dressing over Rigenera biocomplex.
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the mean was ±2.1 cm2). At day 48, mean surfaces were
0 cm2 (standard error of the mean was ±1.3 cm2)
(Figure 2(a)). Moreover, we observed contraction of all
wounds after the complete closure. Wound contraction
percentage was significantly different from 20% at day 48
(standard error of the mean was 4%, p < 0:001) to 40%
at day 60 (standard error of the mean was 3.4%, p <
0:001) (Figure 2(b)). The mean preoperative VAS score
was 6 (ranging from 4 to 9); meanwhile, the mean VAS
score at the first follow-up visit was 3 (ranging from 2
to 5) (Table 2(a)). The Vancouver Scar Scale (VSS) was
used to evaluate functional and aesthetic characteristics

of lesions after 2-month (T0) and 12-month (T1) follow-
up as shown in Table 2(b). There was no statistical differ-
ence in sex, age, underlying disease, and size of the defect.
The VSS mean value was 2 (ranging from 0 to 4). The
VSS score showed a significant reduction at the T1
follow-up control visit (p < 0:05). The WBS mean value
was 15.4. The WBS score showed a significant reduction
at the T1 follow-up control visit (p < 0:05) (Table 2(c)).
Results concerning the single items of VSS and WBS scale
are summarized in Table 2. The scores showed a signifi-
cant reduction at the T1 (12 months) follow-up control
visit (p < 0:05): the median Vancouver total score

Surface area
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10%
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Figure 2: (a) Mean surfaces of the wound (cm2). Error bars are the standard error of the means. (b) Scar contraction. We observe contraction
of all wounds at 48 days, 2 months, 6 months, and 12 months. Error bars are the standard error of the means.

Table 2

Pretreatment
T0

2-month follow-up
T1

12-month follow-up
p value

(a) Results of VAS score

VAS score 6 (9-4) 3,4 (5-2) 1 (2-0) p < 0:05
(b) Results of Vancouver Scar Scale

Vascularity 2 0 p = 0:003
Pigmentation 0 0 p = 0:5
Pliability 1 1 p = 0:5
Height 2 1 p = 0:016
Total score 4,1 (6-2) 2,03 (4-0) p < 0:05

(c) Results of Wound Bed Score scale

Healing edges 0 1 2 p < 0:05
Black eschar 1 2 2 p = 0:5
Greatest wound 0 1 2 p = 0:5
Depth/granulation tissue 0 0 2 p < 0:05
Exudate amount 0 2 2 p < 0:05
Edema 1 1 2 p = 0:5
Periwound dermatitis 0 0 1 p = 0:5
Periwound callus/fibrosis 0 0 1 p = 0:5
Pink wound bed 0 0 1 p = 0:5
Total score 3 7 15 p < 0:05
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decreased by 12units (-85.7%) and the median VAS score
decreased by 9 units (-90%) while the median WBS
increased by 158% (Figures 3(a)–3(c)). The VSS and
VAS scores decreased after the 12-month follow-up, the
greatest reduction being observed in height, pliability,
and pigmentation. All scars were supple, with a normal
height and a normal pigmentation. The only difference
between T0 and T1 was about the vascularization and
height. The WBS score increased after the 12-month fol-

low-up, the greatest increase being observed in healing
edges, exudate amount, and depth/granulation tissue. We
have used this technique in 70 cases of chronic wounds
of the lower limbs, characterized by extensive loss of skin
substance and soft tissue. In particular, a more fast and
complete reepithelialisation with respect to the other
advanced dressings that were previously utilized in the
treatment of the traumatic wounds of the limbs has been
observed, with excellent results (Figures 4–7).
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Figure 3: Variation of Vancouver (a), VAS (b), and WBS (c) total scores (squares, medians; bars, first and third quartiles). The reduction of
the total score is significant (p < 0:05) in both cases.
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4. Discussion

The skin grafts are a surgical technique commonly used in
the reconstructive surgery of the limbs, in order to directly
repair skin loss, as well as to repair the donor area of the flaps
and cover the dermal substitutes after engraftment. The inev-
itable side effect of this technique consists of unaesthetic
scars. The autologous tissue grafts produce very evident scars
and are unable to stimulate tissue regeneration, because the

interruption of blood circulation leads to an extensive inner
cell death. This issue is related to the prevalence of scarring
on skin regeneration in the management of traumatic
wounds and is even more evident in patients affected by
chronic diseases who are highly exposed to the risk of delayed
healing of the injured tissue leading to a pathological inflam-
matory state and chronic wounds [22]. Researchers are trying
to find approaches able to reduce scarring after wound heal-
ing, stimulating at the same time tissue regeneration, by

(a) (b) (c)

Figure 4: (a) Preoperative view. Dorsal foot dehiscence without bone or tendon exposure. (b) Image of the initial skin regeneration at follow-
up visit 7 days after treatment. (c) Image of the initial skin regeneration at follow-up visit 30 days after treatment.

(a)

(b) (c)

Figure 5: (a) Preoperative view. Foot stump dehiscence with 2 cm2 of bone exposure after forefoot amputation. (b) Intraoperative view of
Rigenera biocomplex, consisting of collagen sponge and disaggregated tissue solution, put in the wound’s bed and perilesional injection of
1ml of micrograft solution. (c) Image of good skin regeneration at follow-up visit 6 months after complete reepithelialisation.
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means of tissue engineering methods. Tissue engineering
aims to regenerate tissues through the combined use of bio-
materials and biologic mediators such as stem cells and
growth factors in order to provide new tools for regenerative
medicine [23, 24]. The repair and regeneration of human tis-
sues is particularly difficult in skeletal reconstruction of large

bone defects caused by trauma, infection, or skeletal abnor-
malities, and given that regenerative ability of bone declines
with increasing age, the dramatic rise in the ageing popula-
tion worldwide determined an increasing need for innovative
approaches [25]. Many approaches can be used when the
normal process of tissue regeneration is impaired or simply

(a) (b)

(c) (d)

Figure 6: (a) Preoperative view. Ankle dehiscence without bone or tendon exposure. (b) Intraoperative view of Rigenera biocomplex,
consisting of collagen sponge and disaggregated tissue solution, put in the wound’s bed and perilesional injection of 1ml of micrograft
solution. (c) Image of the initial skin regeneration at follow-up visit 7 days after treatment. (d) Image of good skin regeneration at follow-
up visit 6 months after complete reepithelialisation.

(a) (b)

(c) (d)

Figure 7: (a) Preoperative view. Achilles tendon dehiscence without bone or tendon exposure. (b) Image of the initial skin regeneration at
follow-up visit 7 days after treatment. (c) Image of skin regeneration at follow-up visit 21 days after treatment. (d) Image of good skin
regeneration at follow-up visit 6 months after complete reepithelialisation.
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insufficient, such as grafting which includes autografts, allo-
grafts, xenografts, and biomaterial substitutes [26]. For the
safety of grafting procedure, the autologous grafts are prefer-
able to those homologous or heterologous grafts, and
although it prevents immunoreactions and infections, this
approach is limited due to additional surgical procedure on
the donor site and discomfort for the patient. Furthermore,
about the autologous grafts, the cell viability dramatically
decreases after collection from the donor site for vessel inter-
ruption by surgery with reduced feeding for the cells. The
Rigenera® technology represents a new approach for human
injured tissue regeneration, and when using this technology,
the patient is the donor and acceptor of calibrated and highly
viable micrografts containing progenitor cells positive for
mesenchymal stem cell markers able to induce tissue repair
[7, 11]. In vitro data on their characterization have reported
that micrografts display a mesenchymal phenotype and are
positive for typical markers such as CD73, CD90, CD105,
and CD117 and have showed their capability to differentiate
in osteocytes, chondrocytes, or adipocytes in appropriate
experimental conditions [13, 31]. Furthermore, the clinical
efficacy of these micrografts has been demonstrated both
in the healing of postoperative and posttraumatic wounds
[9–11, 27] and pathological scars [12]. In particular, a
more fast and complete reepithelialisation with respect to
the other advanced dressings that were previously utilized
in the treatment of the traumatic wounds of the limbs has
been observed, with excellent results in terms of clinical
efficacy and demonstration of the regenerative capacity of
this method [7, 8]. The micrografting concept was conceived
by Cicero Parker Meek and was based on the evidence that
skin grafts expanded many times were able to heal a wound
faster than the original-sized grafts [28]. Therefore, the best
way to achieve a good grafting performance is by increasing
the superficial area of the graft leading to a faster cellular
migration onto the wound and reducing cellular death of
the graft itself. Since then, the micrograft concept was applied
to many procedures [29, 30].

Rigenera technology is different from any of them
because it is able to generate a suspension of micron-sized
grafts (micrografts) which are applied with the help of a
syringe. The average size of the Rigenera-obtained micro-
grafts is 80μm, extremely smaller than any other technology
available on the market or ever described in literature. Lastly,
while performing the disaggregation, this technology allows
for a collection of only the smaller cells which also express
the mesenchymal stem cell markers, described as stem cell-
like or progenitor cells, which are accounted for a strong
regenerative effect [13, 31]. We have used this technology
in 70 cases of chronic wounds of the lower limbs, character-
ized by extensive loss of skin substance and soft tissue. Some
of these patients were affected by severe chronic diseases with
poor vascularization of the skin. In all cases, we have applied
the Rigenera protocol using skin micrografts, achieving in 69
cases the complete healing of wounds in a period between 35
and 84 days. Wound healing was characterized by complete
reepithelialisation with clinical and histological evidence of
a repair that occurred through a process of tissue regenera-
tion and low presence of scar at the injured area [7, 8]. The

regenerative efficacy of micrografts could arise from the pres-
ence of small particle-sized autografts characterized by a
large grafting surface, leading to an optimal cellular viability
and integrity, for minor nutritional needs of the cells. Partic-
ularly, the mechanical disaggregation of small pieces of
human connective tissues produces a suspension of autolo-
gous micrografts of 80μm size, ready for use, which can be
applied on the injured area alone or in combination with dif-
ferent biological scaffolds, such as collagen and hyaluronic
acid. The specific cell population of these micrografts
includes progenitor cells, which in association with the frag-
ment of the Extracellular Matrix (ECM) and growth factors
derived by starting tissue initiate biological processes of cell
proliferation and differentiation enhancing the wound heal-
ing process. This is the “micrograft theory” that may explain
the excellent reconstructive outcomes in the treatment of the
injured limbs applying autologous micrografts obtained by
the Rigenera® technology.

5. Conclusions

The autologous micrografts obtained by the Rigenera® tech-
nology are an innovative protocol that introduces a whole
new concept in regenerative surgery, allowing to repair severe
traumatic wounds of the limbs by complete reepithelialisa-
tion. The impressive clinical outcomes combined with the
laboratory tests on the tissue characterization demonstrate
that this technology is really able to stimulate skin regenera-
tion and probably it is the only one available today able to
ensure the healing of traumatic injuries through a real regen-
erative procedure. In addition, the minimum amount of skin
required to produce micrografts with the Rigeneracons in the
repair of wide traumatic wounds prevents scarring usually
produced by traditional techniques at the donor site.

Definitely, this innovative technology is not just a new
technique but a whole new concept in regenerative surgery.
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Quick absorption of adipose tissue grafts makes the outcomes less satisfactory for clinical applications. In the current study,
adipose tissue grafts were mixed with adipose tissue-derived stem cells (ASCs) to improve retention of adipose tissue grafts
and to make the clinical outcomes of fat grafting more reliable. Adipose tissue was either injected alone (conventional
group) or mixed with ASCs (stem cell group) before injection. In both groups, adipose tissue was injected at the site of
contour throughout layers of tissues till visual clinical symmetry with the opposite side was achieved. The volume of
injected fat graft was measured after 72 hours and 6 months using a B-mode ultrasound device connected with a 12MH
frequency probe. The percentage reduction in the volume of injected fat, physician satisfaction scores (Ph-SCs), and patient
satisfaction scores (P-SCs) were also recorded. After 6 months, there was significantly lower fat absorption in the stem cell
group as compared to the conventional group. Mean physician and patient satisfaction scores were significantly improved
in the stem cell group. No significant adverse effects were noted in any patient. Significantly lower absorption of graft due
to the use of ASCs improves the clinical outcomes of conventional fat grafting for contour deformities of the face. The
current preenrichment strategy is noninvasive, safe and can be applied to other diseases that require major tissue
augmentation such as breast surgery. This trial is registered with NCT02494752.

1. Introduction

Autologous fat grafting is a frequently employed procedure
in cosmetic and reconstructive surgery. Fat is a versatile filler
for treating contour irregularities of the face brought about
by congenital disorders, acquired diseases, and traumatic
and developmental deformities. Unlike many other fillers
of synthetic origin, fat is easy to procure with minimal donor
site morbidity. Additionally, it is frequently available as
autologous and thus without immunogenicity issue. More-
over, its soft and dynamic nature makes it useful especially
for cosmetic and reconstructive surgery [1]. Although adi-
pose tissue grafting is a well-known technique to correct

contour irregularities, quick absorption of fat at the site of
application is a major concern for patients as well as clini-
cians [2]. The rate of fat absorption may reach up to 90%
due to hypoxic and ischemic environment after transplanta-
tion. Clinically, this unreliability produces unsatisfactory
and suboptimal final clinical outcomes, and therefore, multi-
ple sessions of fat grafts are required, making this procedure
expensive and lengthy [2, 3]. In order to improve survival of
transplanted adipose tissue graft, alternative approaches are
required. In the current study, autologous fat graft was
preenriched with culture-expanded adipose tissue-derived
stem cells (ASCs) to enhance retention of transplanted graft
and to make clinical outcomes more reliable.
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Stromal vascular fraction (SVF) of adipose tissue is a
heterogeneous cell population containing blood cells, fibro-
blasts, pericytes, endothelial cells, and ASCs. Studies indicate
that ASCs have angiogenic, antiapoptotic, immunosuppres-
sive, and immunomodulatory properties that make them
ideal candidates for clinical use [4]. Recent animal studies
have demonstrated improved survival and retention of
grafted fat when adipose tissue grafts were preenriched with
ASCs [5]. If enrichment of fat graft with ASCs can decrease
its absorption rate, this innovative strategy can make fat
transfer a more reliable option for soft tissue augmentation.
This can definitely improve final clinical outcomes at lesser
cost and reduce donor site morbidity.

The current study is aimed at evaluating the effect of
ASCs on survival and retention of adipose tissue grafts in
patients of contour deformities of the face. Autologous
adipose tissue was harvested, processed, and either injected
alone or mixed with ex vivo expanded ASCs at the site of face
contour. Reduction in the volume of injected graft, physician
satisfaction scores (Ph-SCs), and patient satisfaction scores
(P-SCs) were recorded. Results indicated that preenrichment
with ASCs significantly reduces fat absorption at the site of
application and improves the clinical outcomes of conven-
tional fat grafting as indicated by Ph-SCs and P-SCs. To the
best of our knowledge, this is the first study that was per-
formed on actual patients of contour deformities of the face
to show the effect of preenrichment of adipose tissue grafts
with ASCs. This technique will open a new avenue not only
for the augmentation of contour deformities of the face but
also for other conditions that require large tissue augmenta-
tion procedures such as breast reconstruction.

2. Material and Methods

It was a quasi-experimental study conducted at “Department
of Plastic & Reconstructive Surgery” and “Tissue Engineering
and Regenerative Medicine Laboratory” Department of Bio-
medical Sciences, King Edward Medical University/Mayo
Hospital, Lahore. Thirty-seven patients with congenital or
acquired contour deformities of the face were enrolled con-
secutively from September 2015 to September 2017. The
patients with contour deformities in skin-grafted areas and
where the skin was adherent to the facial skeleton were
excluded [6]. Demographic and clinical data of patients was
collected after obtaining informed written consent. One week
before the surgery, patients in each group were advised to
stop taking aspirin, alcohol, or any other herbal medications.
The protocols used in the study were approved by the IRB
(Institutional Review Board) of King Edward Medical Uni-
versity, Lahore, Pakistan (letter # 229/RC/KEMU). The study
was performed according to “The Code of Ethics of the
World Medical Association (Declaration of Helsinki),” and
the trial was registered at ClinicalTrials.gov
(NCT02494752). Both methods (fat graft only or stem cells
mixed with fat graft) were offered to patients. Patients giving
consent for traditional fat grafting (conventional group)
underwent fat harvest, preparation, and transplantation on
the same day, while patients giving consent for ASC-
enriched fat grafting (stem cell group) underwent fat harvest

two times, first to isolate and expand ASCs in vitro and sec-
ond (after 2-3 weeks) to preenrich fat grafts with culture-
expanded ASCs. The full overview of the study is given in
Figure 1.

2.1. Fat Harvest and Processing. Depending on patient desire
and accessibility, fat was harvested from either the abdomen
or the lateral side of the thigh as described previously by our
group [6]. Briefly, under local or general anesthesia, fat har-
vest area was infiltrated with tumescent solution consisting
of 0.4% lidocaine and 1 : 1000.000 epinephrine. Fat was
harvested using a 3mm, two-hole, blunt cannula attached
to a 10ml Luer-Lok syringe. The plunger of a 10 cc syringe
was pulled back only a few milliliters during suctioning to
evade unnecessary negative pressure and to avoid fat cell rup-
turing. The required amount to fill the contour deformity was
harvested accordingly on the basis of clinical judgment.

2.2. Preparation of Fat for Transplantation. The fat tissue for
transplantation was prepared by using the methods of Bashir
et al. [6]. Briefly, to separate the fat from liquid portion, 10ml
Luer-Lok syringes were kept vertically for 5-10 minutes
(Figure 2(a)). The tumescent fluid and blood were drained
out from the bottom. To further purify fat from debris and
oil, the remaining fat in the syringes was passed through a
common strainer (Figure 2(b)). The residue was then washed
with 0.9% saline solution. After washing, purified fat was
collected in 10 cc Luer-Lok syringes and was transferred to
1 cc syringes for transplantation (Figure 2(c)).

2.3. Isolation of Adipose Tissue-Derived Stem Cells (ASCs).
For ASC isolation, fat tissue was harvested under local anes-
thesia and processed as described previously by us [6, 7]. Fat
tissue (20ml-30ml) was harvested under sterilized condi-
tions and transferred to a certified laboratory approved by
the Human Organ Transplantation Authority (HOTA) for
processing and isolation of ASCs. ASCs were isolated and
culture expanded by enzymatic digestion using Good
Manufacturing Practice- (GMP-) grade reagents. After 2
weeks, the ASCs were isolated by enzymatic digestion as
described previously by Choudhery et al. [7]. Briefly, lipoas-
pirate was treated for 30 minutes with 0.2% collagenase type
IV (Sigma, USA) to digest the tissue slurry. The patient
serum was used to neutralize collagenase activity. The cell
suspension was passed through a 70μm strainer to remove
undigested tissue pieces and debris. The filtered solution
was centrifuged at 1000 rpm for 10 minutes at 4°C to obtain
cells in a pellet. The pellet was washed with phosphate-
buffered saline (PBS), and cell suspension was again centri-
fuged at 1000 rpm for 10 minutes. The cells were cultured
in complete growth medium, i.e., MEM-alpha (Thermo Sci-
entific, USA), supplemented with 1% each of nonessential
amino acids, streptomycin/penicillin solution, and 5% autol-
ogous serum. The cells were resuspended in complete
medium and were plated in 25 cm2 culture flasks at
37°C/5% CO2 with humidity. After 24 hours, the nonadher-
ent cells were discarded and fresh medium was added.
Medium was changed twice a week thereafter until the cells
became confluent. The cells were trypsinized and cultured
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in 75 cm2 culture flasks. At 80%-90% confluence, cells were
dissociated using trypsin-EDTA and counted using a hemo-
cytometer. The cells at passage one were used for preenrich-
ment of adipose tissue graft. During this period, the cells were
regularly monitored under a microscope for any type of con-
tamination or morphological changes.

2.4. Fat Grafting at Contour Deformities of the Face. In
patients of the conventional group, purified fat collected in
10 cc syringes was transferred to 1 cc syringes (using a
two-way connector) for transplantation to the recipient

area. In patients of the stem cell group, on the day of fat
transplantation, fat was again harvested, prepared, and
purified as described above for the conventional group.
The ex vivo expanded ASCs (106 cells per ml of fat) were
mixed with the purified fat and transferred to 1 cc syringes
(Figure 2(c)). In both groups, the fat was injected through
a 1.5mm blunt-tip cannula, with a lateral opening using
small stab incisions. Fat was placed gently during the
withdrawal of the cannula. Fat was placed in small frac-
tions at different depths of soft tissue starting from just
above the periosteum andmoving superficially [8]. End point

Patients with contour deformities of Face

Consented for conventional
 fat graft  

Fat harvest and preparation
for transplantation  

Consented for ASCs 
enriched fat graft

Fat harvest for isolation and
expansion of ASCs

Expansion of ASCs

Fat harvest, preparation 
and enrichment with 

ASCs (2-4 weeks)

Fat transplantation
(same day) 

Pre-enriched fat
transplantation 

Follow-up for six months

Subjective and objective assessment  

Figure 1: Flow chart showing the management plan of patients with contour deformities of the face.
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of lipofilling was achieved by visual clinical symmetry with
the opposite side. Quantity of fat transferred was noted in
milliliters. Patients were given intravenous first-generation
cephalosporin for 72 hours and discharged on oral antibiotic
within a week. The patients were followed up at monthly
intervals for six months.

2.5. Assessment. Both subjective and object assessments were
performed to compare the outcomes of transplantation in
both groups.Mean ± SD volume of injected fat per procedure
was measured in milliliters (ml) as described [6]. The number
of fat grafting sessions and total volume of fat injected to
achieve clinical symmetry per case were also noted.

2.6. Surgeon Satisfaction and Patient Satisfaction Assessment.
It was performed for clinical symmetry (comparing the
affected side to the unaffected side) and overall appearance.
It was done by clinical examination and comparing the pre-
operative and six-month postoperative (after the first and
final fat graft sessions) photographs [6]. Two plastic surgeons
(blinded to group allocation) independently rated postopera-
tive appearance using a five-point scale as (1) very unsatisfied
(gross asymmetry and severe deformity), (2) unsatisfied (sig-

nificant asymmetry and deformity), (3) neither satisfied nor
unsatisfied (perceptible asymmetry and deformity), (4) satis-
fied (hardly perceptible asymmetry and deformity), and (5)
extremely satisfied (no asymmetry and normal appearance).
The same surgeons rated each patient at both intervals. Sim-
ilarly, using the same five-point scale, the patients were asked
to comment about symmetry (comparing the affected side to
the unaffected side) and overall appearance by comparing the
preoperative and six-month postoperative (after the first and
final fat graft sessions) photographs.

2.7. Objective Assessment. For objective assessment, we per-
formed ultrasonography as described previously [6] using a
B-mode ultrasound device and a 12MH high-frequency
probe (Sonoace X4, Medison). Each patient was placed in
upright position, and a thick layer of water-based gel was
put on the treated area for transmission of ultrasound waves.
The transducer probe was placed on the assessment site per-
pendicular to the skin surface. The correct transducer posi-
tion was determined to differentiate noise from proper
ultrasound reflections. Linear measurements of soft tissue
thickness of the treated area were performed. The thickness
of the subcutaneous tissue was measured in millimeters in

(a)

(b) (c)

Figure 2: (a) Syringes standing vertically to allow gravity sedimentation. (b) The filtration of fat through the common strainer to concentrate
the fat and to separate it from oil and debris. (c) The transfer of fat from 10 cc syringes to 1 cc syringes for transplantation.
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triplicate, and the mean of three readings was used for anal-
ysis. The first measurement of soft tissue thickness was
done 72 hours after transplantation in both groups. In
order to have a reproducible measurement in subsequent
examinations, the operator noted down and marked pre-
cise anatomical landmark points with an indelible marker,
saving a digital image for future reference. Ultrasonogra-
phy was repeated after six months by the same operator
who measured the subcutaneous thickness of the treated
area. The difference in measurements taken at 72 hours
postoperatively and at six months after the first fat graft
session was noted down as percentage reduction in fat
graft volume.

2.8. Regrafting. The need for regrafting the affected area was
assessed based on patient and physician satisfaction. Fat
grafting session was repeated following the same protocol
in cases where symmetry was distorted. Patients were photo-
graphed on each follow-up under standard conditions of
light, distance, views, and camera make.

2.9. Complications. All the patients were observed for pos-
sible complications such as infection (swelling and redness
of the skin that feels hot and tender), bruising (skin
discoloration due to rupture of small blood vessels), swell-
ing (localized enlargement of the treated area due to
inflammatory fluid accumulation), skin necrosis (loss of
skin and subcutaneous tissue), hematoma (abnormal col-
lection of blood), seroma (abnormal collection of fluid),
and uneven skin texture (irregular, pebbly, and rough skin
surface) [6].

