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Abstract

Background The etiology of non-healing ulcers depends on
both systemic and local factors. The introduction of advanced
dressing, negative wound therapy and compression therapy
have undoubtedly improved clinical outcomes. The principal
aim of study was to demonstrate the efficacy of dermal
micrografts in the treatment of ulcers with different etiologies.
The second aim was to investigate in vitro the action of
micrografts in the regenerative process.
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Methods The dermal micro-grafts were obtained from me-
chanical disaggregation of small pieces of skin tissue through
a medical device called Rigeneracons.

Results We observed in vivo the ability of dermal autologous
micrografts to improve the healing of venous, diabetic, pres-
sure and post-traumatic ulcers after few week of treatment
accomplished in general with a better quality of life for the
patients. In vitro results showed that these micrografts express
mesenchymal stem cells (MSCS) marker such as CD34,
CD73, CD90 and CD105, and are able to form a viable and
proliferative biocomplex with collagen sponge. Finally, the
site of ulcers displayed a different expression of epidermal
growth factors, insulin-like growth factors, platelet-derived
growth factors and their receptors and tumor necrosis
factor-3 with respect to healthy skin samples.

Conclusion We reported a good outcome for the treatment of
chronic ulcers using dermal autologous micrografts. Finally,
we suggest that the positivity to MSCs markers and the ability
to interact with a scaffold can play a key role in their regener-
ative properties.

Keywords Wound healing - Micrograft - Mesenchymal stem
cells - Growth factors - Ulcers

Introduction

Wound healing is a complex process based on a coordi-
nated phenomenon, which implies activation of several
molecular and biochemical pathways regulating cell
growth and differentiation [1]. The process of wound re-
pair begins with platelet aggregation, formation of a pro-
visional matrix of fibrin and release of growth factors
from damaged cells, platelets and extracellular matrix
(ECM) followed by the migration of inflammatory cells
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Table 1 Patient’s history and

healing time Total Mean of Anamnesis  Diagnosis Treatment Mean of healing time
patients age (days)
10 69,6+1,9 CVI Venous ulcer IRT+2MED 21,2+25
10 69,2+4,1 Diabetes Diabetic 1RT+1MED 244+3,04
4 82+6 CVI Pressure ulcer 1RT+1MED 14,5+0,5
2 71+0,5 Diabetes ‘Wound 1RT+0MED 10,5+0,5
dehiscence
4 69,5+6,5 CVI Post traumatic 1 RT+3 MED 301

Legends: CVI Chronic Venous Insufficiency, RT Regenerative Treatment, MED Medication

at the wound site [2]. Trophic ulcers of the lower limb are
a classical example of chronic wounds affecting a large
proportion of the population and are linked to various
conditions, including venous hypertension (post-phlebi-
tis), arterial diseases (arteriosclerosis, thromboembolism,
arterial, vasculiti, Martorell ulcer and Raynaud’s dis-
eases), neuropathic conditions, infectious or neoplastic
diseases [3, 4]. Advanced wound care products such as
dressings, negative pressure wound therapy (NPWT) de-
vices and compression therapy have undoubtedly contrib-
uted to achievement of positive clinical outcomes but
acute and chronic wounds remain still a major clinical
issues [5, 6]. The treatment of these type of wounds is

Fig. 1 Rigenera protocol to
obtain dermal micrografts. a The
surgeon performed a 4 mm punch
of skin sample; b—¢ The punch
skin sample was collected and the
dermal sample without epidermal
layer was placed into
Rigeneracons medical device
adding 1 ml of saline solution; d
The suspension was collected,
one part was injected into the
edges of the ulcer and one part
was injected on a collagen
scaffold applied on the wound
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often multifaceted and multidisciplinary and involves cor-
rection, if possible, of the underlying disease. Many
times, it is necessary supply of new skin to the wound,
most commonly by autografting but often the implant
procedures require a long waiting period, increasing the
risk of ulcer infection besides complications arising from
treatment of full-thickness lesions [7, 8]. In addition to
these approaches, progress in cell culture and biomaterial
technologies has developed commercially available autol-
ogous and allogeneic skin substitutes composed of
keratinocytes and/or fibroblats, in part combined with al-
logeneic (fibrin) or xenogeneic (collagen, hyaluronan)
matrix substances [9]. In this variety of therapeutic
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Table 2 Primers sequences for
semi-quantitative PCR Gene

Forward

Reverse

GAPDH
EGF

IGF-1

IGF-1I
PDGF-A
PDGF-B
PDGF-rec A
PDGF-rec B
TGF-$3

5-AGCCGCATCTTCTTTTGCGTC-3'
5'- CAGGGAAGATGACCACCACT-3'
5'- GGCTGACCAAGCTGAAACTC-3'
5-CACGCCAAACACTGAATGTC-3'
5-ACACGAGCAGTGTCAAGTGC-3'
5"-CTTGCACACTTCCCCATCTT-3'
5'- GAAGCTGTCAACCTGCATGA-3'
5'- GCACTTTTATCCACCCAGGA-3’
5'- GGGACTATCCACCTGCAAGA-3’

5-TCATATTTTGGCAGGTTTTTCT-3’
5-CAGTTCCCACCACTTCAGGT-3'
5'- ATCGCTTAAACCCAGGAGGT-3'
5-ATTGGGATTGCAAGCGTTAC-3'
5-GGCTCATCCTCACCTCACAT-3'
5'- AGGGGGAAAGTGCAGTAGGT-3'
5'- CTTCCTTAGCACGGATCAGC-3'
5'- GTACTTGGCTCAGCCTCCAG-3'
5'- CCTCCTTGGCGTAGTAGTCG-3'".

approaches, recent studies have found that autologous
micrografts obtained by mechanical disaggregation of a
small piece of dermal or connective tissue may improve
the tissue repair of postoperative complex wounds
[10-12], post-traumatic wounds [13] and hypertrophic
scars [14] previously treated with other medications
which failed to reach a complete wound healing.

On the basis of these considerations, the aim of our
study was to demonstrate the efficacy of autologous
dermal micrografts in the treatment of venous, diabetic,
pressure and post-traumatic ulcers and to investigate the
nature of these micrografts and the potential mechanism
able to elucidate their regenerative role. The autologous
dermal micrografts used in this study were obtained
through Rigenera protocol which permits the disruption
of human connective and skin tissues by the use of a
disposable named Rigeneracons (Human Brain Wave srl,
Italy). This medical device is a biological disruptor of
human tissues able to select a population of progenitor
cells commonly present in the healthy adult tissues [15].

Materials and Methods
Study Design

A total of 30 patients with a mean age of 64, 5 years
were enrolled in the study and all signed written con-
sent to participate according to the Declaration of
Helsinki. Local Ethic Commitment approved the study.
All patients were assessed for systemic and local dis-
eases and clinical data were collected in the Table 1.
Further, all patients reported persistent low back pain
and walking difficulties. The wound duration, prior to
applying the Rigenera protocol, was documented as ei-
ther ‘less than 2 weeks’, ‘less than 6 weeks’, ‘less than
12 weeks’ or ‘12 weeks or more’. A total of 2 patients
had wounds for less than 2 weeks, three patients had
wounds for less than 6 weeks, five for less than

12 weeks, and five patients had wounds in excess of
12 weeks.

Rigenera Protocol

Ultrasonic debridement of damaged tissue was