2.10. Statistical Analysis. Data were analyzed using SPSS
version 16. Qualitative variables like gender, etiology, fat har-
vesting site, and complications of procedure were expressed
as proportions. Quantitative variables like age, patient and
physician assessment scores, volume of fat injected in one

procedure, total volume of fat injected per case, and percent-
age reduction in fat graft volume were expressed as mean
(SD). In order to compare quantitative data, normality was
tested using the one-sample Kolmogorov-Smirnov test. We
applied the independent sample t-test (mean ± SD was
compared) for variables with normal distribution and the
Mann–Whitney U test for variables which did not
have normal distribution (median ± IQR was compared).
P value ≤ 0.05 was considered significant.

3. Results

The total number of patients in two groups was 37. The mean
age of patients was 21 ± 5 and 30 ± 11 years with 17 (81%)
and 9 (56%) females in the conventional and stem cell
groups, respectively. The most common indication for fat
grafting was idiopathic hemifacial atrophy in 10 (48%) and
9 (56%) patients followed by congenital craniofacial microso-
mia in 5 (24%) and 4 (25%), posttraumatic deformity in 5
(24%) and 2 (13%), and postinfective deformity in 1 (4%)
and 1 (6%) patients in the conventional and stem cell groups,
respectively. Patients underwent a total of 67 fat grafting ses-
sions (51 sessions for 21 patients in the conventional group)
and 16 sessions (one each for 16 patients in the stem cell
group) over a period of 24 months.

There was no statistically significant difference in distri-
bution of patients according to gender, preoperative soft tis-
sue thickness, and mean volume of fat transferred per session
(Table 1). However, there was a statistically significant differ-
ence in mean age of the patients and number of fat graft
sessions in two groups (Table 1). After 6 months, there was
a significantly lower fat absorption as evident by percentage
reduction of 5 ± 4:4 in the stem cell group as compared to
31 ± 13 in the conventional group (P value < 0.001).
Figure 3(a) shows ultrasonic measurement of soft tissue
thickness after 72 hours, and Figure 3(b) shows measure-
ments 6 months after injections. Comparison of mean

Table 1

Conventional group (n = 21) Stem cell group (n = 16) P value

Patient characteristics

Males 4 7 0.151a

Females 17 9

Age (years) (mean ± SD) 21 ± 5 30 ± 11 0.004b

Number of sessions and volume injected

Number of fat graft sessions (mean ± SD) 2 ± 1 1 ± 0 <0.001c

Volume of fat transferred per session (ml) (mean ± SD) 26 ± 14 29 ± 14 0.524b

Assessment

Soft tissue thickness (mm)

(i) Preoperative (mean ± SD) 5 ± 2 5 ± 4 0.602b

(ii) Postoperative 72 hours after the first fat
graft session (mean ± SD) 19 ± 8 24 ± 8 0.072b

(iii) Postoperative 6 months after the first fat
graft session (mean ± SD) 13 ± 6 23 ± 9 <0.001b

aChi-square test, bindependent sample t-test, and cMann–Whitney U test.
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percentage reduction of fat absorption in both groups six
months after the 1st fat graft session has been shown in
Figure 3(c).

Mean patient and physician satisfaction scores have been
depicted in Figure 4. Mean physician satisfaction score was
2:14 ± 0:36 in the conventional group and 3:69 ± 0:79 in
the stem cell group. Similarly, mean patient satisfaction score
(2:52 ± 0:521) in the conventional group was lower as com-
pared to that in the stem cell group (4:25 ± 0:68). Overall,
as shown in Figures 4(a)–4(c), there were significantly high
patient and physician satisfaction scores in patients trans-
planted with ASC-enriched fat. Representative pictures of
patients in both groups clearly show less absorption of fat
when adipose tissue graft was enriched with culture-
expanded ASCs (Figure 5).

None of the patients had serious complications during or
after procedure; however, minor complications noted were
comparable in both groups. For example, postoperative
swelling was observed after in all procedures which settled
on its own, and bruising was observed after 36 (71%) sessions
which resolved in 2-3 weeks. Recipient site cellulitis devel-

oped in three (6%) cases which settled at two weeks with oral
antibiotics in two cases, and in one case, it progressed to dis-
charge of pus from the injection site that required IV clari-
thromycine for one month based on culture report. In the
stem cell group also, the most common complication was
postoperative swelling observed in all (100%) patients that
also resolved in 2-3 weeks. Only one (6%) patient had recip-
ient site cellulitis that settled at two weeks with oral antibi-
otics. Bruising was observed in 11 (69%) patients. None of
the patients had seroma, hematoma, or skin necrosis in both
groups.

4. Discussion

In the present study, clinical outcomes of treatment of con-
tour deformities of the face with conventional fat grafting
were compared with ex vivo expanded ASC-enriched fat
grafting prospectively. To the best of our knowledge, it is
the first study that was performed on patients of facial con-
tour deformities using enriched ASCs. The results indicate
that preenrichment of adipose tissue graft with ASCs
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Figure 3: Representative ultrasonic measurement of soft tissue thickness (a) after 72 hours and (b) 6 months after transplantation. (c)
Comparison of mean percentage reduction of fat absorption in both groups six months after the 1st fat graft session.
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significantly reduces fat resorption and thus makes better the
clinical outcomes in patients of contour deformities of the
face. Although autologous fat grafting is a safe and effective
technique for restoring volume in contour deformities of
the face, significant resorption is observed in several studies
including the current study (Table 1). This finding is note-
worthy owing to the fact that mean preoperative soft tissue
thickness, volume of transferred fat, and soft tissue thickness
72 hours after the first fat graft session were similar in both
groups (Table 1). Patient and physician satisfaction has a piv-
otal role especially in facial plastic surgery. In our study,
patient and surgeon satisfaction 6 months after the first fat
graft session was significantly higher in the stem cell group
as compared to the conventional group (Figure 4). Majority
of the patients in the conventional group underwent more
than one fat graft session due to high volume of fat absorbed
over time; however, none of the patients in the stem cell
group required a second session (Table 1).

Autologous fat grafting reported by Neuber in 1893 has
now become the most widely accepted plastic surgery
procedure for soft tissue augmentation, reconstruction, and
rejuvenation [9, 10]. A large number of technical details of
autologous fat grafting had been described claiming superi-
ority of one over the other [4, 11]. Majority of studies found
no difference in the number of adipocytes in fat harvested
from the abdomen, thigh, flank, or around knee [12]. Differ-
ent studies comparing harvesting methods have found a
greater number of viable adipocytes with better cellular
function in syringe-aspirated fat graft. Similarly, many stud-

ies comparing processing of fat graft by gravity and filtration
followed by washing versus centrifugation showed no effect
on cellular viability [13]. In the current study, adipose tissue
was harvested with less traumatic syringe aspiration method
to gain the maximum number of viable cells. Harvested adi-
pose tissue was minimally handled and quickly processed
with gravity and filtration (Figure 2). Small aliquots were
injected throughout layers of tissue to improve long-term cell
survival. Additionally, mean and total volume of injected fat
in a single session were comparable to those delineated in the
literature [14]. In recent reviews, outcomes of fat grafting
determined by a multifactorial process showed highly vari-
able retention rates (20% to 95%) [2, 3, 14]. We also found
highly variable reduction in soft tissue thickness (12%-66%)
in the conventional group at 6 months. Interestingly, how-
ever, in the stem cell group, reduction in soft tissue thickness
was far less (1.06% to 12.62%) than that in the conventional
group (Figure 3). This difference in outcome can be attrib-
uted to the addition of ex vivo expanded ASCs to the fat
grafts in the stem cell group (Figures 3(c) and 5). In another
study, fat samples enriched with SVF exhibited better
survival and retention [15]. The considerable difference in
resorption rates highlights the fact that SVF contain heterog-
enous cell population including ASCs [16]. Furthermore, the
exact number of ASCs present in SVF varies between both
individual patients and the body sites from which lipoaspi-
rate is obtained [17]. The rationale for use of ASCs is to
obtain a potentially larger number of more regenerative cells
(ASCs) [18]. The ASC-enriched fat grafts displayed higher
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Figure 4: Comparison of mean (a) physician 1 and (b) physician 2 satisfaction score in both groups six months after the 1st fat graft session.
(c) Comparison of mean of patient satisfaction score in both groups six months after the 1st fat graft session.

7Stem Cells International



amounts of transplanted adipose tissue and newly formed
connective tissue and less necrotic tissue after 121 days
[19]. Although previous studies have used different numbers
of cells to preenrich adipose tissue graft [18, 19], in the cur-
rent study, favorable results were obtained by adding 106

ASCs per ml of fat. This number of cells can easily be
obtained in the initial passages of cells.

ASCs have the capacity to differentiate into multiple cell
lines including chondrocytes, adipocytes, myocytes, and
osteoblasts [20, 21]. ASCs also produce different secretomes

(“vascular endothelial growth factor,” “basic fibroblast
growth factor,” and “hepatocyte growth factor”) having
provasculogenic and immune modulatory properties [20].
Various in vivo models have analyzed the beneficial effects
of ASCs in diabetic wounds, ischemic flaps, and replicas of
cardiac ischemia [22, 23]. Recent studies have identified
ASC-induced neovasculogenesis as a main contributor to
survival of fat grafts [14, 24]. We propose that transferred
fat may act as a natural scaffold and temporary filler to
restore the volume immediately while ASCs will start partic-
ipating in multiple parameters of tissue regeneration. This
model supports the “host replacement theory” that has been
put forward to describe how fat grafts survive after they are
transplanted [18]. In this study, both photometric evaluation
and volumetric assessment (soft tissue thickness of treated
areas) were performed using B-mode ultrasonography [6],
which is noninvasive, cost-effective, and easily available at
the institution and avoids radiation exposure [10]. In the cur-
rent study, frequencies of postoperative complications were
comparable to those described in the literature. Swelling
was observed in all patients which settled in 3-4 weeks. Infec-
tion was managed conservatively. The present study has few
limitations. This is a single-center study limiting its general-
izability. Furthermore, patients were not selected randomly
with possibility of selection bias. Another limitation was
small sample size of our study and short follow-up of six
months. Although it was not possible to determine the
long-term fate of transferred fat, previous studies have shown
progressive reduction of the soft tissue thickness within the
first 3 months after initial operations with stabilization of
these rates from 3 to 6months postoperatively. The suggested
superiority of ex vivo expanded ASC-enriched lipotransfer
over traditional lipofilling should be investigated further.
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Figure 5: Representative picture showing preoperative and
postoperative view of patients in (a–d) the conventional group and
(e–h) the stem cell group. (a, c) Preoperative view of patient 1
(with facial contour deformity involving bilateral cheeks) and
patient 2 (with facial contour deformity involving right
mandibular area), respectively. (b, d) Fat absorption six months
after the 1st session of conventional lipofilling. (e, g) Preoperative
view and (f, h) postoperative view of patients in the stem cell
group. (e) exhibits preoperative view of a patient with contour
deformity of the right mandibular area, and (f) shows
postoperative view six months after a single session of ex vivo
expanded ASC-enriched lipofilling. (g) represents preoperative
view of a patient with contour deformity of the face near the eye,
and (f) shows postoperative view six months after a single session
of ex vivo expanded ASC-enriched lipofilling in some patients.
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Satellite cells (SC) are the stem cells of skeletal muscles. They are quiescent in adult animals but resume proliferation to allow
muscle hypertrophy or regeneration after injury. The mechanisms balancing quiescence, self-renewal, and differentiation of SC
are difficult to analyze in vivo owing to their complexity and in vitro because the staminal character of SC is lost when they
are removed from the niche and is not adequately reproduced in the culture models currently available. To overcome these
difficulties, we set up a culture model of the myogenic C2C12 cell line in suspension. When C2C12 cells are cultured in
suspension, they enter a state of quiescence and form three-dimensional aggregates (myospheres) that produce the
extracellular matrix and express markers of quiescent SC. In the initial phase of culture, a portion of the cells fuses in
syncytia and abandons the myospheres. The remaining cells are mononucleated and quiescent but resume proliferation and
differentiation when plated in a monolayer. The notch pathway controls the quiescent state of the cells as shown by the
fact that its inhibition leads to the resumption of differentiation. Within this context, notch3 appears to play a central role
in the activity of this pathway since the expression of notch1 declines soon after aggregation. In summary, the culture
model of C2C12 in suspension may be used to study the cellular interactions of muscle stem cells and the pathways
controlling SC quiescence entrance and maintenance.

1. Introduction

Satellite cells (SC) lie between the basal lamina and the
sarcolemma of skeletal muscle fibers. In adult muscle, they
are quiescent until physical exercise or muscle damage
induces their activation. SC proliferate and produce myo-
blasts that fuse either together or with existing myofibers,
thereby allowing growth and repair of skeletal muscle [1]. A
central question in adult stem cell biology regards the
elucidation of the molecular mechanisms that preserve the
regenerative potential of the tissues by maintaining a popula-
tion of reversibly quiescent stem cells. Several findings
suggest that reversible quiescence is not a state of cell inactiv-
ity but is the result of specific molecular programs [2, 3].

The study of SC biology in vivo is difficult owing to the
complexity of the environment, the relatively low density of
SC, and the absence of specific markers to recognize them
[4]. It is not possible to maintain the quiescent state of SC
in vitro because any isolation procedure triggers their activa-
tion and converts them into cycling myoblasts that undergo
differentiation. SC lose their staminality because their return
to quiescence is precluded in the monolayer culture by the
lack of an appropriate niche.

The system of choice to characterize quiescent SC is to
sort them by FACS from collagenase digested muscle. This
procedure presents several problems since SC are heteroge-
neous and the antibodies chosen for FACS isolation select
subsets of cells [5]. Furthermore, the isolation procedure
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activates SC, and their activation continues during FACS
purification, altering the pattern of gene expression [6, 7];
for example, the mere detachment of the monolayer for
routine subculture rapidly alters the expression of notch1,
which plays a pivotal role in determining SC behaviour [7].

For all of these reasons, the development of culture
systems that allow undisturbed reversibly quiescent myo-
genic cells to be studied is very appealing [4, 5].

Three-dimensional (3D) cultures of myogenic cells have
already been employed to grow SC from primary cultures.
When isolated cells are seeded in nonadherent dishes, they
spontaneously form floating myospheres. Such cultures are
performed in growth factor-rich synthetic media that induce
the expansion of satellite stem cells and conserve their
staminality. The comparison of published data suggests that
different combinations of cells resulting from different
isolation procedures and different culture media give rise to
myospheres containing stem cells with different characteris-
tics in terms of proliferation, marker expression, and differ-
entiation capacity [8–15].

An important advantage of myospheres is that they retain
cellular interaction, which allows the involvement of the
notch pathway in satellite cell biology to be studied in vitro.
In skeletal muscle, notch is a key regulator engaged in embry-
onic myogenesis in myoblast proliferation [16]. Around
birth, it locates myogenic progenitors in the SC compartment
under the basal lamina on muscle fiber [17], whereas in adult
muscle, it maintains the reversibly quiescent state of SC
[18, 19]. A reduced activity of the notch pathway determines
the reduced ability of muscles in old animals to regenerate
[20, 21]. Notch signalling is activated when a cell displaying
a notch ligand (jagged1-2, dll1-3-4) on its membrane binds
a neighbouring cell exposing a notch receptor (notch1-4).

The members of the hes/hey family of transcription
factors mediate most of the notch response by forming het-
erodimers with MyoD that inactivate this factor, thereby
blocking myogenic differentiation [22, 23]. In SC, different
members of the notch family appear to cover different roles,
although it is not clear how they elicit different cellular
responses while sharing the same pathway. For example,
notch1 is involved to a greater extent in proliferation during
regeneration [24] while notch3 expression is highest in self-
renewing SC [19, 25, 26].

To investigate whether 3D cultures may be used to
maintain SC in a quiescent status and eventually use them
in skeletal muscle regeneration, we adopted the murine
C2C12 myoblast cell line.

We found that C2C12 cells in myospheres spontaneously
downregulate notch1 and maintain the expression of notch3.
The expression of hes/hey genes accompanying this pattern
of activation is lower than that of C2C12 cells proliferating
in a monolayer, but it is critical for the cells to remain quies-
cent and undifferentiated. Indeed, when notch signalling is
chemically inhibited, the cells of myospheres exit quiescence
and differentiate. These data on the level of activation of
hes/hey genes in myospheres differ from those obtained in
freshly isolated SC, whose hes/hey expression is higher
during quiescence but declines when the cells proliferate.
The possibility that the isolation of satellite cells alters notch

activity highlights the advantage of using a culture system
with cells readily available for analysis.

Within a wider context, we believe that the ductility of
the niche that arises in the C2C12 model may shed light
on how the addition of other cell types, such as fibroblasts
and circulating immune cells, or of exogenous soluble
factors and ECM components affects specific aspects of
stem cell behaviour.

2. Results

2.1. Generation and Evolution of C2C12 Myospheres. Mouse
C2C12 myoblasts seeded in nonadhesive conditions form
aggregates that appear within 3-4 h. Initially, the cells join
together in loose networks, which subsequently compact in
spherical myospheres (Figure 1).

At 6 h, flow cytometric analysis shows that the percentage
of cells in G1, S, and G2/M in the aggregates is still the same as
in the monolayer (Figure 2(a)). At 24 h, roughly 90% of the
cells in the aggregates are in G0/G1; beyond 48 h, the
percentage rises to 95-96%, remaining stable thereafter
(Figures 2(a) and 2(b)). Evaluation of proliferation by the
Ki67 expression (Figure 2(c), 6-day myospheres) confirmed
the absence of proliferating cells in myospheres after 48 h of
culture.

Between the 3rd and the 4th day of culture, some cells
begin to fuse in syncytia. Sections of myospheres stained by
haematoxylin and eosin or by immunofluorescence with an
anti-sarcomeric myosin antibody display multinucleated
syncytia located mainly in the periphery and often partially
detached (Figure 2(e), C). At this stage, a halo that retains
detached syncytia and degenerating cells appears around
the myospheres (Figure 2(e), D). The halo can be easily
removed by pipetting or by short DNase treatment, but it
forms again in less than 24h because the syncytia continue
to leave the myospheres accompanied by mononuclear cells
that form apoptotic bodies and release DNA once they are
isolated in the culture medium (supplementary Fig. 1).

The halo spontaneously disappears between the 18th and
the 25th day of culture. The surface of myospheres becomes
smooth and clean although histological sections occasionally
display the presence of remaining syncytia that do not detach
(mature myospheres, Figure 1, 22 d).

Mature myospheres have a diameter of 80-200 μm and
are formed by quiescent cells and an extracellular matrix, as
shown by the presence of laminin which can already be
detected by immunofluorescence 72-96 h after seeding and
accumulates over time (Figure 2(f)). Mature myospheres
kept in culture until 60 days do not display any further
evolution except for a higher resistance to dissociation by
proteases, which is evident at 33-35 days and makes it
more difficult to isolate the cells. When differentiation ter-
minates, the number of cells enclosed in the myospheres is
25:7 ± 3:7% of those initially seeded, as assessed in myo-
spheres of 25 and 33 days after trypsinization and the cell
count (n = 7). Besides the expulsion of syncytia, at least two
other causes account for the loss of cells (Figure 2(e)). The
first is that during the genesis of myospheres, a fraction of
the cells does not aggregate and dies in the medium as a result
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of apoptosis (anoikis). The second is that when syncytia
leave the myospheres, they frequently induce the disassem-
bly of nearby mononuclear cells, which also degenerate
(Figure 2(e), B and C; myospheres marked by (iv)). The
cells in the myospheres are protected from apoptotic
death, as demonstrated by the results of the TUNEL assay
performed in the first 4 days of culture (not shown).

These data indicate that C2C12 cells aggregate when
cultured in nonadherent conditions and that some of them
differentiate, forming multinucleated syncytia that are lost.

2.2. Characterization of C2C12 Myospheres. To investigate
the rate of differentiation, we assessed the expression of
myosin by western blot during the maturation phase of myo-
spheres (Figure 3(a)). Myosin expression starts on the 3rd day
and peaks on the 9th-10th day of culture. Thereafter, it grad-
ually decreases until it becomes undetectable at 18-20 days
in parallel with the loss of syncytia. If these mature myo-
spheres are dissociated and the cells are plated in monolayer,
they proliferate and then fuse, though to a lesser extent than
the original C2C12 cells (Figures 3(b) and 3(c)). Indeed, the
fusion index is 55:5 ± 2:6% in the original C2C12 cells and
16:7 ± 5:4% in myoblasts derived from mature myospheres
(n = 6). Assuming that both cell types proliferate at the same
rate after plating, this indicates that the ratio between C2C12
cells that conserve their differentiation capacity (stem cells)
and those that cannot differentiate ranges from 1 : 1 at the
beginning of the 3D culture to 1 : 5-1 : 9 inmaturemyospheres.

Cells dissociated from mature myospheres are smaller
than proliferating cells cultured in a monolayer (Figure 4(a)),
which is in keeping with evidence showing that quiescent SC
in vivo have few organelles in a little cytoplasm and a large
nucleus-cytoplasmic ratio if compared with activated and pro-
liferating cells [27, 28]. To assess the hypothesis that they

might represent a model of quiescent SC cells, we evaluated
the expression of different markers of SC. In particular, we esti-
mated the expression of Sca1 because it is expressed in prolifer-
ating myogenic cells but not in quiescent cells [29]. Figure 4(b)
compares the expression of Sca1 in C2C12 cells in myospheres
with that of C2C12 cells in a monolayer as measured by flow
cytometry. In agreement with previous results [29], C2C12
cells in myospheres are 1.3% Sca1+ whereas C2C12 cells prolif-
erating in a monolayer are 30% Sca1+ positive.

Pax7 is a key marker widely used to recognize SC in skel-
etal muscle [30], though the fact that expression continues
after myoblasts start proliferating limits the value of this fac-
tor for assessing quiescence. Figure 4(c) shows that Pax7 is
expressed in C2C12 cells in a monolayer and in myospheres
at two different ages, thus suggesting that cells in the myo-
sphere retain SC characteristics.

CD34 is a surface marker of various progenitor cells. It
has been reported that a full-length transcript of CD34 is
expressed in quiescent SC cells and that a truncated form is
expressed in proliferating SC [31]. In myospheres, we only
find the full-length form of CD34 mRNA which is expressed
in quiescent SC in vivo, whereas proliferating C2C12 cells
display both the truncated and the full-length forms of
CD34 mRNA (Figure 4(c)), which give rise to the mature
protein form (Figure 4(d)).

Caveolin-1 is expressed in satellite cells in vivo and is
downregulated in activated satellite cells [32]. WB analysis
of caveolin-1 expression in myospheres shows that it is
upregulated in mature myospheres that contain quiescent
cells (Figure 4(e)).

Figure 4(f) shows the expression of MyoD, myogenin,
and myosin, which discloses the presence of activated cells
(MyoD), cells committed to myogenesis (myogenin), and
differentiated cells (myosin).

Proliferating cells Days 1-4: initial aggregates Days 4~20: differentiating aggregates Day 20 and later: mature aggregates

(a)

3 h  4 d6 h 22 d

Extracellular matrix 
Uncommitted myoblast
Committed myoblast

Syncytium 

Apoptotic syncytium

Apoptotic debris

(b)

Figure 1: Scheme of myosphere evolution shown according to (a) culture time and (b) contrast phase microscopy.

3Stem Cells International



Pr
ol

if

6 
h

24
 h

48
 h

9 
d

23
 d

0

50

100

150

S
G0/G1

G2

Ce
ll 

pe
rc

en
ta

ge

Time

⁎

⁎⁎⁎⁎
⁎⁎⁎⁎

(a)

0 256 512 768 1024
DNA content

Co
un

t

1427

1070

714

357

0

Proliferating cells

0 256 512 768 1024
DNA content

1097

731

366

0

1462

Co
un

t

23 d aggregates

(b)

Hoechst Ki67 Merge

6 
da

ys
Pr

ol
ife

ra
tin

g

(c)

M
er

ge
H

oe
ch

st
M

yo
sin

(d)

A B C

D

iv

ii

ii

ii
i

i

i

iv

iii

i

(e)

Hoechst Laminin

3 
d

15
 d

(f)

Figure 2: Characterization of C2C12 myospheres. (a) Bar chart from cytofluorometer data showing the proportion of cells (±SD) in different
phases of the cycle, in a monolayer and in myospheres of different ages. ∗0:01 < p < 0:05 and ∗∗∗∗p < 0:0001. (b) Cytofluorometer plot
comparing the cell cycle in cells proliferating in a monolayer and in 23-day myospheres. (c) Ki67 expression in a monolayer and 6-day
myospheres. (d) Myosin expression evaluated by immunofluorescence. A labelled syncytium is at the periphery of a 9-day myosphere.
(e) H&E staining of 9-day myospheres containing differentiating cells. Syncytia leaving the myospheres or internally located are
indicated with (i), syncytia isolated in the medium after exit from a myosphere with (ii). (iii) indicates a mature myosphere that does
not appear to contain syncytia. (e) in B and C, the symbol (iv) labels small myospheres dissolving after the detachment of syncytia.
(f) Accumulation of extracellular matrix proteins in myospheres over time. Laminin expression in 3-day and 12-day myospheres.
Scale bar: 50μm in (c), (d), and (f) and 100μm in (e).
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In summary, the generation of mature myospheres
requires approximately 20 days, by which time one-third of
the C2C12 cells initially plated retain their stem cell charac-
teristics. Such cells express SC markers, are quiescent, and
retain their differentiation capacity.

2.3. Hypoxia Is Not Involved in the Quiescence of Cells in
Myospheres. Three-dimensional cultures are commonly used
as a model of the solid tumour microenvironment and angio-
genesis thanks also to the state of hypoxia harbouring in their
internal layers. The hypoxic environment favours quiescence
of various stem and precursor cell types, as shown by the via-
bility of stem cells in post-mortem muscle [33]. Moreover, it
has been shown that hif-1α and the notch intracellular
domain (NICD) synergize to activate the expression of
notch target genes, which inhibit the expression of myo-
genic factors in myogenic cells and maintain the stem cell
state [34].

Based on these data and on the observation that in myo-
spheres syncytia localize mostly in the more oxygenated
external layers [35], we hypothesized a role of hif-1α in
maintaining cell quiescence in the cells at the centre of
mature aggregates. hif-1α was found in myospheres at 8 days
of culture, when differentiating cells are present but was
absent in later mature aggregates (Figure 4(f)).

This result is in keeping with a report by Ono et al.,
who found that myogenic cells express hif-1α during
differentiation in normoxic conditions, in which hif 1 α
plays an essential role as its silencing inhibits the differen-
tiation of C2C12 cells [36].

This result indicates that the expression of hif-1α in
myospheres is linked to myogenic differentiation and not to
hypoxia and quiescence.

2.4. Notch Signalling Is Active in Myospheres and Is Required
to Maintain the Quiescence of the Cells.Notch activity plays a
central role in controlling the quiescence of SC [18, 19].
Figure 5 shows an RT-PCR profile of factors related to the
notch pathway in myospheres at different stages of matura-
tion and in proliferating C2C12 cells. It shows that the cells
in myospheres display all the factors required for an opera-
tive notch pathway. Indeed, in a 3D culture environment that
is ideally suited to the promotion of cell-cell contacts, the
coexpression of the notch ligands, dll1 and jag1, with their
receptors, notch1 and notch3, ensures that the notch
pathway can be activated. The constant presence of the Rbpj
mediator guarantees the intracellular prosecution of the sig-
nal that switches on hes/hey downstream genes, which in
turn inhibit myogenic factor expression and differentiation
of the cells [22, 23].

According to their expression level, notch pathway
factors in myospheres can be divided into two groups. In
the first, which includes notch3, hey1, hes1, hes6, and Rbpj
as well as the activators dll1 and jag1, the level of transcrip-
tion remains approximately constant throughout culture
time. The second group, which includes notch1, hey2, heyL,
and Nrarp, shows a downregulated expression which reaches
its minimum when differentiation terminates.

To investigate whether cell isolation affects the expres-
sion of notch genes in SC [6, 7], we checked their level of

Days in myospheres
1 3 5 7 9 11 14 17 20 23

(a)

Myosin

Tubulin

1 2

(b)

Hoechst BrdU Myosin Merge

(c)

Figure 3: Trend of myogenic differentiation during myosphere maturation and differentiation potential retained in quiescent cells of mature
myospheres. (a) Time course of myosin expression in myospheres by western blot from the 1st to 23rd day of culture. (b) The cells of mature
myospheres retain the capacity to proliferate and differentiate. The western blot quantitatively compares myosin expression in a monolayer:
(1) original C2C12 cells that were never grown as myospheres and (2) cells derived from the dissociation of 23-day myospheres plated in a
monolayer and allowed to differentiate. (c) C2C12 cells dissociated from 23-day myospheres (mature); replated in a monolayer, the cells
incorporate BrdU while proliferating before differentiating and expressing myosin. Scale bar: 50μm.
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expression before and after enzymatic dissociation of mature
myospheres.

Figure 6 shows that notch1 expression resumes after
dissociation and accompanies that of notch3.

Since mature myospheres express only notch3 and dis-
play a low level of notch activation, we asked ourselves
whether this level of hes/hey gene expression controlled the
quiescent state of the cells.
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Figure 4: Cell size and marker expression. (a) Representative image comparing C2C12 cells shortly after dissociation of 25-day myospheres
and detachment from the monolayer. The graph on the side shows the range of cell diameters. ∗∗∗∗p < 0:0001. (b) Flow cytometric profile of
Sca1 expression in cells from myospheres (25 days) and from a monolayer. (c) Semiquantitative RT-PCR profile of common quiescent
satellite cell markers in differentiating and mature myospheres. Myogenin and myosin indicate the presence of differentiating cells.
P: proliferating cells in monolayer. (d) Time course of CD34 expression in myospheres by western blot. (e) Caveolin-1 expression in
proliferating cells and in differentiating and mature myospheres by western blot. (f) Western blot comparing hif-1α expression in
proliferating cells and myospheres, with the expression of myogenic markers.
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For this purpose, we used the γ-secretase inhibitor
DAPT, which inhibits notch signalling by blocking the
generation of NICD from all notch paralogs. In preliminary

experiments, we treated mature myospheres for 5 days with
5 μM DAPT and evaluated the expression levels of hes1
and heyL by RT-PCR. Compared with control DMSO-
treated aggregates, DAPT reduced the expression of hes1
and heyL, respectively, by 75% and 79% (Figure 7).

The cells of mature myospheres treated with DAPT exit
quiescence and differentiate. Indeed, whole-mount immuno-
fluorescences performed with MF20 anti-myosin antibody
on DAPT and control DMSO-treated mature myospheres
demonstrated that the generation of new syncytia resumed
following inhibition of notch signalling, (Figure 7(a)) with
confocal microscopy also revealing the presence of elongated
myotubes.

3. Discussion

Our work complements that published in other studies that
used myosphere cultures maintained within a chemically
defined media reach of growth factors. Such myospheres
promote the proliferation of myogenic stem cells that con-
serve their differentiation potential [8–15].

The data collected in these studies, together with our
finding showing that myospheres grown in a medium with
10% FCS contain cells that are in a state of reversible quies-
cence having the morphology of cells whose metabolic
activity is reduced, show that stem cells can be directed
towards proliferation or reversible quiescence while preserv-
ing their staminality merely by manipulating the growth
factor component of the niche. Furthermore, this highlights
the ductility of the niche that emerges in 3D cultures. This
observation may be further exploited experimentally to
investigate how the addition of different cell types, matrix
components, or soluble factors in the culture affects the niche
as well as the behaviour of SC. Another advantage is that the
high cellular density allows the cells to be analyzed as they are
in the intact niche, without the need for the isolation or con-
centration procedures required when dealing with SC in vivo,
which are dispersed on muscle fibers. Quiescent stem cells
react to the loss of interactions with the niche that accom-
panies any isolation procedure by changing their metabolic
and gene expression pattern [37]. Quiescence of the cells
within the myospheres is proved by the G0/G1 DNA content
and Ki67 expression. Differentiating cells are lost during the
maturation of myospheres and the remaining cells express
markers widely used to recognize SC in vivo. Individually,
none of these markers indicates the quiescent or proliferating
state of the cells, but when combined, their expression is
indicative of quiescence.

CD34 is the factor that we analyzed in most detail.
Although this factor is not a specific marker of myogenic cells
in vivo, it is useful within the context of C2C12 myospheres
because it is expressed in quiescent cells alone and rapidly
disappears after activation. In particular, quiescent and
activated SC in vivo produce differently spliced isoforms
of CD34 mRNA, i.e., full-length (fl) and truncated (tk)
[31, 38, 39], a pattern of expression that is reproduced
in myospheres and the monolayer of C2C12 cells. The detec-
tion of the CD34 protein, which does not start before the
7th–9th day of culture, may indicate that the cells reach a

GAPDH

dll1

15 h 24 h 2 d 3 d 8 d 23 d6 hP

jag1

notch1

notch3

Nrarp

Rbpj

hey1

hey2

heyL

hes1

hes6

MyoD

Myogenin

Myosin

Figure 5: Expression of notch pathway genes in proliferating cells
and in myospheres at different stages by RT-PCR. The figure
summarizes experiments performed more than three times.
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Figure 6: Dissociation of myospheres induces changes in the
transcription pattern of the cells. Q: RNA extraction performed
from mature myospheres; T0: cells processed for RNA extraction
after myosphere dissociation was completed; T1: cells maintained
in suspension in the culture medium at 37°C for 1 h after
myosphere dissociation; P: cells from a monolayer.
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state of complete quiescence only at this point. In this regard,
Coller et al. reported that the transcriptional signature of
fibroblasts induced to enter quiescence initially differs
depending on how this state is induced, i.e., by mitogen with-
drawal, loss of adhesion, or contact inhibition. Fibroblasts
converge on a more common pattern of quiescent gene
expression only many days later [2]. The expression of
CD34 may mark a similar achievement for the cells in myo-
spheres. The fact that the size of C2C12 cells in myospheres is
smaller than that of those that proliferate in a monolayer
points to a deeper state of quiescence, which is in agreement
with the smaller size and lower mitochondrial and metabolic
activity demonstrated in deeply quiescent satellite cells in
skeletal muscle (G0 cells) [28]. The ease with which
exchanges with the environment occur may also influence
the activity of the niche and affect differentiation. The
exchange of substances with the environment is less effi-
cient in myospheres than in monolayer cultures, although
the lack of hif-1α accumulation in our cells indicates that
at least oxygen diffusion is correct (Figure 4). When Mar-
quette et al. cultured, in the same medium as those used
by us, C2C12 aggregates in the rotating cell culture sys-
tem, which is known to induce a higher mass transfer of
nutrients, they reported better differentiation rates in the
absence of proliferation in their stationary control cultures
corresponding to those that we used [35].

Furthermore, in keeping with our results, Marquette
et al. [35] found that C2C12 myoblasts in such cultures
fuse without proliferating beforehand, a behaviour that
was more recently shown not to be abnormal even
in vivo, as SC have been found to fuse more frequently

than was previously believed with uninjured fiber without
previous proliferation [40].

Notch signalling plays a primary role in directing SC
toward proliferation, differentiation, or quiescence, and its
expression and activity displays a high degree of sensitivity
to manipulation of the niche [7]. When aggregation is com-
pleted, notch1 expression is downregulated and myogenic
cells express only the notch3 isoform. If a dissociation proce-
dure activates the cells, the expression of notch1 soon
resumes and accompanies that of notch3. The pattern of
hes/hey expression in mature aggregates diverges from that
reported in SC that have been freshly sorted from muscle,
which appear to express higher levels of hes/hey genes in
the quiescent state than when proliferating [18, 19]. The
absence of notch1 signalling in myospheres may explain such
differences. Indeed, notch3 alone is considered a weak activa-
tor of hes/hey genes [41], whose expression in mature myo-
spheres is consequently lower than that of proliferating
C2C12 cells. The pattern of expression of notch3 and of
notch1 in myospheres is also consistent with studies that
report a role of notch3 in maintaining the homeostasis of
stem cells by guarding cell cycle access [42, 43].

In conclusion, our data suggest that myogenic cells that
self-assemble in three-dimensional cultures in 10% FCS form
a system that preserves the quiescence and the staminality of
the cells. Taking the opportunity to examine these cells with-
out any previous manipulation, we show that in this system,
the cells express notch3 mRNA and fail to express notch1.
Consequently, in contrast to previous findings [18, 19], we
show that the activity of notch downstream factors in quies-
cent C2C12 cells is lower than that in proliferating cells.
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Figure 7: Differentiation resumes in mature myospheres following inhibition of the notch pathway. (a) Confocal image of whole-mount
myosin immunofluorescence on differentiating (9 days) and mature (25 days) myospheres treated for 5 days with DAPT and respective
DMSO controls. The effect of notch pathway inhibition is not particularly evident in differentiating myospheres because syncytia continue
to leave the myospheres as they are formed. By contrast, DAPT resumes differentiation in mature myospheres, which retain the syncytia.
Scale bar: 50μm (b) RT-PCR showing the change of hes1 and heyL expression in mature myospheres in response to 5 μM DAPT
treatment. Below the densitometric analysis of hes1 and heyL bands. ∗0:01 < p < 0:05 and ∗∗∗∗p < 0:0001.
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We believe that C2C12 3D sphere cultures may be effec-
tively used as a model to address unresolved questions in
stem cell biology, such as how cell composition, matrix com-
ponents, or diffusible factors affect the biological activity of
the niche. Notably, C2C12 3D sphere cultures may be a good
tool to promote skeletal muscle repair by delivering such cells
to the damaged tissue.

4. Materials and Methods

C2C12 cells between the 4th and the 20th passage were main-
tained in a monolayer in DMEM glutamax (EuroClone, Pero
(MI), Italy) supplemented with 10% FCS (EuroClone) and
50 μg/ml gentamicin in a humidified atmosphere of 5%
CO2 at 37

°C and passaged at 70-80% confluence.
To generate aggregates, cells were grown to 80-85% con-

fluence, detached enzymatically, and seeded at a density of
3 − 4 × 105/ml on 90mm bacterial dishes in the same culture
medium as that used to grow them in a monolayer with the
addition of 0.3% methylcellulose (Sigma-Aldrich, St. Louis,
MO, USA, Cat. 09967). In these conditions, cells do not
adhere to plastic and join together in aggregates of various
sizes (http://spherogenex.de) [44]. The medium was changed
every 2-3 days.

4.1. Cell Count. 3D cultures contain aggregates of different
sizes that do not disperse homogeneously in the plate. Conse-
quently, sampling problems arise when aliquots of the
medium are being collected. For this reason, in order to
evaluate the number of cells remaining in aggregates after
differentiation, we counted the cells obtained after trypsin
dissociation of entire dishes.

4.2. Inhibition of the Notch Pathway. The γ-secretase inhibi-
tor DAPT (Sigma Aldrich) was dissolved in DMSO and used
at a concentration of 5 μM. The drug was added for 5 days on
the 4th day of culture (differentiating aggregates) or on the
20th day (mature aggregates). In the latter case, the drug
was added after the end of differentiation as indicated by
the disappearance of a halo of dying cells surrounding the
aggregates while cells differentiate. Culture medium with
DAPT or DMSO was replaced every 2 days.

4.3. Frozen and Paraffin Section Preparation. Aggregates
were fixed for 2 h with 4% paraformaldehyde (Sigma-
Aldrich), at 4°C, washed with PBS, and stored at 4°C. Frozen
sections (7 μm) were prepared after embedding of aggregates
in OCT (Tissue-Tek, Sakura Finetek USA). Sections were
incubated with primary antibodies directed against Ki67
(Santa Cruz Biotechnology, Inc., Heidelberg, Germany,
SC7846, 1 : 100), laminin (Sigma L939, 1 : 100), CD34 (Santa
Cruz Cat. SC9095, 1 : 100), and MF20 anti-sarcomeric
myosin heavy chain (1 : 5 diluted hybridoma medium). Fluo-
rescent images were acquired using an epifluorescence Zeiss
Axioskop 2 Plus microscope (Carl Zeiss, Oberkochen,
Germany) or a Leica Leitz DMRB microscope fitted with
a DFC300FX camera (Leica, Wetzlar, Germany). For
haematoxylin and eosin (H&E) staining, fixed aggregates
were dehydrated, embedded in paraffin wax, and cut

into 5 μm sections. Images were assembled using Adobe
Illustrator or ImageJ.

4.4. Whole-Mount Immunofluorescence. Aggregates were
fixed in cold (-20°C) methanol-acetone 1 : 1 (v/v) for 20
minutes and washed with PBS. They were then incubated,
by shaking with MF20 anti-myosin antibody, (from
hybridoma culture medium, diluted 1 : 5) at 4°C for 20 h.
Washed aggregates were incubated with fluorescein-labelled
secondary antibodies for 2 h at room temperature. Nuclei
were stained with TO-PRO-3 (0.2mg/ml, Molecular Probes,
Molecular Probes Europe, Rijnsburgerweg, The Nether-
lands). Samples were observed by confocal microscopy with
a Leica TCS SP2 (Leica, Wetzlar, Germany).

4.5. Fusion Index Quantification. The fusion index was mea-
sured in cells grown for 72h in DM after reaching confluence
and stained with MF20 anti-myosin antibody. This index was
calculated as the ratio of the number of nuclei in myotubes
with 3 or more nuclei versus the total number of nuclei in
the field.

In detail, the comparison of the fusion index between
cells from mature aggregates and original cells was per-
formed as follows: fresh C2C12 cells were grown to 70-80%
confluence in 6 different 150mm dishes. The cells from such
dishes were then dissociated and transferred each to a differ-
ent 90mm dish in nonadherent conditions to generate the
myospheres, which were then left to mature. Three days after
the disappearance of the halo, the myospheres (not counted)
from each of the 90mm dishes were dissociated and a portion
of the cells obtained was plated in three 35mm dishes (30000
cells/dish) and compared for their capacity of differentiation
with fresh control cells plated in the same conditions in
parallel in five 35mm dishes.

4.6. Cell Cycle Analysis. Cells derived from trypsin dissocia-
tion of the aggregates were fixed in cold 80% ethanol, washed,
and incubated at 37°C for 3 h in PBS containing 1% Triton
X-100, 50 μg/ml propidium iodide, and 100 μg/ml DNase-
free RNase A (Sigma-Aldrich). Flow cytometric analysis
was performed on an Epics XL (Beckman Coulter, Fuller-
ton, CA, USA) using Expo 32 software for acquisition and
FCS Express 4 for analysis. Doublets were discriminated
by means of gating.

4.7. BrdU Labelling. Cells obtained by the trypsinization of
mature aggregates were plated at a density of 8 − 10 × 103/ml
in 35mm dishes. After 24 h, the cells were pulse-labelled with
10 μM BrdU (Sigma-Aldrich) in growth medium for 4 h. At
90-100% confluence, the growth medium was changed to
DMEM+ 2%HS for 4-5 days with daily changes. After
fixation, cells were stained with anti-BrdU (Sigma B2531)
and MF20 anti-myosin antibody.

4.8. Halo Characterization. To characterize the fate of the
cells lost by myospheres during the maturation process and
their subsequent fate, we examined the material released
from myospheres by day 9 after 2 days of culture. Myo-
spheres with their medium were transferred to a tube and left
to settle by gravity. The spent medium was then removed and
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centrifuged at 1000 rpm, and the pellet containing released
cells and cellular fragments was resuspended without fixation
in PBS for microscopical examination after staining with
1μM Hoechst 33342, 2.5μg/ml propidium iodide and
annexin V, and Alexa Fluor™ 488 conjugate (Thermo Fisher
Scientific A13201), all from 100x solutions. Samples were
stained in ice for 5min and discarded after a further 10min
because propidium iodide is no longer specific for dead cells
after this time.

4.9. Semiquantitative RT-PCR. Total RNA was extracted by
using TRI Reagent (Sigma T9424) according to the manu-
facturer’s protocol. A 1μg aliquot of total RNA was
treated with DNase-I (New England Biolabs, EuroClone,
Pero (MI), Italy) and reverse transcribed into first-strand
cDNA using M-MLV reverse transcriptase (M-1705, Pro-
mega, Madison, WI, USA) and random hexamer primers
(Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA
USA). Cycling parameters were 94°C/20 s, 58°C/20 s, and
72°C/20 s for 31 cycles. PCR products were run on 2%
agarose gels. PCR was performed with the following
primers: caveolin-1 (5′-GCACACCAAGGAGATTGACC-
3′; 5′-GAATGGCAAAGTAAATGCCC-3’), jag1 (5′-CCC
CCTGAGTCTTCTGCTC-3′; 5′-GTGACGCGGGACTGATA
CTC-3′, M-Cad (5′-ATGATGGCTCTGTACCAGC-3′; 5′-
AAGACTACGACCCAGAAGAC-3′), c-Met (5′-TCCTGA
CATCCATCTCCACC-3′; 5′-GCATGAAGCGACCTTC
TGAC-3′), Pax7 (5′-CCGTGTTTCTCATGGTTGTG-3′;
5′-GAGCACTCGGCTAATCGAAC-3′), MyoD (5′-AGC
ACTACAGTGGCG ACTCA-3′; 5′-GCTCCACTATGCT
GGACAGG-3′), myosin (5′-ACAAGCTGCGGGTGAAG
AGC-3′; 5′-CAGGACAGTGACA AAGAACG-3′), myo-
genin (5′-CTACAGGCCTTGCTCAGCTC-3′; 5′-AGAT
TGTGGGCGTCTGTAGG-3′), c-Myc (5′-CGGACACAC
AACGTCTTGGAA-3′; 5′-AGGATGTAGGCGGTGGCT
TTT-3′), c-Jun (5′-CTGCATGGACCTAACATTCG-3′;
5′-GCTTTCACCCTAGTATATTGGG-3′), c-Fos (5′-TGT
TGTTCCTAGTGACACC-3′; 5′-ACATTCAGACCACCT
CG-3′), notch1 (5′-TGCC TGTGCACACCATTCTGC-3′;
5′-CAATCAGAGATGTTGGAATGC-3′), notch3 (5′-TG
CCAGAGTTCAGTGGTGG-3′; 5′-CACAGGCAAATCG
GCCATC-3′), dll1 (5′-CCCTGGCAGACAGATTGG-3′;
5′-ACAGAGGGGAGAAGATGTGC-3′), hes1 (5′-GCCA
ATTTGCCTTTCTCATC-3′; 5′-GAGAGGTGGGCTAG
GGACTT-3′), hes6 (5′-CCCTAGAGCTCTGGATGGTG-
3′; 5′-GCGCAACTGTGTTACAAACG-3′), hey1 (5′-TCA
GCGTGGGGAATCTTAAC-3′; 5′-GATTCAGGGCACAG
ACACCT-3′), hey2 (5′-TGGAAAAGGAAACGCCAT A-3′;
5′-ATCTGCAGCCTGACACATTG-3′), heyL (5′-GCGATT
GAAGTCCCCAG ATA-3′; 5′-ACTGGGGTCACCAGAC
TG AG-3′), Rbpj (5′-GGTCCCAGACATTTCTGCAT-3′;
5′-GGAGTTGGCTCTGAGAATCG-3′), GAPDH (5′-TCC
TGACATCCATCTCCACC-3′; 5′-GCATGAAGCGACCTT
CTGAC-3′). Primers used to distinguish full-length and trun-
cated forms of CD34 transcripts were 5′-AGCACAGAACT

TCCCAGCAA-3′ in exons 5/6 and 5′-CCTCCACCATT
CTCCGTGTA-3′ in exon 8 (Beauchamp et al., 2000), which
amplify, respectively, a fragment of 260 and 416bp, as the
truncated form includes an extra exon with a stop codon that
arrests translation.

4.10. Immunoblot Analysis. Cells were lysed by sonication in
ice-cold RIPA buffer (20mM Tris-HCl pH7.6 containing
150mM NaCl, 2mM EDTA, 1% NP40, 0.5% Na-deoxycho-
late) supplemented with protease inhibitor cocktail (Sigma-
Aldrich P2714). Equal amounts of proteins were resolved
on 8-10% SDS polyacrylamide gel. After being transferred
onto PVDF membranes (Amersham GE Healthcare,
Buckinghamshire, UK), proteins of interest were detected
by using anti-CD34 (sc-9095 Santa Cruz, 1 : 500), anti-
myosin (MF20 1 : 50), anti-MyoD (sc-377460 Santa Cruz,
1 : 1000), anti-myogenin (sc-12732 Santa Cruz, 1 : 300),
anti-hif-1α (NB100-105 Novus Biologicals, Segrate, Italy,
1 : 1000), and anti-caveolin-1 (ab17052 Abcam, Cambridge,
UK 1 : 1000) antibodies and anti-α-tubulin (T5168, Sigma,
1 : 2000) or anti-GAPDH (Santa Cruz, sc-25778, 1 : 1000)
antibodies as a normalization control.

4.11. Statistical Analysis. Quantitative data of at least three
independent experiments are presented as means ± SEM.
Statistical analysis was performed by means of Graphpad
Prism Software (La Jolla, CA, USA) using paired Stu-
dent’s t-tests to determine significance (∗0:01 < p < 0:05;
∗∗0:001 < p < 0:01; ∗∗∗0:0001 < p < 0:001; ∗∗∗∗p < 0:0001).
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Supplementary Materials

Supplementary Fig. 1: genesis of the halo. Cells released from
the myospheres between the seventh and ninth days of
culture. Once the cells are isolated in the medium, they enter
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apoptosis. The sample shown in the figure contains cells at all
stages of apoptosis since new cells are continuously released
from myospheres. The new cells join those previously
released and their debris, trapped by the released DNA that
also induces their attachment to the microspheres. In fact,
these aggregates are rapidly dissolved by treatment with
DNase. (a) phase-contrast image; (b) Hoechst 33342 stain-
ing, labeling all nuclei; (c) propidium iodide staining, labeling
dead cell nuclei; (d) annexin V staining. Annexin V binds to
phosphatidylserine residues translocated to the external face
of the plasma membrane. This is an early event in apoptosis.
Bar = 50μm. (Supplementary Materials)
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Stem cell-based tissue engineering in treating intervertebral disc (IVD) degeneration is promising. An appropriate cell scaffold can
maintain the viability and function of transplanted cells. Injectable hydrogel has the potential to be an appropriate cell scaffold as it
can mimic the condition of the natural extracellular matrix (ECM) of nucleus pulposus (NP) and provide binding sites for cells.
This study was aimed at investigating the effect of injectable hydrogel-loaded NP-derived mesenchymal stem cells (NPMSC) for the
treatment of IVD degeneration (IDD) in rats. In this study, we selected injectable 3D-RGD peptide-modified polysaccharide
hydrogel as a cell transplantation scaffold. In vitro, the biocompatibility, microstructure, and induced differentiation effect on
NPMSC of the hydrogel were studied. In vivo, the regenerative effect of hydrogel-loaded NPMSC on degenerated NP in a rat model
was evaluated. The results showed that NPMSC was biocompatible and able to induce differentiation in hydrogel in vivo. The disc
height index (almost 87%) and MRI index (3313:83 ± 227:79) of the hydrogel-loaded NPMSC group were significantly higher than
those of other groups at 8 weeks after injection. Histological staining and immunofluorescence showed that the hydrogel-loaded
NPMSC also partly restored the structure and ECM content of degenerated NP after 8 weeks. Moreover, the hydrogel could
support long-term NPMSC survival and decrease cell apoptosis rate of the rat IVD. In conclusion, injectable hydrogel-loaded
NPMSC transplantation can delay the level of IDD and promote the regeneration of the degenerative IVD in the rat model.

1. Introduction

Lower back pain (LBP) is a common disease with high
incidence [1] and imposes an enormous economic burden
on the society and family [2]. The prevalence of LBP is
increasing due to the aging of population [3], and interverte-
bral disc degeneration (IDD) is considered associated with
LBP [4]. Unfortunately, none of the common therapy can
effectively repair or regenerate the structure and function of
the degenerative intervertebral disc (IVD) [5, 6]. Thus, it is
necessary to develop a new approach for IDD.

IVD is composed of three parts: the central gelatinous
NP, the outer multilaminate annulus fibrosus (AF), and the
cartilage endplate [7]. NP is one of the most critical parts of

IVD, which can provide a suitable extracellular environment
for the growth and secretion function of NP cells [8]. There-
fore, it is believed that restoration of a degenerated NP may
be of great importance to the treatment of IDD. The function
and numbers of the endogenous IVD cells are decreasing
during the IDD procedure, which results in failure of cell-
based endogenous repair [9]. Mesenchymal stem cell-
(MSC-) based therapy has broad application prospects for
the treatment of IDD. Bone marrow-derived MSC [10],
adipose-derived MSC [11], human umbilical cord-derived
MSC [12], and other types of stem cells [13] have been used
to treat IDD. Unfortunately, the local microenvironment of
the degenerative IVD, which is characterized by hypertonic-
ity, acidic pH, limited nutrition, and oxygen [2, 14, 15],
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impaired cell viability, cell proliferation ability, and biosyn-
thesis ability of ECM [16, 17]. In 2007, Risbud et al. [18]
confirmed the existence of endogenous progenitor cells in
human NP. Other studies further confirmed that these kinds
of endogenous NP-derived MSC (NPMSC) show a stronger
tolerance to the harsh microenvironment compared with
other types of MSC [19, 20]. NPMSC have got increasing
attention and show remarkable prospects for the regenera-
tion of degenerative IVD [21].

The survival of transplanted MSC is a major obstacle for
MSC transplantation therapy [2]. MSC transplantation alone
cannot improve the local adverse microenvironment [15].
The scaffold-loaded cell transplantation can not only trans-
plant cells into the target locations but also create a suitable
microenvironment for the better survival of transplanted
MSC [22]. Due to the rheological and mechanical properties
of hydrogel similar to those of the native NP [23, 24], inject-
able hydrogel has become the preferred material for NP
repair. In this study, we aimed to investigate the regenerative
effects of injectable hydrogel combined with NPMSC in a rat
model of IDD. A schematic outline of the study is depicted in
Figure 1.

2. Materials and Methods

2.1. Animal Care and Use. Seventy healthy Sprague-Dawley
(SD) rats (weight, 180-220 g; age, 3-4 months) were provided
by the Laboratory Animal Center of Jiangsu University
(License no. SCXK (Su) 2018-0012). Animal care and use
followed the guidelines of Laboratory Animals published by

the US National Institutes of Health. All experiments were
approved by the Institutional Animal Care and Use Commit-
tee of Yangzhou University. Animals were bred in a rat box at
a controlled environment (26 ± 3°C, 12 : 12 h light/dark) with
a relative humidity of 70-85%. Experimental animals were
not restricted to get water and standard diet.

2.2. Isolation and Culture of NPMSC. Primary NPMSC were
isolated from the coccygeal IVD tissues of twenty SD rats.
The rats were killed by an overdose of pentobarbital, and
their tails were taken. Coccygeal IVD were harvested under
aseptic and light microscope conditions. The gel-like NP tis-
sue sample was washed three times with phosphate-buffered
saline (PBS) containing 1% penicillin-streptomycin (Gibco,
MD, USA) and digested with 0.2% collagenase type II (Gibco,
MD, USA) solution at 37°C for 2 h. After centrifugation at
800 g for 5min, the cell pellets were cultured in MSC culture
medium (Cyagen Biosciences, Guangzhou, China) supple-
mented with 20% fetal bovine serum (HyClone, UT, USA)
and 1% penicillin/streptomycin at 37°C with 5% CO2 of
humidified atmosphere. The medium with suspension cells
was removed after 1 day; then, the medium was completely
changed twice a week. The cells were passaged at a 1 : 3 ratio
at 80-90% confluence. After three passages, the NPMSC were
used.

2.3. Immunophenotypic Characterization. In accordance with
the appraisal standards of stem cells proposed by the
International Society for Cellular Therapy (ISCT), the NP-
progenitor cell surface marker Tie2 and the MSC surface

NP

Trypsin digestion

NPMSC

Hydrogel

3D RGD peptide

Mixed in vitro

Hydrogel + NPMSC

Injection

Hydrogel + NPMSC

31 G

Rotate 180°

21 G

Hold 5 s

2 weeks after operation

Figure 1: Schematic of the basic process of the present study. NPMSC were isolated from the coccygeal IVD of SD rats, and amplification was
performed in vitro. After IDD model induction by a 21G needle, injectable hydrogel-loaded NPMSC was transplanted into the degenerated
NP by a microsyringe.
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markers CD73, CD90, CD105, CD34, and CD45 were mea-
sured. Isotype controls (BD Biosciences, NJ, USA) were used
in each case as the negative control. To put it simply, 2 × 105
NPMSC were incubated with monoclonal primary antibod-
ies (CD105-phycoerythrin (PE), CD90-fluorescein isothiocy-
anate (FITC), CD73-PE, CD45-FITC, CD34-PE, and Tie2-
FITC (BD Biosciences, NJ, USA)) for 30min at room tem-
perature in the dark. Then, cells were washed twice with cold
PBS and resuspended in 500 μL PBS to produce a single cell
solution, and specific surface marker expression was detected
using flow cytometry (FACSCalibur, BD Biosciences).

2.4. Multipotent Differentiation. The multilineage differentia-
tion potentials of NPMSC were characterized by osteogenic,
adipogenic, and chondrogenic differentiation. Briefly,
NPMSC were resuspended at a density of 5 × 105/mL and
seeded in 6-well plates. When cultured cells reached 80%
confluence, the cells were cultured with osteogenic, adipo-
genic, and chondrogenic differentiation kits (Cyagen Biosci-
ences, Guangzhou, China). According to the manufacturer’s
instructions, after washing with PBS and fixing with 4% para-
formaldehyde for 20min, Alizarin red, Oil Red O, and Alcian
blue were used when the differentiation reached the required
days. Stained areas were observed under a fluorescence
microscope (Leica, Wetzlar, Germany).

2.5. The Optimum Concentration of Hydrogels. VitroGel 3D-
RGD hydrogel was purchased from TheWell Bioscience (NJ,
USA). Cell Counting Kit-8 (CCK-8, Dojindo, Japan) and
lactate dehydrogenase (LDH) assay kit (Beyotime Biotech-
nology, Haimen, China) were used to detect the optimum
concentration of the hydrogel. The hydrogel solution was
mixed directly with Hank’s (HyClone, UT, USA) at 1 : 0,
1 : 1, 1 : 2, and 1 : 3 (hydrogel : Hank’s, v/v) ratios at room
temperature. NPMSC were resuspended at a density of 5 ×
105/mL and mixed with different concentrations of hydrogels
at the ratio of 1 : 4. Hydrogel-loaded NPMSC were cultured
for 3, 7, and 14 days before determination. At each time
point, CCK-8 solution (10% CCK-8 in fresh DMEM) was
added and incubated at 37°C under 5% CO2 for 3 h. The
supernatant (100 μL) was collected and measured for the
absorbance values at 450nm. The cytotoxicity of different
concentrations of hydrogel on NPMSC was detected using
the LDH assay kit. The supernatant was collected at 3, 7,
and 14 days and tested for the absorbance values at 450 nm
by a microplate reader (Bio-Rad, Hercules, CA, USA).

2.6. Microstructure.As referred to the results above, the hydro-
gel was mixed with Hank’s in the optimal concentration of
hydrogel ratio; then, liquid medium was mingled with diluted
hydrogels at the ratio of 1 : 4 at 37°C for 30min. The specimens
were lyophilized under vacuum and cut into small pieces with
a thickness of 1mm. Then, the samples were coated with gold
and analyzed by a scanning electron microscope (SEM) at an
accelerating voltage of 5 kV (SUPPA 55, ZEISS, Germany).

2.7. Cell Proliferation. For cell proliferation, 4′,6-diamidino-
2-phenylindole (DAPI) and 5-ethynyl-2′-deoxyuridine
(Edu) (Beyotime, Haimen, China) staining was used in

in vitro 3D culture (hydrogel group) or 2D well plate culture
(control group). Briefly, the cell suspension and hydrogel-
loaded NPMSC were inoculated in 96-well plates
(100 μL/well). After 1, 4, and 8 days after culture, cells were
fixed with 4% paraformaldehyde for 10min and washed,
and then, cells were incubated with 100μL DAPI at ambient
temperature for 5min. In addition, at 8 days after culture,
cells of the two groups were incubated with Edu working
solution as described by the manufacturer’s protocol after
being digested or released. The stained samples were photo-
graphed under a fluorescence microscope (Olympus Europe,
Hamburg, Germany). ImageJ software (Wayne Rasband,
National Institute of Health, USA) was used for image anal-
ysis. Three randomly selected fields from three samples were
utilized for calculation.

2.8. Western Blot. NPMSC mixed with optimum concentra-
tion of hydrogel and inoculated (2.4mL/well) in a 6-well
plate was considered a hydrogel group, and NPMSC suspen-
sion cultured in the 6-well plate was considered a control
group. Both groups were cultured in MSC differentiation
kits (Cyagen Biosciences, Guangzhou, China) for 2 weeks.
When the scheduled time reached, the cells were obtained
and the total protein were extracted in RIPA buffer contain-
ing 1% PMSF on ice for 30min. Protein supernatant was
obtained by centrifugation for 20min at 4°C, and protein
concentration was measured using a bicinchoninic acid pro-
tein assay kit (Beyotime Institute of Biotechnology, Haimen,
China). Following electrophoresis in 10% sodium dodecyl
sulfate-polyacrylamide gel, the separated proteins were
transferred onto polyvinylidene fluoride membranes (EMD
Millipore, MA, USA). The membranes were blocked with
5% nonfat milk for 2 h at room temperature, then incubated
with primary antibodies 12 h at 4°C. The primary antibodies
were as follows: collagen type II (1 : 5000; Abcam, Cam-
bridge, UK), aggrecan (1 : 1000; Abcam), and β-actin
(1 : 10000; ABclonal, Wuhan, China). After washing three
times with Tris-buffered saline and 0.1% Tween 20, the mem-
branes were incubated with horseradish peroxidase- (HRP-)
labeled secondary antibodies (Sanying, Wuhan, China) for
2 h on a shaker at room temperature. Bands were visualized
using an enhanced chemiluminescence system. The relative
amount of protein was analyzed using ImageJ software. β-
Actin was used as the loading control.

2.9. IDD Model Induction and NPMSC Implantation. An SD
rat IDD model was established according to the method
reported in our previous study [25]. Briefly, the rats were
anesthetized using intraperitoneal injection of 50-80mg/kg
pentobarbital. After sterilization with povidone iodine, coc-
cygeal (Co) 5-6, Co6-7, Co7-8, and Co8-9 were percutane-
ously punctured by a 21G needle to a depth of 5mm.
Two weeks later, those different levels were divided into
four groups: hydrogel+cell group (Co5-6, hydrogel-loaded
NPMSC injection), hydrogel group (Co6-7, hydrogel injec-
tion only), PBS group (Co7-8, PBS injection only), and cell
group (Co8-9, NPMSC injection only), while the Co4-5
level was designated as the control group.
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To visualize the survival situation of transplanted
NPMSC, the injected NPMSC expressing mCherry were gen-
erated. Following the manufacturer’s protocol, when 50%
confluence was reached, the cells were transfected with
GV326 lentivirus vector-mCherry (GeneChem, Shanghai,
China) at a multiplicity of infection (MOI) of 10, 20, 50, or
100. The fluorescence microscope was used to detect the
expression of mCherry fluorescent protein 72 h later. Consid-
ering the transfection efficiency and cell damage, MOI = 100
was selected for succeeding infection. The NPMSC were
transferred to a complete medium after 18 h of transfection.
After 2 g/mL puromycin (Sigma-Aldrich, MO, USA) screen-
ing, the stably transfected NPMSC were used for transplanta-
tion. The 31G needle of a microsyringe was carefully inserted
in the middle of the disc, and the volume of injection of each
segment was 2 μL. The injection process was delayed for
approximately 5min to minimize leakage [26].

2.10. In Vivo Tracking. At 1 day and 30 days after injection,
rats were anesthetized with the method as described above.
After precooling the camera, anesthetized rats were sequen-
tially placed in the in vivo imaging system (IVIS) chamber
and the tail was placed in the center of panel. The IVIS
Lumina III (Xenogen, CA, USA) was used to detect the sig-
nal intensity of mCherry fluorescent protein in the injected
level (excitation wavelength: 587 nm; emission wavelength:
610 nm). The fluorescent signals were overlaid on a gray-
scale of the rat and quantified as mean total radiant
efficiency ð½photons/s�/½mW/cm2�Þ ± s:e:m: in a region of
interest (ROI) via the Living Image software (PerkinElmer).
The assured ROI was labeled at Co5-6 and Co8-9 where the
NPMSC is transplanted. The total luminescence within ROI
was procured from the overlaying luminescent images in
the IVIS directory.

2.11. Radiographic Analysis. To assess the disc height, lateral
radiographs of the coccygeal discs were taken preoperation,
preinjection, and 1, 2, 4, and 8 weeks after injection under
anesthesia as described above. Two independent imaging
technologists who were blinded to the study design assessed
the disc height index (DHI). According to the method
of Han et al. [27], DHI% was calculated using the follow-
ing formula: DHI% = ðpostpuncturedDHI/prepunctured
DHIÞ × 100%. The change of DHI expressed as DHI%
(postinjectionDHI/preinjectionDHI) was used to describe
disc height change.

MRI (3.0T, GE, CT, and US) taken preoperation, prein-
jection, and 1, 2, 4, and 8 weeks after injection was used to
evaluate the signal and structural change. Shortly, the rats
were anesthetized by intraperitoneal injection of 50-80mg/kg
pentobarbital and maintained by inhalation of 2% anesthetic
isoflurane. Sagittal T2-weighted images were obtained in the
following settings: (a) fast spin echo sequence with a time to
repetition (TR) of 3000ms and time to echo (TE) of 45ms,
(b) 9 excitations and 5 cm field of view, and (c) segment
thickness of 0.5mm with a 0mm gap. The MRI images were
evaluated by two radiologists who were blinded to the study
design using the MRI index to evaluate the rehydration of
NP tissue [28].

2.12. Histological Analysis. After MRI examination, the rats
were killed by an intraperitoneal overdosage injection of pen-
tobarbital and the tails were harvested at 4 weeks and 8 weeks
after injection. The specimens were fixed with formaldehyde,
decalcified with 10% ethylenediaminetetraacetic acid solution,
and embedded in paraffin. Sections were stained with HE, saf-
ranin O (SO), and toluidine blue staining and then captured
under a microscope. The degeneration score was evaluated
by two independent observers as previously reported [11, 28].

2.13. Macroscopic Observation of IVD. At 8 weeks after injec-
tion, the rats were killed as described above and tails were
obtained. After being washed with PBS, the surgical blade
was used to separate the adjacent vertebrae along the middle
of the disc under fluoroscopic guidance. The NP tissue was
photographed, and the area in the cross section was analyzed
by ImageJ software, which roughly represents the repair and
regeneration of NP.

2.14. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labeling (TUNEL) Assay. IVD sections were
obtained by the above method at 3 days after operation and
4 weeks and 8 weeks after injection; apoptosis-related DNA
damage was evaluated by TUNEL staining. In brief, after
being fixed in 4% paraformaldehyde solution for 30min
at 37°C, permeabilized in a solution containing 0.5% Tri-
ton X-100 for 5min, and washed twice with PBS, sections
were stained with freshly prepared TUNEL working liquid
(Beyotime, Haimen, China) at room temperature for 1 h in
the dark. Afterward, the sections were washed and stained
with Fluorochrome DAPI (Beyotime, Haimen, China) for
10min. The results were photographed by a fluorescence
microscope and analyzed by ImageJ software.

2.15. Immunofluorescent Staining. The rats were killed as
described above and the tails were obtained. The specimens
of the whole IVD with adjacent vertebral bodies were
harvested and cut into 5 μm with a freezing microtome
(Leica, Wetzlar, Germany) at 8 weeks after injection. After
being fixed in 4% paraformaldehyde for 30min, washed twice
with PBS, and blocked in 5% bull serum albumin for 1 h, the
tissue sections were incubated, respectively, overnight with
primary antibodies at 4°C: rabbit polyclonal anti-collagen
type II and anti-aggrecan (1 : 100, Abcam, Cambridge, UK).
After washing with PBS, slides were incubated, respectively,

Table 1: Primers used for reverse transcription quantitative
polymerase chain reaction.

Gene Primer/probe sequence

Collagen type II
5′-CATCCCACCCTCTCACAGTT-3′

5′-ACCAGTTAGTTTCCTGCCTCTG-3′

Aggrecan
5′-TCCACAAGGGAGAGAGGGTA-3′
5′-GTAGGTGGTGGCTAGGACGA-3′

β-Actin
5′-GGACTTCGAGCAAGAGATGG-3′

5′-GATGGAGTTGAAGGTAGTTTCG-3′
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with FITC-conjugated and Cy3-conjugated goat anti-rabbit
IgG (1 : 10000, ABclonal, Wuhan, China) secondary anti-
bodies for 2 h at room temperature in the dark. The immu-
nostaining results were photographed by a fluorescence
microscope and analyzed by Image-Pro Plus 6.0 software.

2.16. Real-Time Polymerase Chain Reaction (RT-PCR).
Quantification of collagen type II and aggrecan mRNA levels
was conducted using RT-PCR at 8 weeks after injection.
Total RNA was extracted using a TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). According to the instructions, the Pri-

meScript RT reagent kit and SYBR Premix Ex Taq (Vazyme
Biotech, Nanjing, China) were used to transcribe reversely
RNA to cDNA and amplify the cDNA. The mRNA expres-
sion levels of collagen type II and aggrecan were calculated
by the comparative Ct method. Primer sequences are listed
in Table 1.

2.17. Statistical Analysis. The quantitative data were
expressed as the mean ± standard deviation (SD). The SPSS
software (version 19.0 for Windows, SPSS, IL, US) was used
to conduct statistical analysis. The data of multiple
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Figure 2: Identification of nucleus pulposus-derived mesenchymal stem cells (NPMSC). (a) Isolated primary cells presented with a long
spindle shape and showed colony growth; the passaged cells were spindle-shaped. (b) NPMSC had higher expressions (>98%) of MSC
surface markers CD73, CD90, and CD105 and lower expressions (<2%) of hematopoietic stem cell surface markers CD34 and CD45 and
higher expressions (>80%) of Tie2. (c) NPMSC was positive for Alizarin red, Oil Red O, and Alcian blue staining after induced
differentiation. White scale bar = 50 μm.
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independent groups was analyzed by one-way ANOVA. The
LSD t-test was used to analyze the data of two group param-
eters. When the p value is less than 0.05, the difference was
considered significant.

3. Result

3.1. Evaluation of Isolated Cells. Cells isolated from rat coccy-
geal IVD tissues presented with a long spindle shape and
showed colony growth, indicating the ability to adhere to
plastic (Figure 2(a)). As shown in Figure 2(b), flow cytometry
identified that the cells highly expressed CD105 (98.22%),

CD90 (97.54%), and CD73 (97.55%) which are usually posi-
tive in MSC and inferiorly expressed CD34 (1.42%) and
CD45 (0.95%) which are negative in MSC, while the cells
highly expressed Tie2 (81.76%) which is positive in NP-
progenitor cells. The multilineage differentiation was certi-
fied by induction into the osteogenic, chondrogenic, and adi-
pogenic lineages in vitro (Figure 2(c)). All results showed that
the cells corresponded to the evaluation criteria of MSC
described by the ISCT.

3.2. Proper Concentration of the Hydrogel and Microstructure
of the Hydrogel. As shown in Figure 3(a), the cell viability of
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Figure 3: The proper concentration of hydrogel and microstructure of the hydrogel. (a) The proliferation of NPMSC cultured in different
concentrations of hydrogels. (b) The cytotoxicity of different concentrations of hydrogel for NPMSC. (c) SEM image of the 1 : 2 v/v
hydrogel surface. (d) Cross sections of 1 : 2 v/v hydrogel. Data represent mean ± SD; the error bars represent the standard deviation of
measurements for 6 separate samples (n = 6); ∗p < 0:05 compared with control group; #p < 0:05 compared with 1 : 2 v/v group. White scale
bar = 100 μm, blue scale bar = 50μm.
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all other groups was not significantly different from the con-
trol group except the 1 : 0 v/v group at day 3. Nonetheless, the
cell viability of the 1 : 2 v/v group was significantly higher
than those of other groups at days 7 and 14. In addition,
the released LDH reflected the cytotoxicity of hydrogel. The
LDH of the 1 : 0 v/v group was higher than those of the other
groups, and the difference was statistically significant. The
LDH of the 1 : 1 v/v group and 1 : 3 v/v group were higher

than that of the control group at day 14. But there was no sig-
nificant difference between the 1 : 2 v/v group and the control
group at each time point of LDH (Figure 3(b)). As shown in
Figures 3(c) and 3(d), the hydrogel at the concentration of
1 : 2 v/v displayed an irregular porous structure and the pores
were well connected which would facilitate cell migration.
Hence, the optimum concentration of hydrogel for NPMSC
was identified as 1 : 2 v/v.
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Figure 4: Cell proliferation and differentiation. (a) Representative images of DAPI staining for 2D (control group) and 3D (hydrogel group)
cultured NPMSC at 1, 4, and 8 days after cultivation. (b) Representative images of Edu staining for 2D (control group) and 3D (hydrogel
group) cultured NPMSC at 8 days after cultivation. (c) Investigation of growth rate and Edu-positive rate of NPMSC culture for 8 days in
the control group and hydrogel group. (d) Relative protein levels of collagen type II and aggrecan in the control group and hydrogel
group. Data represent mean ± SD; the error bars represent the standard deviation of measurements for 3 separate samples (n = 3);
∗p < 0:05 compared with the hydrogel group. White scale bar = 50μm.
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3.3. Cell Proliferation and Differentiation. The proliferation
of NPMSC cultured in the well plate and hydrogel was deter-
mined by cell number counting and the Edu method. The cell
number of both groups increased gradually at each time
point (Figure 4(a)). There was no significant difference
between the two groups in terms of cell proliferation rate at
day 4; however, the cell growth rate of the hydrogel group
was significantly higher than that of the control group at
day 8 (Figure 4(c)). At 8 days after culture, the rate of Edu-
positive cells in the hydrogel group was significantly higher
than that of the control group (Figures 4(b) and 4(c)). Colla-
gen type II and aggrecan are specific extracellular matrices
(ECM) of NP cells. The relative protein expressions of colla-
gen type II and aggrecan in the hydrogel group were signifi-
cantly higher than those of the control group (Figure 4(d)).

3.4. Cell Survival in the Transplanted IVD. To visualize the
survival situation of transplanted NPMSC in vivo, the IVIS
system was used to detect the luminescence of ROI after 1
day and 30 days after injection. As shown in Figures 5(a)
and 5(b), there was no significant difference in the lumines-
cence of defined ROI between the hydrogel+cell group and
the cell group at 1 day after injection. The photons of both
groups decreased significantly with time, and the lumines-

cence of ROI in the hydrogel+cell group was significantly
stronger than that of the cell group at 30 days after injection.
Thus, it was indicated that hydrogel can be used as a carrier
to support the long-term survival of NPMSC in vivo.

3.5. Radiographic and MRI Evaluation. To explore the degree
of IDD after injection, the DHI% was calculated. As shown in
Figures 6(a) and 6(b), the DHI% remained stable in the con-
trol group at each time point. The DHI% in all other groups
were significantly lower than that of the control group after
injection. There was no significant difference among different
groups at 1 week and 2 weeks after injection. The DHI% of
the hydrogel+cell and cell groups were significantly higher
than those of the PBS group and hydrogel group at 4 weeks
and 8 weeks after injection. In addition, there was no signif-
icant difference between the hydrogel+cell group and cell
group at 2 weeks and 4 weeks after injection, but a significant
difference at 8 weeks.

The MRI was used to evaluate the signal and structural
change of NP tissue (Figures 7(a) and 7(b)). The MRI indexes
of the PBS group and hydrogel group were lower than those
of the hydrogel+cell group and cell group at 2, 4, and 8 weeks
after injection. Additionally, there was no significant differ-
ence between the hydrogel+cell group and the cell group at
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Figure 5: Cell retention in the IVD. (a) Representative images of IVIS at day 1 and day 30 after injection. (b) The histogram of luminescence
of the hydrogel+cell group and cell group in the ROI in overlaying images. ROI was represented by a blue circle. The H-gel+cell group is the
hydrogel+cell group. Data represent mean ± SD; the error bars represent the standard deviation of measurements for 3 separate samples
(n = 3); ∗p < 0:05 compared with the hydrogel+cell group.
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1 and 2 weeks after injection, but a significant difference at 4
and 8 weeks after injection.

3.6. Histological Analysis and Macroscopic Observation of
IVD.HE staining (Figure 8(a)) showed that NP tissue was well
organized and homogeneous in the control group at each
point after injection. In the contrary, NP tissue was destroyed

or even disappeared, and AF tissue was disorganized and lost
its concentric lamellar structure in the PBS group and hydro-
gel group. The NP tissue almost disappeared and was filled
with fibrillar connective tissues in the PBS group and hydrogel
group at 8 weeks after injection. The structure of NP and
ECM distributions was clearly visible in the hydrogel+cell
group and cell group, but the quantity and structure of the
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Figure 6: Typical radiographs and DHI% of different groups preoperation, preinjection, and 1, 2, 4, and 8 weeks after injection. (a) The
radiographs of different groups. (b) DHI% was applied to quantitatively evaluate the changes of disc height. The H-gel+cell group is the
hydrogel+cell group. All data are expressed as the mean ± SD; the error bars represent the standard deviation of measurements for 6
separate samples (n = 6); ∗p < 0:05, ∗∗p < 0:01 compared with control group; #p < 0:05, ##p < 0:01 compared with hydrogel+cell
group; &p < 0:05, &&p < 0:01 compared with cell group.
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ECM in the hydrogel+cell group were much better than those
of the cell group. S-O staining (Figure 8(b)) showed that the
proteoglycan levels decreased significantly in the PBS group
and hydrogel group, but the hydrogel+cell group and cell
group exhibited stronger staining than the PBS group and
hydrogel group. Additionally, the hydrogel+cell group exhib-
ited stronger staining than the cell group. Toluidine blue
staining revealed that the hydrogel+cell group and cell group

exhibited more NP chondrocytes and positive proteoglycan
staining than the PBS group and hydrogel group
(Figure 8(c)). In addition, the staining intensity of the hydro-
gel+cell group was better than that of the cell group. The his-
tological scores of all other groups were significantly higher
than that of the control group at 8 weeks after injection, but
the histological score of the hydrogel+cell group was lower
than that of the cell group (Figure 9(c)). Except for the
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Figure 7: MRI images andMRI index of different groups. (a) Typical T2-weightedMRI images of different groups preoperation, preinjection,
and 1, 2, 4, and 8 weeks after injection. (b) The MRI index was applied to quantitatively evaluate the rehydration and regeneration of
degenerative disc. The H-gel+cell group is the hydrogel+cell group. All data are expressed as the mean ± SD; the error bars represent the
standard deviation of measurements for 6 separate samples (n = 6); ∗p < 0:05, ∗∗p < 0:01 compared with control group; #p < 0:05, ##

p < 0:01 compared with hydrogel+cell group; &p < 0:05, &&p < 0:01 compared with cell group.
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hydrogel+cell group and control group, the histological score
of the cell group was better than those of the other groups.

As shown in Figure 9(a), the shape of AF was regular and
the NP tissue was abundant and rich in water in the control
group at 8 weeks after injection. In the PBS group and hydro-
gel group, the structure of AF was disordered and the area of
the NP was significantly reduced and replaced by fibrous tis-
sue. Although the AF tissue was significantly thicker and the
area of the NP was significantly reduced, the boundary
between the AF and NP was clearer in the hydrogel+cell
group and cell group than in the PBS group and hydrogel
group. As shown in Figure 9(b), the relative areas of the NP
tissue in the hydrogel+cell group and cell group were signif-
icantly larger than those of the PBS group and hydrogel
group. Furthermore, the relative area of the NP tissue in the
hydrogel+cell group was larger than those in the other groups
except the control group.

3.7. The Cell Apoptosis Analysis. To elucidate the effect of
needle puncture molding and hydrogel in a rat tail disc, we
performed TUNEL staining for NP cells and NPMSC. At 3
days after operation, the rate of TUNEL-positive cells in
other groups was significantly higher than that of the control
group (Figure 10(a)). At 4 weeks after injection, the rate of
TUNEL-positive cells decreased significantly and the TUNEL-
positive cell rates in the hydrogel+cell group and cell group
were lower than those of the hydrogel group and PBS group

(Figure 10(b)). With the regeneration of NP tissue and the for-
mation of scar tissue, the rate of TUNEL-positive cells in all
groups was significantly lower than those before and there
was no significant difference among the groups at 8 weeks after
intervention (Figure 10(c)).

3.8. Immunofluorescence and RT-PCR Analysis. The protein
and mRNA expressions of collagen type II and aggrecan were
detected at 8 weeks after injection. There were expressions of
collagen type II and aggrecan in the control group, hydrogel
+cell group, and cell group (Figure 11(a)). Since the normal
structure of NP disappeared in the PBS group and hydrogel
group, only the smallest area of the NP tissue was found to
be positive for collagen type II and aggrecan (Figure 11(a)).
As shown in Figures 11(b) and 11(c), the quantitative analy-
sis was significantly higher in both collagen type II and aggre-
can in the hydrogel+cell group and cell group than in those in
the PBS group and hydrogel group, but significantly lower
than those in the control group. The quantitative analysis
was higher in collagen type II and aggrecan in the hydrogel
+cell group than in those in the other groups except the con-
trol group.

4. Discussion

Currently, conservation and surgical treatments are often
used to treat IDD, but those methods can only relieve
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Figure 8: HE, S-O, and toluidine blue staining of different groups. (a) Representative HE staining at 4 and 8 weeks after injection. (b)
Representative S-O staining at 4 and 8 weeks after injection. (c) Representative toluidine blue staining at 4 and 8 weeks after injection. The
H-gel+cell group is the hydrogel+cell group. White scale bar = 1mm, black scale bar = 50 μm.
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symptoms and may even aggravate the possibility of adjacent
IDD [6, 29, 30]. Cell transplantation-based biological therapy
may be more beneficial to repair and restore the biomechan-
ical function of IVD. Although implanted, autologous NP
cells could remain viable, produce ECM, and retain disc
height in the degenerative human IVD in an ex vivo study
[31]. However, several studies showed that the NP cell lost
its ability to differentiate and synthesize ECM [32] and thus
has limited application.

MSC have the ability to self-renew and multilineage
differentiation; some types of MSC can differentiate into
nucleopulpocytes (NPCytes) and produce ECM in the degen-
erated IVD [10–13]. So far, a variety of MSC have been used
[10–13, 33, 34], but the harsh microenvironment of the
degenerative IVD [35–37] result in reduced cell viability
and ECM synthesis of transplanted MSC [38]. Recently,
NPMSC was isolated from normal and degenerate NP tissue
and displayed preferable proliferation and better ability to
adapt to the harsh IVD microenvironment [39, 40]. Hence,
NPMSC may have considerable potential for regenerating
IDD. In the present study, the cells isolated from NP had
the following characteristics: (1) presenting with spindle-
shaped adherent growth and growing in colony formation,
(2) higher expressions of CD73, CD90, and CD105 (>95%)
and lower expressions of CD34 and CD45 (<5%), (3) higher
expressions (>80%) of the NP-progenitor cell surface marker
Tie2, and (4) having multilineage differentiation potential.

These characteristics met the criteria stated by the ISCT for
MSC. Combined with the isolated methods [41, 42], immu-
nophenotypic characterization [9], and cellular morphology
[43], the isolated cells were NPMSC indeed.

Both in vitro and in vivo animal studies have demon-
strated that MSC exert its regenerative effect in the follow-
ing ways: (1) differentiating into NPCytes, (2) activating
endogenous cells, and (3) producing an anti-inflammatory
effect [44–46]. In the present study, X-ray, MRI, and mac-
roscopic observation results demonstrated the regenerative
effectiveness of the transplanted NPMSC. The histological
staining results also confirmed that IVD with transplanted
NPMSC present more regular IVD structure and more
ECM. The results of immunofluorescence and RT-PCR fur-
ther confirmed that the expressions of collagen type II and
aggrecan in the NPMSC-transplanted groups (hydrogel+cell
group and cell group) were significantly higher than those
in the groups without NPMSC (PBS group and hydrogel
group). In addition, the transplanted NPMSC survived in
the transplanted IVD for at least 30 days visualized by the
IVIS system. Those results indicated that NPMSC can sur-
vive and produce regenerative effect in the transplanted
degenerative IVD.

NPMSC have the potential to differentiate into NPCytes
[34], but the harsh microenvironment of the degenerated
IVD present a major challenge to insure the survival and
function of the implanted cells. Some studies even showed
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Figure 9: Macroscopic observation and histological score of different groups. (a) Macroscopic images of different groups at 8 weeks after
injection. (b) The relative area of nucleus pulposus at 8 weeks after injection. (c) Histological scores obtained at 8 weeks after injection.
The H-gel+cell group is the hydrogel+cell group. Data represent mean ± SD; the error bars represent the standard deviation of
measurements for 6 separate samples (n = 6); ∗p < 0:05, ∗∗p < 0:01 compared with control group; #p < 0:05, ##p < 0:01 compared with
hydrogel+cell group; &p < 0:05, &&p < 0:01 compared with cell group. Scale bar = 1mm.
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that MSC injected without scaffolds had no regeneration
effect [47]. Injecting NPMSC into the IVD tissue has demon-
strated its ability to regenerate the degenerative IVD at some
degree in the previous and present studies [34]. However, sig-
nificant obstacles to successful cell therapy still remain, such
as leakage of MSC into IVD surroundings, osteophyte forma-

tion, and no improvement of IVD height [48]. Therefore, a
preferred option may be to encapsulate MSC into a carrier
to protect cell leakage and provide a suitable environment
to support MSC expansion and differentiation [49]. For this
reason, hydrogels are considered an ideal and popular choice
to load cells.
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Figure 10: TUNEL staining of different groups. (a) Representative images and the percentage of TUNEL-positive cells in NP tissues at 3 days
after operation. (b) Representative images and the percentage of TUNEL-positive cells in NP tissues at 4 weeks after injection. (c)
Representative images and the percentage of TUNEL-positive cells in NP tissues at 8 weeks after injection. The H-gel+cell group is the
hydrogel+cell group. Data represent mean ± SD; the error bars represent the standard deviation of measurements for 6 separate samples
(n = 6); ∗p < 0:05 compared with control group; &p < 0:05 compared with hydrogel+cell group. Scale bar = 200μm.
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Although several studies have focused on the study of
IVD cells and MSC transplantation for the treatment of
IDD [10, 13, 34], this study was the first to combine alloge-
neic NPMSC and injectable hydrogel for the treatment of
IDD. Several studies have shown that a scaffold with low stiff-
ness is more beneficial for NP-like differentiation [50]. In this
study, a polysaccharide hydrogel modified with 3D RGD
peptide was used, which can mimic the condition of the nat-
ural ECM of NP and provide binding sites for cells. The RGD
peptide creates cell-adhesive structures in the hydrogel and
greatly increases the long-term cell viability in 3D cultures
[51]. The result of in vitro study showed that the hydrogel
concentration of 1 : 2 v/v was most suitable for cell prolifera-
tion. This may be attributed to the fact that high crosslinking

hydrogel can hinder the nutrient transport, but the low cross-
linking hydrogel is less relatively rigid to provide a good scaf-
fold for cells. Some studies found that 3D culture and
spherical cell morphology could promote the viability and
differentiation of loaded cells [52, 53]. The present study also
demonstrated that the hydrogel can promote NPMSC prolif-
eration and induce it to differentiate in vitro confirmed by the
results of cell counting and quantified analysis of collagen
type II and aggrecan. The result of cell tracking further indi-
cated that the luminescence of ROI in the hydrogel+cell
group was significantly stronger than that in the cell group,
and the rate of TUNEL-positive cells in the hydrogel+cell
group was lower than that in the cell group. All those results
indicated that hydrogel used as a carrier in the present study
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Figure 11: Immunofluorescence and RT-PCR of different groups. (a) Immunofluorescence detection of collagen type II and aggrecan of
different groups at 8 weeks after injection. (b) The quantitative analysis of immunofluorescence staining. (c) Gene expression of collagen
type II and aggrecan of different groups at 8 weeks after injection. Data represent mean ± SD; the error bars represent the standard
deviation of measurements for 3 separate samples (n = 3); ∗p < 0:05, ∗∗p < 0:01 compared with control group; #p < 0:05, ##p < 0:01
compared with hydrogel+cell group; &p < 0:05, &&p < 0:01 compared with cell group.
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can support the long-term survival of NPMSC in vivo and
induce NPMSC to differentiate into NP cells.

The amounts of ECM and hydration state of the NP are
of great importance to the function of normal IVD. There
were increased expressions of collagen type II and aggrecan
in the hydrogel+cell group compared with the cell group.
MRI index can be considered an indirect indicator to reflect
the hydration state of NP tissue. There was also a significantly
higher MRI index in the hydrogel+cell group compared with
the cell group. However, the hydrogel alone did not regener-
ate the NP tissue as illustrated in the hydrogel group. Those
results indicated that hydrogel can promote the regenerative
effect of the transplanted NPMSC to enhance ECM synthe-
sis, and the hydrogel used in the present study can increase
the effect of the transplanted NPMSC on the hydration of
degenerative IVD. In addition, being preliminary, this study
still has some limitations. First, the use of a rat model of IDD
cannot fully reflect the natural course of human IDD; it may
be more representative to use large animals as models. Sec-
ond, there is no related research on the mechanical proper-
ties of the hydrogel, which is critical for the dispersion of
the IVD stress. Third, short experimental duration of this
study is insufficient to reflect the complete effect of the
hydrogel-loaded NPMSC transplantation on the repair of
degenerative IVD; future studies should extend the experi-
ment duration to a longer time.

5. Conclusion

This study demonstrated that the hydrogel modified with 3D
RGD peptide could promote the proliferation and differenti-
ation of NPMSC in vitro. Moreover, the hydrogel could
promote NPMSC’s long-term retention and survival in the
degenerative IVD and ECM secretion. NPMSC-alone trans-
plantation could repair degenerative IVD to a certain extent,
but the hydrogel-loaded NPMSC offered a better effective
and promising therapeutic strategy for IVD regeneration.
Therefore, hydrogel combined with NPMSC has a potential
therapeutic value in the regeneration of IVD.
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The coverage of massive burns still represents a big challenge, even if several strategies are to date available to deal with this
situation. In this study, we describe the use of a combination of platelet-rich fibrin and micrograft spray-on skin in order to
increase the yield of grafted cells in patients. We treated a total of five patients, of which two were affected by massive burns
and three with chronic burn wounds. Briefly, autologous micrografts were obtained by Rigenera technology using a class I
medical device called Rigeneracons. The micrografts were then combined with PRF and sprayed on the wound bed by a
Spraypen. Before applying PRF/micrograft spray-on skin, the wound bed was covered with an Integra® dermal template, and
the wounds were dressed with a layer of antimicrobial dressing applied directly over the silicone layer. When the silicone
layer of the dermal template started showing signs of separation, the wound was considered ready for grafting. In all cases,
we observed a fast and complete skin graft on average after 7-10 days by PRF/micrograft spray-on skin treatment. In
particular, two patients with massive burns reported rapid reepithelialization, and three patients with chronic burn wounds,
two of whom had failed skin grafts before the procedure, had complete wound healing within a week. In conclusion, the
results showed in this study suggest that the use of PRF/micrograft spray-on skin represents a promising approach in the
management of burns or chronic burn wounds.

1. Introduction

The coverage of massive burns (i.e., more than 40% TBSA) is
a challenge. As about 80% of the skin can be used as possible
donor sites, the area to be grafted in massive burns often
exceeds the available donor skin. A number of strategies are
available to deal with this situation. Reharvesting from previ-
ously used donor sites is possible but requires a regeneration
period of 2-3 weeks. Wide meshing (a ratio of 1 : 4 or more)
and the MEEK technique have been proposed to make better
use of available skin but also require time for reepithelializa-
tion of the interstices between the grafted areas, during which
time these areas need to be protected from dehydration and
microbial colonization. Cultured epithelial grafts also take
about 3 weeks to be cultured, and although recently an

affordable technique has been developed [1], long-term
results remain poor. Common to all these strategies is that
complete coverage of the burn wound takes time, during
which period the patient is at risk of burn wound infection,
sepsis, and death. In our environment, cadaver skin is rarely
offered, and the high rates of HIV/AIDS preclude the use of
amniotic membrane as a temporizing dressing. Spray-on skin
cells (suspended epithelial cells) are an alternative for these
patients [2, 3]. Although initially cells were cultured in a
medium before being sprayed on the skin, recently a new
technique has been described using fresh epidermal/dermal
cells in suspension, which are sprayed on immediately after
harvest [4, 5]. One problem with the use of spray-on cells
has been that when the cells are suspended in a low-
viscosity solution such as normal saline, they tend to be
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spread unevenly over the surface to be grafted, while there
may be a significant graft loss, as cells float off the wound
with the medium and end up on the towels. Some have
combined spray-on cells with fibrin to deal with these
problems [6, 7].

We recently developed a technique in which autologous
micrografts are combined with platelet-rich fibrin and
sprayed on the wound bed, in order to increase the yield of
grafted cells. Although it is possible to use spray-on skin as
the only skin cover, we have used the technique so far in
combination with other grafting techniques, such as wide
meshing using ratios of 3 : 1 or 6 : 1 or the MEEK technique,
in accordance with the extension of the burn area requiring
coverage and the available skin. The solution was first
sprayed over the wound before application of the graft,
followed by a second layer of solution. The spray was also
applied to the donor site, which was further managed in the
usual manner. A light compression bandage was used to pro-
tect the grafted areas. All grafted areas were reviewed on
postoperative days 4-5 to assess graft take.

Autologous micrografts containing viable progenitor
cells derived from the dermal-epidermal layer were obtained
by Rigenera technology using the Rigeneracons device
(Human Brain Wave, Italy), a biological tissue disruptor
designed to cut tissues into small micrografts that are subse-
quently injected or sprayed into the desired area. This tech-
nology was originally used for the treatment of skeletal
defects in orthodontic surgery [8, 9], but indications were sub-
sequently extended to plastic surgery, in particular for the
management of alopecia and chronic small wounds [10–12].

The combination of these two strategies, PRF and micro-
grafts sprayed on the wound bed, has other potential advan-
tages as well, related to the platelet-rich fibrin (abundance of
growth factors, nutrition for developing epithelial cells), that
made us explore its use in another group of patients which
pose a problem in burns units, particularly under conditions
of limited resources. Chronic burn wounds are the result of
poor burn care, where deep burns are not excised, but the
eschar is left to separate in the ward. This process can take
anything between 3 and 8 weeks, at the end of which the
wound is stuck in the inflammatory stage of wound healing,
has very high levels of proteinases such as matrix metallopro-
teinases, and is often heavily colonized by microorganisms
harbouring in biofilms [13]. Such wounds are characterized
by epithelialization arrest and overgranulation, and some-
times a band of dark red inflamed tissue can be observed at
the wound/skin interface. Such wounds have a high graft
failure rate, and in the worst scenario, wound progression
of the donor sites is observed, which may turn into full-
thickness wounds. These wounds are a sign of poor burn
care, which in a low-resource environment is often related
to late referrals or to insufficient resources to timely take
patients to theatre for a skin coverage procedure. The
treatment of these wounds is difficult, necessitating a pro-
longed period of wound bed preparation before grafting
can be attempted.

In this article, we describe the combined use of autolo-
gous micrografts in platelet-rich fibrin (PRF) to treat five
consecutive patients affected by burns.

2. Patients and Methods

2.1. Ethics. Ethical approval for use of the Trauma/Burns
database was granted by the UKZN-BREC ethics committee
(Class Approval BE 207/09). Ethical approval for micrograft
treatment was obtained from the Hospital Medical Human
Research Ethics Committee, and all patients gave informed
consent prior to the participation in this procedure.

2.2. Inclusion/Exclusion Criteria. The inclusion criteria were
the following: age between 18 and 55 yrs., TBSA between 6
and 55% deep partial to full thickness with or without inha-
lational injury requiring split skin graft, and patients with
open wounds not older than 2 months. The exclusion criteria
were the following: patient younger than 17 and older than
55, wounds older than 2 months, TBSA less than 5% and
more than 55%, and ventilated patient with septicaemia. A
total of 12 patients were screened, and five patients were
selected for the study.

2.3. Patients. We retrogradely analysed the records of
patients treated with PRF/micrograft spray-on skin during
the period between December 2017 and February 2018. Their
clinical characteristics are reported in Table 1. All were men
aged between 22 years and 46 years. Mechanism of injury was
a flame burn in 4 and a hydrochloride acid burn in the fifth
patient. The %TBSA burned ranged from 12% to 47%, with
a mean of 22.5%.

The majority of the wounds in the patients with extensive
burns were located over the torso, abdomen, neck, and face,
and most of them had exposure of underlying bone struc-
tures postescharotomy. When a viable wound bed was
achieved, large area wounds, including those involving the
torso, the abdomen, and the neck and those involving an
exposed bone (tibia), were then covered with an Integra® der-
mal template (Baroque, South Africa). The wounds were
dressed with a layer of antimicrobial dressing (Acticoat®
nanocrystalline silver dressing, Smith and Nephew) applied
directly over the silicone layer followed by a nonocclusive
dressing in four patients and negative wound pressure ther-
apy in the remaining patient for 10 consecutive days. When
the silicone layer of the dermal template started showing
signs of separation, the wound was considered ready for
grafting and taken to theatre. All the procedures performed
on the patients before the PRF/micrograft spray application
are indicated in Table 1.

2.4. Methods. The method used in this study involves the
combination of the following two techniques: platelet-rich
fibrin (PRF) and micrograft spray-on skin. The steps are
summarized in Figure 1 and detailed below.

2.5. Platelet-Rich Fibrin (PRF). Vivostat® (Vivostat A/S,
Lillerød, Denmark) technique [14] manufactures 5ml of
platelet-rich fibrin from 120ml of the patient’s own blood
to which citrate is added to keep it in a liquid form, by ultra-
centrifugation for 25 minutes. The blood needs to be taken
before the start of the surgery, as the resulting trauma will
draw platelets to the operative site, diminishing the platelet
concentration in the blood [15]. Activation of fibrin
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solidification does not require the addition of thrombin as
in platelet-rich plasma but is simply accomplished by add-
ing an alkaline buffer [16]. Where 120ml of the patient’s
blood could not be provided, we have used banked whole
blood to manufacture the PRF. The remainder of the
blood can be transfused (back) into the patient. The cen-
trifugate, consisting of platelet concentrate in polymerized
fibrin, is then transferred to an application device (Spray-
pen), which sprays a fine mist of PRF over the wound. It
was originally designed for use in neurosurgical proce-
dures as a hemostatic agent to decrease postsurgical leak-
age and has successfully been used in renal [17] and
thoracic surgery [18]. It was introduced into burn surgery
to aid in hemostasis producing other benefits such as bet-
ter graft fixation and higher graft take.

2.6. Micrograft Spray-On Skin. Micrografts were obtained
using the Rigeneracons medical device as previously
described [12]. Briefly, the donor area was prepared by
gently removing the top epidermal layer using the Versajet®
hydrodissector until the bleeding dermis tissue is reached.
Subsequently, a thin layer of skin is harvested using a
Davis® dermatome, obtaining a sample of 0.2mm (0.008
inch) deep and 4 by 2 cm2 in size. The aim is to obtain cells
from the epidermal-dermal junction [19]. This sample of
the dermis is then cut with a scalpel blade into small pieces
(1 to 2mm wide) and inserted into the Rigeneracons device
for mechanical disaggregation. This provides five milliliters
of dermal micrograft suspension that is then transferred to
a syringe provided in the Vivostat® kit. This syringe is then
placed in the Vivostat® delivery unit alongside the syringe

Table 1: Clinical characteristics of five patients enrolled with the indications of previous treatments and application of PRF/micrograft spray-
on skin.

Patient Age Case history Previous treatment Treatment with PRF/micrograft spray

1 39

Assault with an unknown flammable
substance, resulting in 45% TBSA

full-thickness burn over the anterior
torso and neck and inhalational injury

(Figure 2(a))

Full necrotomy by performing sharp
excision and hydrosurgery with

following exposure of the ribs and
sternum (Figure 2(b)). Coverage of
wound bed with a dermal template

(Integra®) and an antimicrobial dressing
(Acticoat®, S&N) (Figure 2(c))

After 10 days, the patient was taken to
theatre again where the silicone layer
over the chest and the flank was

removed and a 4 : 1 meshed graft was
placed over the neodermis.

PRP/micrografts were sprayed over the
wound bed and over the meshed graft.

The grafted area was exposed on
postoperative day 5.

2 22

Full-thickness chemical assault burn
with 25% TBSA. The clinical picture
suggested a hydrochloride acid burn
and the areas involved were the chest,
abdomen, multiple areas over the face,

both arms, and both legs.

Complete excision of the burn area
was performed down to the periosteum
of the ribs. The wound bed was covered
with an Integra® dermal template and
an antimicrobial dressing (Acticoat®,

S&N).

After 8 days, the silicone layer was lifted
and removed, both arms and forearms
were grafted with a mesh graft to a ratio
of 4 : 1; PRF/micrografts were sprayed
over the bed and the graft. The grafted
areas were exposed on postoperative

day 5.

3 43
Full-thickness poured petrol burn
over both lower limb and feet with

a 6.5% TBSA

Conservative treatment with silver
sulfadiazine dressings on alternative
days for over 3 months. Due to

nonhealing wounds over the affected
areas, a pus swab was done showing a
wound colonization with Pseudomonas
aeruginosa, responsive to ciprofloxacin.

After a 5-day course of antibiotics, he
was taken to theatre. His wounds were
debrided with hydrosurgery (Versajet®),

and a combination of PRF and
micrografts was sprayed over the wound
bed and over the meshed graft (3 : 1).

4 45

Full-thickness flame burn with 15%
TBSA treated by a traditional healer.
The burn involved the left flank, part
of the chest, left arm, and forearm.

Conservative treatment for 3 months
before transfer to the Burn Unit where

the patient was dressed with
polyurethane foam (Biatain®, Coloplast)

After 4 days, wounds were debrided with
the Versajet® hydrodissector and wound

bed was sprayed with PRF and
micrografts. Harvested skin was meshed
4 : 1 and applied, followed by a second
application of PRF/micrografts. A

dressing with plain petrolatum gauze
was performed.

5 33

Electrical burns with 15% TBSA on both
arms and both legs. He had been found
unconscious after the arc of electricity

hit the ladder he was holding
(±66000V).

Conservative treatment for 2 months
before transfer to the Burn Unit

The wounds were cleansed with
hydrosurgery (Versajet®) and then
PRF/micrografts were sprayed.

Ultrathin layer Integra® was then
applied over the patella and the popliteal
fossa on the right leg, and the areas were
then covered using a modified Meek
technique (Humeca®, Netherlands).
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containing 5ml of PRF solution. When added to the Vivo-
stat® delivery system, both solutions are mixed immediately
and are sprayed simultaneously over the wound bed using
the Spraypen.

3. Results

In the first patient, the grafted area was exposed on postoper-
ative day 5 observing a perfect adherence of the graft onto the
neodermis and visible new dermal formation in the meshed
areas with a complete reepithelialization on day 7 post skin
graft (Figures 2(c)–2(e)). We performed the same procedure
over the remaining wounds 6 and 8 weeks later. The delay
between the two surgeries resulted from complications as a
result of tracheostomy for difficult intubation during a rou-
tine dressing change in theatre, which was further compli-
cated by a pneumonia with bilateral pleural effusion. The
patient was discharged after a total length of stay of 15 weeks.

In the second patient affected by chemical assault burn,
we observed a good adhesion of the graft to the wound bed
with new skin bridging formation visible in the meshed
graft. The procedure was repeated 21 days later over the
chest and the abdominal wall with similar results. Small
additional wounds over the lower limbs and the feet were
grafted a month after admission. The patient was dis-
charged with a completely healed wound after a total hospi-
tal stay of 14 weeks.

In the third patient, at the first dressing change on day 4
postoperatively, the grafted areas were found to be perfectly
healed and dry and were dressed only with aqueous cream
(Figure 3). The donor areas (sprayed with the same combina-

tion) were fully healed when first exposed on day 6 post op.
The patient was discharged on day 8 postoperatively after
spending 13 days in the unit.

For the fourth patient, when exposed on day 5 post skin
graft, 100% skin graft take was shown. The donor areas were
found to be fully reepithelialized on day 6 post harvesting.
The patient was discharged 20 days after admission with fully
healed wounds.

In the fifth patient, grafted and donor areas were exposed
on day 7 postoperatively. The donor areas were found
completely healed, with excellent graft take over the grafted
areas. The patient was discharged to base hospital 5 weeks
after admission to our unit. A summary of clinical outcomes
is reported in Table 2.

4. Discussion

Both the use of platelet-rich plasma (PRP) and of suspended
epithelial cells are strategies that already form part of the
armamentarium of the burn surgeon [20–22]. PRP is plasma
with a higher concentration of platelets than baseline,
obtained through centrifugation of the patient’s blood, after
which the supernatant is siphoned off [15]. The platelets
are usually concentrated 3-5 times by this method, although
the process has not been standardized [20]. Immediately
before application, the solution is activated by the addition
of bovine thrombin. When injected into the tissues or
sprayed onto a wound surface, the activated PRP immedi-
ately forms a fibrin clot (similar to fibrin glue) resulting in
hemostasis and fixation of the graft to the wound bed. Harkin
et al. [5], Grant et al. [23], and Mittermayr et al. [6] demon-
strated this in pig studies using a fibrin sealant, although
others failed to demonstrate a beneficial effect on graft take
[7]. The latter study was, however, criticized because only
small wounds were used, and the dressings used did not rep-
resent what is normally used for massive burns [16].
Although initially used as an alternative to the fibrin sealant
in corneal and nerve repairs, when PRP became commer-
cially available in the 1990s, indications rapidly expanded
to include its beneficial effects on tissue healing, regeneration,
and cell proliferation. However, PRP has several disadvan-
tages, not least of which is that it requires the addition of
bovine thrombin with its resultant risks such as life-
threatening coagulopathies and allergic reactions [22]. This
led to the development of a second generation of platelet
products, of which platelet-rich fibrin is the prime represen-
tative. PRF has proven to be as effective as PRP, while avoid-
ing the side effects.

The advantage of a platelet-derived product such as PRF
over fibrin sealants is, indeed, the presence of thrombocytes.
It has long been recognized that platelets have many more
functions than their role in coagulation [24, 25]. Platelets
play a central role in pathogen surveillance and containment,
as well as in wound healing. After activation, platelets release
over 300 different proteins, including coagulation factor, che-
mokines, proinflammatory cytokines, and over 30 different
growth factors, proteases, and protease inhibitors. In addi-
tion, platelets are able to modulate inflammatory and healing
processes through direct cell-to-cell contact. They contain

Autologous venous blood or banked whole blood

Skin biopsy to obtain micrografts by Rigenera®
technology

Mechanical disaggregation of skin biopsy by
Rigeneracons device

Vivostat® processor / PRF

Combination of PRF and micrografts for spray-on skin

Large mesh graft over the wound bed and second
layer of spray over the graft

Graft wound exposed day 4-5 post-operative

Figure 1: Sampling schedule and steps for the combined technique
PRF/micrograft spray-on skin.
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microbiocidal proteins and have been shown to engulf
viruses and bacteria. The many growth factors produced by
the platelet encourage multiplication as well as vascular
ingrowth to provide nutrition to the seeded cells. Cell adhe-
sion molecules released by platelets, such as fibronectin and
vitronectin, enhance the migration of epithelial and vascular
cells [26]. It has also been suggested that the fibrin strands
may act as a template for epidermal migration [7]. Agren
et al. [14] demonstrated that PRF, as obtained using the
Vivostat technology, contains 3.9 times as many platelets as
the baseline blood, as well increased levels of transforming
growth factor-β1, platelet-derived growth factor-AB, basic
fibroblast growth factor, and vascular endothelial growth fac-
tor. MMP-9 levels were reduced 139-fold. The beneficial
effects of PRP on wound healing have been confirmed
in vitro by Xian et al. [27] and in a murine study by Law
et al. [28]. The effects of PRP seem to be concentration-
dependent, with higher concentrations promoting inflamma-

tion and collagen deposition and lower concentrations
enhancing wound remodelling [27]. A meta-analysis con-
cluded that the application of PRP expedited the healing of
wounds and in particular of chronic wounds [11]. However,
a—theoretical—side effect may result from the intense
inflammatory reaction caused by the increased platelet level,
i.e., increased long-term scarring [29]. Venter et al. demon-
strated that on its own, PRP has no benefit in full-thickness
wounds. They explain this by the absence of epithelial cells
(“substrate”) in the full-thickness burn [26].

In addition, the plasma contains nutrients for the epithe-
lial cells during the period before the nutrient vessels have
established themselves.

The use of epidermal cell suspensions (“spray-on skin”)
in burn patients has been called a “common practice with
no agreed protocol” with regard to indications for its use,
techniques used, dressings to be used, timing of first wound
review, and outcome measures [21]. In principle, two

(a) (b) (c)

(d) (e)

Figure 2: Representative images for patient 1. (a) Admission picture where a full-thickness burn over the anterior torso and neck is evidenced.
(b) Post excision of burn eschar. (c) After application of Integra. (d) After application of PRF/spray-on skin; first dressing change: near-
complete reepithelialization of grafted areas. (e) Results after 10 days postgrafting.

5Stem Cells International



techniques are used. In cultured epidermal cell suspensions
after enzymatic separation of the cells, they are brought into
suspension and incubated for a minimum of 21 days to allow
multiplication. The suspension is then sprayed over the
wound bed or injected into the wound edges. The solution
in which the keratinocytes are suspended varies from normal
saline, lactate solution, hyaluronic acid matrix, to fibrin. Dis-
advantages of cultured epidermal cell suspensions are long
delay caused by the culture, high rates of infection, and high
costs and the fact that cultured cell suspensions contain only
keratinocytes [30]. Long-term fragility of the new skin has
also proven a problem [31]. Uncultured epidermal cell sus-
pensions contain all types of skin cells, including keratino-
cytes, fibroblasts, melanocytes, and Langerhans cells and
therefore should provide better long-term outcomes [4].
Wood et al. [19] analysed cell populations obtained with
ReCell® and found that 75.5% of the total cell population

was viable, which consisted of 64 ± 28 8% keratinocytes,
30 3 ± 14 0 fibroblasts, and 3 5 ± 0 5Y melanocytes. Separa-
tion of the skin cells may occur enzymatically (ReCell®) or
mechanically (Rigenera®). No comparative studies are avail-
able to indicate which method is superior. A theoretical ben-
efit of the Rigenera® method might be that keratinocytes and
fibroblasts remain in contact, as cell-to-cell contact with
fibroblasts has been suggested to be required for keratinocyte
proliferation [27].

Zhao et al. [4] conducted a systematic review of the
reported experience with spray-on skin in chronic wounds,
including 5 studies and a total of 61 wounds. 44 (72%) of
which had experienced (near) complete healing at the end
of the observation period. Forty-three patients were managed
with an uncultured suspension, with a good result in 30
(70%). The Medical Technologies Advisory Committee of
the UK National Institute for Clinical Excellence (NICE)

(a) (b)

Figure 3: Representative images for patient 3. (a) Chronic burn wound with failed graft, overgranulation, and inflammatory margins. (b) Day
4 post widely meshed graft and PRF/spray-on skin where the wound is already reepithelialized.

Table 2: Clinical outcomes.

Patient Age Case history Graft take Full wound closure

1 39
Assault with an unknown flammable substance, resulting in 45% TBSA full-

thickness burn over the anterior torso and neck and inhalational injury (Figure 2(a))
97% D/C 15 weeks post grafting

2 22
Full-thickness chemical assault burn with 25% TBSA. The clinical picture
suggested a hydrochloride acid burn, and the areas involved were the chest,

abdomen, multiple areas over the face, both arms, and both legs.
96% D/C 9 weeks post grafting

3 43 Full-thickness poured petrol burn over both lower limb and feet with a 6.5% TBSA 98% D/C 22 days post grafting

4 45
Full-thickness flame burn with 15% TBSA treated by a traditional healer.
The burn involved the left flank, part of the chest, left arm, and forearm.

98% D/C 39 days post grafting

5 33
Electrical burns with 15% TBSA on both arms and both legs. He had been found
unconscious after the arc of electricity hit the ladder he was holding (±66000V). 98% D/C 32 days post grafting
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[3] published a review of the use of ReCell® in the acute
management of burns. The review included a total of 817
patients in 3 published studies as well as an unknown num-
ber from congress abstracts (overlap between studies could
not be excluded). Of the 817 published patients, 384 received
epithelial cell suspension. Two studies found that the time to
healing or total hospital stay was shorter for patients treated
with epithelial cell suspension [32], while in the remaining
study no statistically significant difference was found.
Gravante et al. [2] also found no statistically significant
differences for postoperative pain and development of
contracture at one-month follow-up compared to patients
who had a conventional skin graft.

We report here five cases in which we used a combination
of PRF and micrograft suspension in the treatment of burn
wounds. The first two patients had massive, deep burns, cov-
ering more than 40% of the body surface and in both cases
“fourth degree” (extending into the subcutaneous tissues, in
both cases penetrating through the anterior fascia of the
intercostal muscles). Both patients were admitted to our
Trauma Intensive Care Unit for ventilation of an associated
inhalation injury. Both underwent early total excision of the
burn wound, followed by application of a dermal substitute
for two principal reasons. During the early stage, the dermal
matrix in combination with the overlying polyurethane film
provides a low-colonized, moist wound environment, allow-
ing the wound to enter the wound healing stage of prolifera-
tion and the ingrowth of neovasculature into the collagen
matrix of the dermal template. At the end of this stage, the
film will lift off, a sign that the wound is now ready to receive
a graft. At this point, the patient is taken back to theatre for a
widely spaced skin graft (either a widely meshed graft or by
the use of the Meek technique), supplemented by the PRF
and spray-on micrografts. The use of spray-on epithelial cells
over an Integra® dermal template was described in a porcine
model byWood et al. [33], and although these authors used a
one-stage procedure, there have been no reports in humans.

In a resource-limited environment, a significant number
of patients are referred late, sometimes after a period of many
months in a peripheral hospital. This situation may result
when the burns centres have insufficient beds to manage all
burn patients in their catchment area, while regional hospi-
tals lack resources and manpower to surgically manage
burns. Burns that are referred late (i.e., more than a month
post injury) have invariably full thickness, either because
the depth of the wound was underestimated on initial assess-
ment or the wound has progressed because of the heavy con-
tamination with bacteria that inevitably occurs in chronic
burn wounds. Such burns are characterized by biofilms and
high concentrations of natural proteinases, such as matrix
metalloproteinases (MMPs), which lock the healing process
in the inflammatory stage. Split skin grafts will often fail on
such wounds, and this may be associated with progression
of the donor sites to full-thickness wounds, eventually leaving
a larger area to cover than before the attempted skin graft.
Two of the three patients in our series had failed skin grafts
before the index procedure. We currently treat these wounds
with Prontosan® in combination with either nanocrystalline
silver or honey-based dressings in an attempt to break down

biofilms and decrease the bioburden and with topical steroids
to reduce MMPs and other inflammatory mediators. This
usually results in a graftable wound bed in 1-2 weeks, when
the patient is taken to theatre. The three patients described
underwent this regimen of wound bed preparation and were
taken to theatre when the surgeon deemed the wounds
ready for grafting. They were then covered with widely
meshed graft and PRF/spray-on micrografts, each one with
excellent results.

Although we originally thought we were the first to use
this combination in humans, we have since come across a
report from Birmingham, UK, where a similar protocol, but
using the ReCell technique of epithelial cell preparation,
was used to cover a 15% area of full-thickness burn over
the back [16]. The patient had previously undergone five
grafts, associated with significant graft loss. In the sixth sit-
ting, a mixture of platelet-rich fibrin and suspended epithelial
cells (processed using the ReCell® technique) was applied
using the Vivostat® system. On day 7, there was excellent
graft take.

Being a small retrospective evaluation, this study has sev-
eral limitations. In the two patients with massive burns,
although the graft take was excellent and sustained, the
length of hospital stay in both patients was still longer than
expected from the one day/%TBSA burnt rule, which on
average applied to our patients in a previous epidemiological
study [34]. The short follow-up period did not allow for
assessment of long-term results, which might be adversely
affected by the platelets administered to the wound as stated
above. The patients in which the technique was used for the
management of chronic wounds with reepithelialization
arrest were subjected to a multimodal treatment, of which
very few of the components have been subjected to scientific
investigation. However, we feel that the results of PRF/micro-
graft spray-on skin are sufficiently promising to warrant set-
ting up a randomized trial and setting one up.

5. Conclusion

The use of a micrograft suspension in platelet-rich fibrin
was described. Two patients with massive burns who were
subjected to wide meshing experienced rapid reepitheliali-
zation, which however was not translated to a shorter stay
in the hospital. Three patients with chronic burn wounds,
two of whom had failed skin grafts before the procedure,
had complete wound healing within a week. Further inves-
tigation in the form of a properly executed randomized
trial is warranted.
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Aims. Cavernosal endothelial dysfunction is one of the factors in developing diabetic erectile dysfunction (DED), but the mechanism
of cavernosal endothelial dysfunction is unclear. The present study is aimed at determining the contribution of autophagy in
cavernosal endothelial dysfunction of DED rats and explaining the therapeutic effect of urine-derived stem cells (USCs). Methods.
After rat corpus cavernosal vascular endothelial cells (CCECs) were isolated and cultured in vitro, CCECs were treated with
advanced glycation end products (AGEs) to mimic the diabetic situation. Autophagy flux, proliferation, and apoptosis of CCECs
were determined by mRFP-GFP-LC3 adenovirus infection combined with fluorescence observation and western blot analysis.
USCs were isolated from the urine of six healthy male donors, and coculture systems of USCs and CCECs were developed to assess
the protective effect of USCs for CCECs in vitro. The contribution of autophagy to the cellular damage in CCECs was evaluated by
the autophagic inhibitor, 3-methyladenine (3-MA). Then, DED rats were induced by streptozotocin (50mg/kg) and screened by
apomorphine test (100 μg/kg). In DED rats, USCs or PBS as vehicle was administrated by intracavernous injection (n = 15 per
group), and another 15 normal rats served as normal controls. Four weeks after injection, erectile function was evaluated by
measuring the intracavernosal pressure (ICP) and mean arterial pressure (MAP). Cavernosal endothelial function and autophagic
activity were examined by western blot, immunofluorescence, and transmission electron microscopy. Results. In vitro, AGE-treated
CCECs displayed fewer LC3 puncta formation and expressed less LC3-II, Beclin1, and PCNA but expressed more p62 and cleaved-
caspase3 than controls (p < 0 05). Coculture of USCs with CCECs demonstrated that USCs were able to protect CCECs from
AGE-induced autophagic dysfunction and cellular damage, which could be abolished by 3-MA (p < 0 05). DED rats showed lower
ratio of ICP/MAP, reduced expression of endothelial markers, and fewer autophagic vacuoles in the cavernosal endothelium when
compared with normal rats (p < 0 05). Intracavernous injection of USCs improved erectile function and cavernosal endothelial
function of DED rats (p < 0 05). Most importantly, our data showed that the repaired erectile function and cavernosal endothelial
function were the result of restored autophagic activity of the cavernosal endothelium in DED rats (p < 0 05). Conclusions.
Impaired autophagy is involved in the cavernosal endothelial dysfunction and erectile dysfunction of DED rats. Intracavernous
injection of USCs upregulates autophagic activity in the cavernosal endothelium, contributing to ameliorating cavernosal
endothelial dysfunction and finally improving the erectile dysfunction induced by diabetes.
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1. Introduction

Erectile dysfunction (ED) is a common complication of dia-
betes, affecting 35% to 90% of male patients [1]. Diabetic
ED (DED) has an earlier onset and is more severe, and its
incidence increases with disease duration [1–3]. The core
pathogenesis of DED is cavernosal smooth muscle relaxation
disorder and corporal fibrosis, leading to corporal veno-
occlusive dysfunction [4–7]. Cavernosal endothelial dysfunc-
tion is currently suggested as an initiating factor in developing
DED, and it is in the upstream of smooth muscle relaxation
disorder and corporal fibrosis [8–10]. Cavernosal endothelial
dysfunction can be promoted by hyperglycemia-induced
formation of advanced glycation end products (AGEs) or
increased oxidative stress [9, 11]. But the mechanism of caver-
nosal endothelial dysfunction remains to be elucidated.

Autophagy is an evolutionarily conserved cellular cata-
bolic process, in which cytoplasmic materials are encased in
intracellular vesicles and then delivered to lysosome for deg-
radation [12, 13]. In most cells, a basal level of autophagy is
occurring constantly and is essential to maintain the cellular
homeostasis by eliminating damaged organelles, protein
aggregates, and invading pathogens [14]. Numerous studies
have indicated that autophagy plays critical and complex
roles in diabetes and its complications [15–17]. Autophagy
defect induced by mTORC1 upregulation was found in
podocytes of both animal models and humans with diabetic
nephropathy [18]. And it is reported that histone HIST1H1C
regulates autophagy in the development of diabetic retinopa-
thy [19]. However, limited studies have addressed the rela-
tionship between autophagy and DED.

Owing to the complex pathogenesis, DED does not
respond well to phosphodiesterase type 5 inhibitors which
are currently the first-line treatment for ED [20–22]. Conse-
quentially, it is urgent to develop new therapies targeting
DED. Recently, stem cell therapy has become a novel choice
for ED treatment [23]. Several types of stem cells, such as
bone marrow-derived mesenchymal stem cells and adipose
tissue-derived stem cells, have been proven to be effective
for the treatment of DED [24–26]. Urine-derived stem cells
(USCs) are a new subpopulation of stem cells isolated from
human urine. Our previous study and unpublished data
revealed that USCs originate from parietal epithelium cells
of the renal capsule [27]. They can be easily isolated and
expanded by noninvasive method in vitro, possess multipo-
tential differentiation capacity, and share similar characteris-
tics of mesenchymal stem cells (MSCs) [28–30]. We have
previously demonstrated that both USCs and USCs geneti-
cally modified with bFGF could improve erectile function
and repair cavernosal endothelial structure in DED rat
models [31]. The exact mechanisms of USCs’ repair effect
on cavernosal endothelial dysfunction and whether USCs
take effect via regulating autophagic activity are unclear.

Based on the above evidence, in this study, we have
focused on endothelial dysfunction in DED, and thus on
the autophagic changes of cavernosal endothelial cells in a
diabetic state in vitro and in vivo, and whether USCs restored
erectile function and cavernosal endothelial function via the
regulation of autophagy.

2. Materials and Methods

2.1. Isolation, Culture, and Identification of USCs. A total of
18 sterile voided urine samples (300-400ml) from 6 healthy
male volunteers (24-28 years old) were collected. The proto-
col to use human urine samples conforms to the ethical
guidelines of Helsinki Declaration and was approved by
the Institutional Review Board of the First Affiliated Hospital
of Sun Yat-sen University. Written informed consent was
obtained from every urine donor. The USCs were isolated
and cultured as reported previously [28]. Briefly, fresh mid-
and last-stream urine samples were centrifuged at 500 × g
at room temperature for 10 minutes, and the cell pellet was
gently suspended with mixed medium composed of keratino-
cyte serum-free medium and progenitor cell medium in a
1 : 1 ratio. The cell suspension was plated in 24-well plates
and incubated at 37°C in a humidified atmosphere with 5%
CO2. The culture medium was refreshed every other day.
Colonies that derived from single cells were marked and pas-
saged using 0.25% trypsin when they reached approximately
80% confluence. USCs at passage 3–4 were used for the fol-
lowing study.

The USCs were identified according to our previously
described methods [31]. The osteogenic and adipogenic
differentiation of the USCs were assessed by Alizarin red S
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or Oil
red O staining (Abcam, Cambridge, UK), respectively. Cell
surface markers of USCs were measured with flow cytometry
analysis (S3e™ Cell Sorter, Bio-Rad Laboratories, USA) by
using fluorochrome-conjugated antibodies including CD24-
FITC (20 μl/test; 560992, BD Biosciences, USA), CD31-
FITC (20 μl/test; 560984, BD Biosciences), CD34-FITC
(20 μl/test; 560942, BD Biosciences), CD44-PE (20 μl/test;
561858, BD Biosciences), CD45-PE (20 μl/test; 561866, BD
Biosciences), CD73-PE (20μl/test; 561014, BD Biosciences),
CD90-APC (5μl/test; 561971, BD Biosciences), and
CD105-PE (5μl/test; 560839, BD Biosciences).

2.2. Culture and Characterization of CCECs. The primary
cultured rat corpus cavernosal vascular endothelial cells
(CCECs) were purchased from Procell Life Science & Tech-
nology Co. Ltd. (Wuhan, China). CCECs were cultured in
endothelial cell growth media (EGM-2; Lonza, Switzerland)
at 37°C in a humidified atmosphere containing 5% CO2.
The cells were passaged using 0.25% trypsin when they
reached approximately 80% confluence. Passage 2 was used
for the present study. The CCECs were identified by immu-
nofluorescent staining of cell surface-bound CD31, as
described previously [32].

2.3. Treatment of CCECs. CCECs at passage 2 were randomly
divided into five groups: (1) control (homoculture of CCECs
only); (2) bovine serum albumin (BSA; Abcam, USA); (3)
AGE-BSA (AGEs; Abcam); (4) AGEs+USCs; and (5) AGEs
+USCs+3-methyladenine (3-MA; Selleckchem, USA).

The coculture was performed in a Transwell unit (Costar
3413, Corning, USA). Cell suspensions of CCECs or USCs
were prepared in endothelial cell growth media, respectively,
at the concentration of 1 × 105 cells/ml. CCECs (600μl) were
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cultured in the lower chamber, and USCs (100μl) were cul-
tured in the upper chamber separately. After being incubated
overnight, CCECs were infected with mRFP-GFP-LC3 ade-
novirus (HanBio Technology, Shanghai, China) according
to the instructions. After 2 h, CCECs were changed with
complete medium, and BSA/AGEs was added into the cul-
ture medium according to the grouping for 72 h. For groups
(4) and (5), the upper chambers with USCs were placed
above the lower CCEC chambers. For group (5), 3-MA
was added into the lower chambers for 24h. All experiments
were performed in triplicate. The concentration of AGEs
(200 μg/ml) and 3-MA (2mM) used in the present study
was referred to previous studies [33–35].

2.4. Western Blot Analysis for Autophagy, Proliferation, and
Apoptosis of CCECs after Treatment In Vitro. The autophagy,
proliferation, and apoptosis of CCECs after treatment were
analyzed by western blot as described previously [36].
Briefly, all the CCECs were harvested from each lower
chamber, and proteins were extracted using RIPA lysis
buffer (Cwbiotech, China) containing proteinase inhibitor
cocktail (Cwbiotech) and phosphatase inhibitor cocktail
(Cwbiotech). The primary antibodies included anti-PCNA
(1 : 1000; 200947-2E1, ZenBio, China), anti-cleaved-caspase3
(1 : 1000; 9661, Cell Signaling Technology, USA), anti-LC3
A/B (1 : 1000; 4108, Cell Signaling Technology), anti-p62
(1 : 1000; ab56416, Abcam), anti-Beclin1 (1 : 2000; ab207612,
Abcam), and anti-GAPDH (1 : 2000; Affinity Biosciences,
USA) antibodies. PCNA is an indicator of cell proliferation
and cleaved-caspase3 is an indicator of cell apoptosis. LC3,
p62, and Beclin1 are autophagic markers. GAPDH was used
as loading control.

2.5. Autophagic Flux Assay of CCECs after Treatment In Vitro
via Confocal Microscopy. The fluorescent signal of GFP
could be quenched under the acidic condition, but the mRFP
fluorescent signal has no significant change. The neutral
autophagosomes are shown as yellow puncta (RFP+GFP+),
and acidic autolysosomes are shown as red puncta (RFP+
GFP-) [37]. The mRFP-GFP-LC3 adenovirus makes it possi-
ble to monitor the progression of autophagic flux.

The LC3 puncta were examined with a confocal micro-
scope (TSC-SP8, Leica, Germany). For each group, ten inde-
pendent images were randomly selected to count the number
of LC3 puncta.

2.6. Establishment of a DED Rat Model and USC
Implantation In Vivo. Sixty-five male Sprague-Dawley rats
(8–10 weeks old) were used in this study. The animal proce-
dures were approved by the Institutional Animal Care and
Use Committee of Sun Yat-sen University. Diabetes was
induced by intraperitoneal (ip) injection of streptozotocin
(STZ; 50mg/kg; Sigma-Aldrich, USA) dissolved in pH 4.5
citric acid buffer. Diabetes was defined as a random blood
glucose level higher than 300mg/dl for three consecutive
days after 72 hours of STZ injection. Eight weeks after STZ
injection, an apomorphine (Sigma-Aldrich) test (100 μg/kg)
was performed to confirm DED rats according to Heaton’s
method [38].

After being anesthetized with pentobarbital sodium
(50mg/kg, ip), the DED rats received bilateral intracavernous
injection of a total of 1 × 106 USCs in 200 μl phosphate-
buffered saline (USC-treated group) or just 200μl PBS (DED
group) (n = 15 per group), as our previous study described
[24]. Another 15 normal rats served as the control group.

2.7. Erectile Function Evaluation. Erectile function was evalu-
ated via intracavernosal pressure (ICP) and the ratio of ICP
to mean arterial pressure (MAP) at four weeks after intraca-
vernous injection, as previously described [39]. Briefly, rats
were anesthetized with pentobarbital sodium (50mg/kg, ip).
The left carotid artery was cannulated with a PE-50 catheter
filled with heparinized saline (250 IU/ml) to monitor the
MAP. A 25-gauge needle filled with heparin (250 IU/ml)
was inserted into the penile crus and connected to another
pressure transducer. The cavernosal nerve was isolated and
hooked by a bipolar electrode 3–4mm distal to the major
pelvic ganglion. Monophasic rectangular pulses (stimulus
parameter settings of 2ms width, 5V voltage, 25Hz fre-
quency, and 60 s duration) were delivered from the stimula-
tor (BL-420F, Taimeng, China). Three electrostimulations
were replicated at intervals of 10 minutes. MAP and ICP were
recorded and analyzed with BL New Century 2.1 software
(Taimeng). The erectile function was evaluated as the ratio
of ICP/MAP to normalize for variations in systemic blood
pressure. The penis was then harvested for histological and
western blot analysis.

2.8. Western Blot Analysis for Endothelial Function and
Autophagy in Corpus Cavernosum Tissues. The corpus caver-
nosum tissues were lysed, and western blot analysis was per-
formed as described previously [36]. The primary antibodies
included anti-CD31 (1 : 2000; ab222783, Abcam), anti-eNOS
(1 : 500; ab76198, Abcam), anti-phosphor-eNOS (S1177)
(1 : 1000; 9571, Cell Signaling Technology), anti-VEGFRA
(1 : 200; ab1316, Abcam), anti-VEGFR2 (1 : 1000; 9698, Cell
Signaling Technology), anti-LC3 A/B (1 : 1000; 4108, Cell
Signaling Technology), anti-p62 (1 : 1000; ab56416, Abcam),
anti-Beclin1 (1 : 2000; ab207612, Abcam), and anti-GAPDH
(1 : 2000; Affinity Biosciences, USA) antibodies. CD31,
eNOS, phosphor-eNOS (S1177), VEGFRA, and VEGFR2
are indicators of endothelial function.

2.9. Immunofluorescent Staining Analysis for Endothelial
Marker in Corpus Cavernosum Tissues. The corpus caverno-
sum tissues were fixed in 4% paraformaldehyde overnight.
Paraffin-embedded tissue specimens were routinely pre-
pared, sectioned at 5 μm thickness. To visualize the tissular
expression of endothelial marker, an anti-CD31 antibody
(1 : 100; ab222783, Abcam) was used for immunofluorescent
staining, as described previously [36]. Images were captured
with a confocal microscope (TSC-SP8, Leica).

2.10. Autophagic Vacuole Observations via Transmission
Electron Microscopy. Specimens of the corpus cavernosum
were fixed in a fixative for TEM (Servicebio, China) at 4°C
for 2-4 h and then postfixed in osmium tetroxide and embed-
ded in EMBed 812 (SPI, USA). The specimens were cut into
0.1 μm sections, stained with uranyl acetate/lead citrate, and
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viewed with a transmission electron microscope (TEM;
HT7700, Hitachi, Japan). The tissues obtained from three
rats in each group were examined. For each specimen, ten
cavernosal endothelial cells were randomly selected, and the
average number of autophagic vacuoles (including autopha-
gosomes and autolysosomes) was compared between the
samples collected from each group.

2.11. Statistical Analyses. Continuous values were expressed
as mean ± standard deviation. One-way analysis of variance
followed by a Student-Newman-Keuls post hoc test for
multiple comparisons was used when appropriate. A two-
tailed p < 0 05 was considered as statistically significant.
Statistical analysis was performed with IBM SPSS Statistics
23.0 (IBM, USA).

3. Results

3.1. Characterization of USCs. USCs exhibited typical rice-
shaped appearance (Figure 1(a)). The osteogenic- and

adipogenic-induced USCs (stained with Alizarin red S or
Oil red O, respectively) confirmed the multipotential differ-
entiation capacity of USCs (Figures 1(b) and 1(c)). Flow
cytometry analysis showed that USCs were strongly positive
for MSCs markers (CD24, CD44, CD73, and CD90), weakly
positive for CD105, and negative for hematopoietic stem cell
markers (CD31, CD34, and CD45) (Figure 1(d)).

3.2. Characterization of CCECs. CCECs exhibited typical
cobblestone-like appearance (Figure 2(a)), whose morphol-
ogy and growth features were similar to previous reports
[40, 41]. Immunofluorescent staining was performed to ana-
lyze the expression of endothelial marker (CD31), and more
than 90% of CCECs stained positive for CD31 (Figure 2(b)).

3.3. AGEs Induce Autophagic Dysfunction and Cellular
Damage in CCECs In Vitro. Western blot analysis was per-
formed to assess autophagic markers in protein levels.
Compared with blank controls, AGE treatment significantly
reduced the ratio of LC3-II/LC3-I and the expression of
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Figure 1: Characterization of urine-derived stem cells (USCs). (a) The typical rice-shaped appearance of USCs (p1). (b) Osteogenic- and (c)
adipogenic-induced USCs with Alizarin red S staining or Oil red O staining, respectively. (d) Flow cytometry analysis showed that USCs (p3)
were strongly positive for mesenchymal stem cell markers (CD24, CD44, CD73, and CD90), weakly positive for CD105, and negative for
hematopoietic stem cell markers (CD31, CD34, and CD45).
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Beclin1 in CCECs and simultaneously increased the level of
autophagic substrate (p62) (p < 0 05) (Figures 3(a)–3(d)).
To further confirm the effect of AGEs on autophagic flux,
we examined the mRFP-GFP-LC3 puncta formation with
a confocal fluorescence microscope. Consistently, CCECs
treated with AGEs displayed significantly reduced number
of both autophagosomes (yellow puncta) and autolysosomes
(red puncta) (p < 0 05) (Figures 3(e)–3(g)).

Cellular viability and apoptosis of CCECs were determined
via western blot analysis. As shown in Figures 4(a)–4(c), AGEs
significantly decreased the expression of proliferation-related
protein PCNA and increased the expression of apoptosis-
related protein cleaved-caspase3 (p < 0 05), which indicated
that AGEs induced cellular damage in CCECs.

Compared with the control group, none of the above
changes was observed following BSA treatment (p > 0 05),
indicating that BSA was not cytotoxic to CCECs
(Figures 3(a)–3(g) and 4(a)–4(c)).

3.4. USCs Protect CCECs from AGE-Induced Autophagic
Dysfunction and Cellular Damage In Vitro. Compared with
the AGE-treated group, the ratio of LC3-II/LC3-I was higher,
the expression of Beclin1 was increased, and the protein
levels of p62 were reduced in the USC coculture group dem-
onstrated by western blot analysis (p < 0 05) (Figures 3(a)–
3(d)). Moreover, autophagic flux detection via mRFP-
GFP-LC3 adenovirus showed that USCs markedly increased
the number of autophagosomes in AGE-treated CCECs
(p < 0 05). Interestingly, the autolysosomes displayed an
increasing tendency, but it was not statistically significant
(p > 0 05) (Figures 3(e)–3(g)).

Importantly, when cocultured with USCs, the expression
of PCNA was significantly reduced and the expression of
cleaved-caspase3 was increased in AGE-treated CCECs
(p < 0 05) (Figures 4(a)–4(c)). These data indicated that the
USCs could protect CCECs from AGE-induced autophagic
dysfunction and cellular damage.

In order to further confirm the protective effect of USCs,
specific autophagy inhibitor (3-MA) was added in the
medium of CCECs. Our data showed that the inhibition of
autophagy by 3-MA could abolish the protective effect of
USCs (Figures 3(a)–3(g) and 4(a)–4(c)).

3.5. Autophagic Activity Is Decreased in Cavernosal
Endothelium of DED Rats. Importantly, significantly lower
ratio of LC3-II/LC3-I and expression of Beclin1 and higher
levels of p62 were found in corpus cavernosum tissues of
the DED group than in the normal control group by western
blot analysis (p < 0 05) (Figures 5(a) and 5(b)). To further
investigate the exact autophagic activity in the cavernosal
endothelium, autophagic vacuoles were directly observed via
TEM. The number of autophagic vacuoles in DED rats’ caver-
nosal endothelial cells was significantly smaller than that in the
normal control group (p < 0 05) (Figures 5(c) and 5(d)).

3.6. USCs Improve Erectile Function and Cavernosal
Endothelial Function in DED Rats. As shown in Figures 6(a)–
6(c), four weeks after USC intracavernous injection, the ICP
and ICP/MAP ratio of the USC-treated group reached up
to 67 6 ± 7 6mmHg and 60 1 ± 8 3%, respectively, which
were significantly higher than those of the DED group
(44 5 ± 3 0mmHg and 39 8 ± 3 4%) (p < 0 05), representing
an improved erectile function. But the values were still lower
than those in the normal control group (97 7 ± 5 3mmHg
and 85 7 ± 5 4%) (p < 0 05).

A series of endothelial markers were assessed by western
blot analysis (Figures 6(d) and 6(e)). The results showed a
large decrease in CD31, eNOS, phospho-eNOS, VEGFRA,
and VEGFR2 expression in DED rats compared with the nor-
mal control group (p < 0 05). Intracavernous injection of
USCs partially restored the endothelial content in DED rats’
penile tissues (p < 0 05). Similarly, the expression of CD31
decreased in DED rats’ penile tissues and increased in USC
treatment confirmed by immunofluorescent staining analysis
(Figure 6(f)).

3.7. USCs Restore Autophagic Activity of Cavernosal
Endothelium in DED Rats. Compared with the DED group,
the USC-treated group exhibited significantly higher ratio
of LC3-II/LC3-I, higher levels of Beclin1 in the cavernous tis-
sue, and lower levels of p62 (p < 0 05) (Figures 5(a) and 5(b)).
Correspondingly, more autophagic vacuoles were observed
via TEM in DED rats’ cavernosal endothelium after USC
injection than in the DED group (p < 0 05) (Figures 5(c)
and 5(d)). Taken together, these observations indicated that

(a)

CD31
DAPI

(b)

Figure 2: Characterization of corpus cavernosal vascular endothelial cells (CCECs). (a) The typical cobblestone-like appearance of CCECs
(p1). (b) Immunofluorescent staining showed that more than 90% of CCECs (p2) were positive for endothelial markers (CD31, red
fluorescence).
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Figure 3: Continued.

6 Stem Cells International



Co
nt

ro
l

BS
A

A
G

Es

A
G

Es
+

U
SC

s

A
G

Es
+

U
SC

s+
3-

M
A

A
ut

op
ha

go
so

m
es

/c
el

l

0

20

40

80

60

⁎ ⁎ ⁎

⁎

(f)

Co
nt

ro
l

BS
A

A
G

Es

A
G

Es
+

U
SC

s

A
G

Es
+

U
SC

s+
3-

M
A

A
ut

ol
ys

os
om

es
/c

el
l

0

5

10

25

15

20

⁎

(g)

Figure 3: USCs protected CCECs from AGE-induced autophagic dysfunction in vitro and inhibition of autophagy attenuated the protective
effect of USCs. (a) Western blot and (b–d) quantification for western blot of autophagy positive-related proteins (LC3 and Beclin1) and
autophagy negative-related proteins (p62) in CCECs for each group. (e) Representative images of LC3 staining in CCECs for each group
after infection with mRFP-GFP-LC3 adenovirus. Autophagosomes were shown as yellow puncta (RFP+GFP+), and autolysosomes were
shown as red puncta (RFP+GFP-). (f, g) Quantification for autophagosome and autolysosome formation representing puncta staining sites
per cell of 30 cells from each group. Treatment groups: control, BSA, AGEs, AGEs+USCs, and AGEs+USCs+3-MA. The concentration of
BSA or AGEs was 200 μg/ml. The concentration of 3-MA was 2mM, and the treat time was 24 h. n = 3. ∗p < 0 05. C-caspase3: cleaved-
caspase3; BSA: bovine serum albumin; AGEs: advanced glycation end products; 3-MA: 3-methyladenine.
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Figure 4: USCs protected CCECs from AGE-induced cellular damage in vitro and inhibition of autophagy attenuated the protective effect
of USCs. (a) Western blot and (b, c) quantification for western blot of proliferation-related protein (PCNA) and apoptosis-related protein
(C-caspase3) in CCECs for each group. Treatment groups: control, BSA, AGEs, AGEs+USCs, and AGEs+USCs+3-MA. The concentration
of BSA or AGEs was 200 μg/ml. The concentration of 3-MA was 2mM, and the treat time was 24 h. n = 3. ∗p < 0 05. C-caspase3: cleaved-
caspase3; BSA: bovine serum albumin; AGEs: advanced glycation end products; 3-MA: 3-methyladenine.
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USCs could restore autophagic activity in the cavernosal
endothelium of DED rats.

4. Discussion

The present study demonstrated that AGEs could inhibit the
autophagic flux in CCECs and consequently lead to cellular
damage in vitro. After being cocultured with USCs, the

autophagic activity of CCECs was restored and cellular
damage was alleviated. In further experiment, we found
that suppressed autophagic activity was involved in the
dysfunction of cavernosal endothelial cells in DED models.
Intracavernous injection of USCs led to a significant increase
of autophagic activity in the cavernosal endothelium, which
coincided with improved cavernosal endothelial function
and erectile function.
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Figure 5: USCs restored autophagic activity of the cavernosal endothelium in DED rats. (a) Western blot and (b) quantification for western
blot of autophagy positive-related proteins (LC3 and Beclin1) and autophagy negative-related proteins (p62) in cavernous tissue of normal
rats and DED rats 4 weeks after intracavernous injection of PBS or USCs (n = 6 per group). (c) Representative TEM images of autophagic
vacuoles (arrows) in cavernosal endothelial cells for each group. (d) Quantification for average autophagic vacuoles in 10 cells randomly
selected from every specimen in each group (n = 3 per group). ∗p < 0 05. TEM: transmission electron microscopy.
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Figure 6: Continued.
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AGEs are a group of heterogeneous compounds con-
tinuously formed under hyperglycemic conditions [42].
Increased levels of AGEs have been found in both diabetic
human beings and rodents [34, 43]. There is evidence that
the accumulation of AGEs is associated with diabetic compli-
cations [11] and is responsible for cavernosal endothelial
dysfunction in DED [9, 11]. AGEs have been adopted in
some previous studies [32–34] to investigate the cellular
effects of chronic hyperglycemia, as a more appropriate treat-
ment factor in in vitro experiment than just high glucose
level. Our data showed that, after treatment with AGEs,
CCECs displayed reduced number of autophagosomes and
autolysosomes, reduced expression of autophagy positive-
related proteins (LC3 and Beclin1), and increased expres-
sion of autophagy negative-related protein (p62), indicating
a blocked autophagic flux. At the same time, the cellular
viability was decreased and apoptosis was increased, reveal-
ing the AGE-induced autophagic dysfunction was relevant
to cellular damage. Similar outcomes were reported in the
AGE-treated podocytes and chondrocytes from previous
studies [33, 34].

However, in some other studies, AGEs induced cellular
autophagy, which is contrary to our results [32, 44]. There
are likely several explanations for this contradiction. On
the one hand, different types of cells have different sensi-
bility and different autophagic response to AGEs. On the
other hand, the concentration of AGEs and exposure time
determine the treatment effects. Short exposure to AGEs
causes the cells to be in a state of acute stress, which is
a common trigger of autophagy, activating the cellular
self-protection program [12]. But a high concentration of
AGEs and long exposure time tend to cause cellular
decompensation, when autophagic dysfunction and cellular
damage are observed. These concentration-dependent and
time-dependent effects have already been demonstrated in
previous study [33, 34].

Then, we established a DED rat model to further confirm
the above phenomenon in vivo. Besides a lower ratio of ICP/-
MAP and decreased expression of a series of endothelial
function-related proteins in DED rats, levels of autophagic
protein markers (LC3, p62, and Beclin1) in corpus caverno-
sum tissues of DED rats indicate a reduced autophagic activ-
ity, which is in accordance with other studies [45]. But these
results only represented the autophagic change in the whole
corpus cavernosum, and the endothelium only accounts for
a small proportion of penile tissue. To detect the autophagic
activity exactly in the endothelium, we used TEM to observe
the autophagic vacuoles in endothelial cells. We found that
the number of autophagic vacuoles in DED rats’ cavernosal
endothelial cells was significantly fewer than that in the nor-
mal control group. Taking all the data of in vitro and in vivo
experiments into consideration, we have sufficient reasons to
speculate that long-standing diabetes induces autophagic
dysfunction in cavernosal endothelial cells, eventually lead-
ing to endothelial dysfunction and erectile dysfunction in
DED rat. In addition, it is likely that the autophagy in the
cavernosal smooth muscle also plays a significant role in
the condition of DED, and more studies are needed to exam-
ine its relative impact vis-à-vis the endothelium.

As we have revealed the autophagic disorder in the
cavernosal endothelium of DED rats, the regulation of
autophagy may be a new therapeutic target for reversing
DED. It has been reported that rapamycin can ameliorate
erectile function via inducing autophagy in DED rats [46].
Nevertheless, autophagy possesses organ specificity, tissue
specificity, and even cell specificity, that is, a different body
part has different autophagic changes in the same disease.
Moreover, excessively activated autophagy would lead to
negative impacts [47]. Therefore, systemic administration
of autophagy-regulated agents is inappropriate. In recent
years, stem cell therapy emerges as a promising strategy in
treating chronic diseases [48, 49]. Stem cells can help repair

Normal DED USCs

100 �휇m
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Figure 6: USCs improved erectile function and cavernosal endothelial function in diabetic erectile dysfunction (DED) rats. (a) Representative
ICP tracing response to the stimulation of cavernous nerve (2ms, 5V, 25Hz, and duration of 60 s) in normal rats and DED rats 4 weeks after
intracavernous injection of PBS or USCs. (b) The USC injection increased ICP of DED rats, and (c) the ratio of ICP toMAP was calculated for
each group (n = 8 per group). (d) Western blot and (e) quantification for western blot revealed that CD31, eNOS, p-eNOS, VEGFRA, and
VEGFR2 expressions were all increased in the USC-treated group 4 weeks after cell transplantation (n = 6 per group). (f)
Immunofluorescent staining confirmed the significantly higher expression of CD31 in cavernous tissue. ∗p < 0 05. ICP: intracavernous
pressure; MAP: mean arterial pressure; p-eNOS: phospho-eNOS.
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damaged tissues or structures towards the normal state, and
numerous studies have demonstrated that stem cells take
effect via restoring autophagy homeostasis [50, 51]. Several
types of MSCs, such as bone marrow-derived mesenchymal
stem cells and adipose tissue-derived stem cells, have been
utilized to treat DED via intracavernous injection and
shown positive effects [24, 25]. However, these stem cells
must be obtained by invasive methods, thus limiting their
use in clinical practice. USCs may be a better cell candidate
as they can be obtained through a safe, simple, low-cost,
and noninvasive procedure.

In this study, we utilized a coculture system to investigate
the effects of USCs on CCECs. We found that USCs could
partly correct the autophagic disorder of AGE-treated
CCECs and reduce cellular damage in vitro, and these protec-
tive effects could be abolished by autophagy inhibitors. Fur-
thermore, we found that intracavernous injection restored
autophagic activity in cavernosal endothelial cells of DED
rats, as well as the cavernosal endothelial function and erec-
tile function. These outcomes contribute to a better under-
standing of the mechanism of USCs in the treatment of
DED. Our previous outcomes showed that rare labeled USCs
could be tracked in the penile tissue since day 7 after cell
transplantation, which was similar to most studies that uti-
lized other MSCs to treat ED rat models [31]. Thus, we spec-
ulate that it was the paracrine effect of USCs that regulated
autophagic balance due to USCs were able to secrete lots of
paracrine factors [30], and further studies are needed to verify
this hypothesis. It is reported that VEGF expressed by MSCs
can take part in autophagy via triggering the PI3K/AKT/m-
TOR signaling pathway and consequently ameliorate DED
in rats [45]. Maybe USCs regulate autophagy via the same sig-
naling pathway, as we have demonstrated that VEGF is one of
the growth factors that USCs secrete [31].

Due to the fact that human cells were injected into
immunocompetent rats, the issue of immune tolerance is
very important. As a type of MSCs, USCs possess the
same immunomodulatory and immunosuppressive prop-
erty, which permits their allogeneic or even xenogeneic trans-
plantation into immunocompetent recipients in the absence
of immunosuppressants [52]. Our previous studies have
proven that neither immune reaction nor inflammatory
response occurred within the injected sites of rats’ penile tis-
sue after injection of USCs [31, 36]. As for the limitation of
USCs, their therapeutic effect may be influenced by changes
in the biochemical composition of urine. Thus, for patients
with urological diseases, such as urinary infection and renal
or other urologic neoplasms, their USCs do not appear to
be suitable for autologous cell transplantation.

Inevitably, some limitations existed in our study. First,
the exact autophagic pathway that is abnormal in DED and
by which USCs restore autophagic activity of the cavernosal
endothelium needs to be clarified in further studies. Second,
no attempt was done to assess changes in the functions of
cavernosal smooth muscle, fibroblasts, or peripheral nerve
after endothelial dysfunction was alleviated. Third, the effects
of USCs are complicated, and it is unclear how long the USCs
persist, when the paracrine effects occur, and how long the
effects last.

5. Conclusion

Our study suggests that impaired autophagy is involved in
the cavernosal endothelial dysfunction and erectile dys-
function of DED rats. Intracavernous injection of USCs
upregulates autophagic activity in the cavernosal endothe-
lium, contributing to ameliorating cavernosal endothelial
dysfunction and finally improving the erectile dysfunction
induced by diabetes. These findings provide a basis for
the future use of USCs as a new biological therapeutic
approach for DED.
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The aim of the study was the objective assessment of the effectiveness of a microfragmented dermal extract obtained with
Rigenera™ technology in promoting the wound healing process in an in vivo homogeneous experimental human acute surgical
wound model. The study included 20 patients with 24 acute postsurgical soft tissue loss and a planned sequential two-stage
repair with a dermal substitute and an autologous split-thickness skin graft. Each acute postsurgical soft tissue loss was
randomized to be treated either with an Integra® dermal substitute enriched with the autologous dermal micrografts obtained
with Rigenera™ technology (group A—Rigenera™ protocol) or with an Integra® dermal substitute only (group B—control). The
reepithelialization rate in the wounds was assessed in both groups at 4 weeks through digital photography with the software
“ImageJ.” The dermal cell suspension enrichment with the Rigenera™ technology was considered effective if the reepithelialized
area was higher than 25% of the total wound surface as this threshold was considered far beyond the expected spontaneous
reepithelialization rate. In the Rigenera™ protocol group, the statistical analysis failed to demonstrate any significant difference
vs. the controls. The old age of the patients likely influenced the outcome as the stem cell regenerative potential is reduced in the
elderly. A further explanation for the unsatisfying results of our trial might be the inadequate amount of dermal stem cells used
to enrich the dermal substitutes. In our study, we used a 1 : 200 donor/recipient site ratio to minimize donor site morbidity. The
gross dimensional disparity between the donor and recipient sites and the low concentration of dermal mesenchymal stromal
stem cells might explain the poor epithelial proliferative boost observed in our study. A potential option in the future might be
preconditioning of the dermal stem cell harvest with senolytic active principles that would fully enhance their regenerative
potential. This trial is registered with trial protocol number NCT03912675.

1. Introduction

The dermal extracellular matrix plays a relevant both
structural and functional role in signalling cell prolifera-

tion, development, shaping, function, and migration. The
dermis is provided with a relevant both mesenchymal
and adnexa-related stem cell pool. Such properties support
the use of dermis-derived extracts to stimulate tissue
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regeneration [1–3]. Currently, many technologies are avail-
able to separate and expand dermis-derived cells to obtain
injectable autologous cell suspensions for regenerative
purposes [4, 5]. Recently, in the European Union area, cell
manipulation underwent restricting regulations that signifi-
cantly reduced the availability of cell expansion technology.
According to current regulations, any cell manipulation
involving enzymatic treatment and cell culture expansion is
allowed in Cell Factories only, with a relevant increase of time
and cost burden [6].

Recently, the development of an innovative technology
for dermal mechanical microfragmentation named Rigen-
era™ allowed the harvest of a filtered available cell pool
without any enzymatic manipulation. Such a cell fraction,
rich in progenitor cells, was successfully used in the treat-
ment of difficult-to-heal wound [3, 7–9]. The advantage of
this innovative technology is its unrestricted use in any
clinical context and setting.

Nevertheless, such an evidence was demonstrated within
the frame of pathologies with heterogeneous aetiology. The
aim of the study was the objective assessment of the effective-
ness of such a microfragmented dermal extract in promoting
the wound healing process in an in vivo homogeneous
experimental human acute surgical wound model.

2. Materials and Methods

2.1. Study Design. A prospective randomized controlled open
clinical trial was carried out at the Plastic and Reconstructive
Surgery Unit of the Istituti Clinici Scientifici Maugeri.
Twenty patients (4 females and 16 males), with an age range
of 53-93 years (mean 77.80, median 79), were enrolled in the
trial over a period of 15 months, from September 2017 to
December 2018. The exclusion criteria were wound infection,
chemotherapy in the last 6 months, use of corticosteroids or
immunosuppressive treatment, and metabolic, endocrine,
autoimmune, and collagen diseases. The study included
patients with a postsurgical defect in any site of the body with
a size range of 4-400 cm2. The surgical defect followed an
immediate excision of 22 skin cancers, 1 ulcerated actinic
keratosis, and 1 chronic difficult-to-heal wound (Table 1).
A sequential two-stage repair with a dermal substitute and
an autologous split-thickness skin graft was planned. The
acute postsurgical soft tissue loss was considered the experi-
mental unit of the study irrespective of the number of
wounds per patient. Twenty-four experimental units were
enrolled in the trial. Each unit, which fulfilled the entry
criteria, was randomized to be treated either with an Integra®
dermal substitute enriched with the autologous dermal
micrografts obtained with Rigenera™ protocol (group A—Ri-
genera™ protocol) or with an Integra® dermal substitute only
(group B—control). Each group included 12 experimental
units. All of the wounds were planned for a sequential
second-stage repair with a split-thickness skin graft at the
time of complete engraftment of the Integra® dermal substi-
tute. According to our clinical experience, the time lag
between the first and the second surgical stages was around
4 weeks. The expected endpoint was a spontaneous reepithe-
lialization higher than 25% of the total wound area in the

group treated with Rigenera™ protocol at 4 weeks that would
contraindicate the second staged cover with a split-thickness
skin graft. The secondary endpoint was the comparison of
the reepithelialization rate at 4 weeks after the first surgical
stage between the group treated with Rigenera™ protocol
and the controls.

The reepithelialization rate in the wounds was assessed at
each time point of the study through digital photography
with the software “ImageJ” (Figure 1). As a wound spontane-
ously reduces in size, due to a physiologic shrinkage process,
the measurement of the reepithelialization rate was referred
to the actual total wound size at each time point.

A formal informed written consent was obtained from all
of the patients, and the study conformed to the Declaration
of Helsinki. The trial was approved by the Ethical Committee
(protocol number 2142) of the Istituti Clinici Scientifici
Maugeri SB SpA IRCCS of Pavia.

2.2. Materials and Methods. The micrografts were obtained
by Rigeneracons, a single-use sterile CE-certified Class I
medical device able to mechanically disaggregate tissues into
micrografts that are immediately available for transfer in the
clinical practice [10]. It is made of a plastic container pro-
vided with an openable lid divided into two chambers by a
stationary stainless steel grid with 100 hexagonal holes.
Around each hole, 6 microblades are designed for efficient
cutting of hard and soft tissues allowing a filtration cut-off
of about 80 μm. The upper chamber is provided with a rotat-
ing helix forcing the tissue fragments through the grid
towards the bottom chamber. The rotation of Rigeneracons

Table 1: Cohort’s characteristics. Categorical variables’ distribution
is described by counts and relative frequencies (%); continuous
variables’ distribution by median (25th–75th percentiles).

Variable Distribution

Age (years) 78.0 (74.5-84.0)

Gender

Females 4 (17.39%)

Males 16 (82.61%)

Localization

Limbs 7 (30.43%)

Scalp 1 (4.35%)

Face 15 (65.22%)

Protocol

A 11 (47.83%)

B 12 (52.17%)

Cause

BCC 16 (69.57%)

SCC 4 (17.39%)

Other 3 (13.09%)

T1 area (cm2) 9.26 (7.06-12.54)

Reepithelialization (%) 13.94 (11.96-20.85)

≥25% 3 (13.04%)

<25% 20 (86.96%)
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is activated by a Rigenera OR-PRO machine (Esacrom, Italy)
using a connection adaptor (Adacons Max).

2.3. The Operative Protocol. The operative protocol consists
of different steps:

(a) Choice of the micrograft donor site with preference
of the retroauricular region

(b) Gentle blade shaving of the donor site to remove the
epidermis and obtain a bare papillary dermis

(c) Harvest of the adequate number of 3mm punch
biopsies from the previously deepithelialized skin;
the number of dermal punch biopsies calculated
according to the size of the wound, considering that
1mm2 of the dermal graft was expected to regenerate
an epithelial cover up to 2 cm2 (Figure 2)

(d) Loading the disposable Rigeneracons with a maxi-
mum of 3 dermal samples at a time and addition of
2.5ml of saline solution (Figures 3 and 4)

(e) Device connection to the rotating machine, operating
at 80 rpm for 90 seconds, that provides a mechanical
disaggregation of the dermal sample into a suspen-

sion containing autologous dermal micrografts
(Figure 5)

(f) Aspiration of the micrografts containing saline
solution with a sterile syringe (Figure 6)

(g) Cover of the postsurgical soft tissue loss with
Integra® dermal substitute (Figure 7)

(h) Fixation of the dermal substitute with stitches and
gentle imbibition with the saline micrograft suspen-
sion (Figure 8)

(i) Infiltration of the micrograft suspension in the
perilesional tissues

2.4. The Treatment. The time points of the study were
designed as follows:

(i) T0: starting time includes patient enrollment,
signature of informed consent, and randomization.

(ii) T1: the first-stage was characterized by surgical pro-
cedure of skin lesion excision, digital medical photo-
graphs, and soft-tissue loss measurement were
obtained with the use of the “ImageJ” program. Soft
tissue loss was covered with an Integra® dermal
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Figure 1: Scheme of the overall study structure.
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substitute alone (group B—controls) or enriched
with the autologous dermal micrografts (group
A—Rigenera™ protocol).

(iii) T2: 4 weeks after the first surgical stage, digital
medical photographs and residual soft-tissue loss
measurement were obtained with the use of the
software “ImageJ.” In the Rigenera™ protocol
group, if the deepithelialized area in the wound
was the same as at T1, a split-thickness skin graft
was planned; if the reepithelialized area was >25%
than the one at T1, a follow-up was planned in 2
weeks’ time (T3); if reepithelialization was complete,
the wound was considered healed and the patient
was discharged from the study. In the control group,
a split-thickness skin graft cover was carried out.

(iv) T3: digital photographs and residual soft-tissue loss
measurement were obtained with the use of the soft-
ware “ImageJ” in the Rigenera™ protocol group; in

the latter group, whatever the extension of the
residual deepithelialized area, a split-thickness skin
graft was planned at this time; if reepithelialization
was complete, the wound was considered healed
and the patient was discharged from the study.

(v) T4: there was complete reepithelialization 1 week
after the split-thickness skin graft cover at T3 in the
Rigenera™ protocol group.

2.5. Statistical Methods. The deviation of continuous variable
distribution from the normal distribution was assessed by
visual inspection of quantile-quantile plots and by the
Shapiro test. T1 and final area distribution was normalized
by natural logarithm transformation. Continuous variable
distribution is described by median and 25th–75th percentiles;
categorical variable distribution is described by counts and
frequencies (%). The Fisher exact test and the Wilcoxon
rank-sum test were applied to compare the categorical and
quantitative variables’ distribution between protocols. The
Spearman test allowed quantifying the strength of the
correlation between continuous variables (rho). Statistical
procedures were performed by the R statistical software
(http://www.r-project.org.)

3. Results

One male patient out of 20 with surgical excision of a
squamous cell carcinoma of the scalp dropped out of the
study due to postoperative wound infection. An overall
of 23 experimental units (12 in the control group and 11
in the Rigenera™ protocol group) completed the trial.

At T2, 4 weeks after the first surgical step, the reepithelia-
lization rate was 12.98% (10.40-17.61) in the control group
and 15.14% (12.42-22.03) in the Rigenera™ protocol group

Figure 2: Harvest of the 3mm punch biopsies from the previously
deepithelialized skin.

Figure 3: The harvested skin punch biopsy.

Figure 4: The disposable Rigeneracons loaded with amaximum of 3
dermal samples.
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(p = 0 607). In the latter group, only one wound out of 11
(9.09%) demonstrated a reepithelialization > 25% of the total
wound area, while in the control group, such an outcome was
observed in 2 wounds out of 12 (16.67%) (p = 1).

4. Discussion

It is a common knowledge that the human dermis is a
source of stem cells with demonstrated regenerative
properties [11–16]. The dermal mesenchymal stromal stem
cells display adhesion properties, fibroblast morphology, and

osteogenic and adipocyte differentiation. Typically, they
express both mesenchymal (α-SMA) and neural (Nestin
and βIII-tubulin) cell membrane markers and lack the
haematopoietic and endothelial ones (CD31) [13]. Recently,
the dermal mesenchymal stromal stem cells were demon-
strated to express also the CD105, CD73, and CD90 markers
that specifically regulate regeneration in the wound healing
process. These cells enhance cell survival and proliferation
in the wound site through a fine modulation of the immune
and inflammatory response, operated by a finely tuned cas-
cade of local mediators. They definitely play a relevant active

Figure 5: Connection of the disposable Rigeneracons to the
Rigenera OR-PRO rotating machine.

Figure 6: Aspiration of the micrografts containing saline solution
with a sterile syringe.

Figure 7: Cover of the postsurgical soft tissue loss with Integra®
dermal substitute.

Figure 8: Imbibition of the dermal substitute with the saline
micrograft suspension.
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role along the inflammatory, proliferative, and remodeling
phases allowing an eventual favorable outcome in the wound
healing process.

The hair follicle matrix has been demonstrated to host
cells that are capable of self-renewal and produce epithelial
transient progenitors, thus having attributes of stem cells,
too. Stem cells are multipotent, capable of giving rise not only
to all the cell types of the hair but also to the epidermis and
the sebaceous gland. These cells display a highly sophisti-
cated organization and carry out several functions control-
ling the shape of the hair follicle. The inner structures are
each produced by a distinct, restricted set of precursors
occupying a specific position along the proximodistal axis
of the matrix. The matrix seems to be organized by two
systems working in orthogonal dimensions and controlling
two key operations of hair follicle morphogenesis, notably
cell diversification and cell behavior [17]. The bulge cell
progeny located in the upper follicle has been demonstrated
to emigrate into the epidermis and to proliferate, thus
contributing to the long-term maintenance of the epidermis
[18, 19]. Based on these observations, it has been proposed
that the bulge is a major repository of skin keratinocyte stem
cells, which may thus be regarded as the ultimate epider-
mal stem cell [20, 21]. Since stem cells are known to be
involved in skin tumor formation [22–27], the coincidence
of greater tumor susceptibility with the transient prolifera-
tion of the bulge cells is consistent with the hypothesis
that the bulge cells are stem cells and indicates that follicular
stem cells can give rise to experimentally induced skin cancers
[22–25]. Taken together, these data suggest that the bulge is
the site of follicular stem cells.

The Rigenera™method allows the harvesting of a dermis-
derived autologous cell suspension including a stem cell
fraction, ready for use without any cell manipulation process
[28]. Several clinical studies demonstrated the effectiveness of
the Rigenera™ cell harvesting method in the management of
complex wounds with complete obliteration and reepithelia-
lization of deep soft tissue loss [1–3, 7–9].

In order to objectively assess the effectiveness of the
Rigenera™ method, we established a homogeneous experi-
mental fresh surgical wound model providing measurable
data that excluded gross experimental bias and fit a rigorous
statistical analysis.

Rigenera™ provides a fluid cell suspension that may be
both injected in deep spaces and applied on superficial soft
tissue loss in combination with a dermal substitute [29].

According to our current clinical practice, we deliber-
ately enrolled patients with a planned two-stage soft tissue
loss repair using a dermal substitute followed 4 weeks later
by a split-thickness skin graft. The enrichment of a dermal
substitute with an autologous cell suspension graft was
considered a minimal modification of a current and well-
established clinical protocol involving a negligible donor site
morbidity and, therefore, allowed approval of the trial by the
Ethical Committee.

Considering our long-term clinical experience in the
field [30], the dermal substitute of choice for the study
was Integra® as it was demonstrated to provide an
in vitro favorable environment for dermal stromal mesen-

chymal stem cell engraftment and replication as early as 7
days [29]. The peculiar three-dimensional structure of
Integra®, with a controlled 80 μm porous structure, allows
a physiological cell adhesion, infiltration, distribution, and
proliferation with the preservation of the typical mesen-
chymal fibroblast morphology.

In our study, the treatment with the dermal cell suspen-
sion prepared with the Rigenera™ technology was considered
effective if the reepithelialized area was higher than the
25% of the total wound surface as the latter threshold
was considered far beyond the expected spontaneous
reepithelialization rate.

Nevertheless, in the Rigenera™ protocol group, the statis-
tical analysis did not demonstrate any significant difference
vs. the controls.

The old age of the patients likely influenced the outcome.
Indeed, our experimental plan, designed as a two-stage

procedure, had to meet ethical requirements, too. Currently,
such a procedure is the gold standard in frail elderly patients
that often come to observation for advanced skin cancers,
requiring extensive demolitions but that are unfit for
complex reconstructive procedures [31]. The use of a sequen-
tial two-stage reconstructive procedure with a dermal substi-
tute and a split-thickness skin graft in these cases allows for a
better functional and cosmetic outcome than a simple one-
staged skin graft [32–34] (Figure 9).

Undoubtedly, the stem cell regenerative potential is
reduced in the elderly. Recent literature reports demonstrate
an antiapoptotic action of the senescent cells that prevents
the full expression of the regenerative potential in the stem
cell pool [35]. In our opinion, a sample pretreatment with
specific active principles targeting the senescent cells might
be suggested to increase the regenerative potential in the
dermal stromal mesenchymal stem cell transfer [36]. The
latter specific pretreatment might enhance the full regenera-
tive potential of a minimally invasive cell transfer, making it a
specifically convenient procedure for the frail critical patient.

Figure 9: Complete healing of the defect after STSG in group A.
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Therefore, reepithelialization of large skin loss in the elderly
patient drawing on a minimal dermal fragment might be a
realistic option.

A further explanation for the unsatisfying results of our
experimental trial might be the inadequate amount of dermal
stem cells used to enrich the dermal substitutes. Actually, in
our study, we used a 1 : 200 donor/recipient site ratio in order
to minimize donor site morbidity. The gross dimensional
disparity between the donor and recipient sites and the low
concentration of dermal mesenchymal stromal stem cells
might explain the poor epithelial proliferative boost observed
in our study. Unpublished data from animal experimental
trials by our research partner staff would suggest that the
optimal donor/recipient site ratio is 1 : 20. Nevertheless, such
a ratio would not make the dermal cell suspension transfer a
convenient procedure in terms of donor site morbidity vs. a
traditional large meshed split-thickness skin graft [37].

Actually, in previous literature reports, the Rigenera™
dermal cell transfer proved to be effective in the difficult-to-
heal wound where a split-thickness skin graft was not
indicated. Therefore, we suppose that the reported favorable
outcome might have been related to an overall change of the
wound environment, where a spontaneous reepithelializa-
tion might have been related to a nonspecific boost of a
torpid wound bed from mesenchymal dermal and epithelial
stem cells and matrix-derived factors. Instead, in our
opinion, in an acute fresh wound, all of the factors involved
in the wound healing process display a maximal expression,
thus shading the supposed contribution of the dermal extract
as a whole. Indeed, a preconditioning of the dermal cells with
a treatment enhancing their regenerative potential might
yield a better outcome.

5. Conclusions

The role of the human dermal stem cell regenerative pool in
enhancing the wound healing process is a well-established
knowledge and is leading to an increasing number of prom-
ising clinical applications. The Rigenera™ technology might
promote a spontaneous reepithelialization; nevertheless, even
if proved to be effective in stimulating a difficult-to-heal
wound by turning a torpid chronic process into an active
one, in our experience, it could not demonstrate any
improvement in the reepithelialization process of a fresh
surgical wound. A potential option in the future might be a
preconditioning of the dermal stem cell harvest with
senolytic active principles that would fully enhance their
regenerative potential. Such a treatment might extend the
clinical indications of this minimally invasive, standardized,
operator-independent, and easy procedure, specifically suit-
able for the management of complex and critical cases.
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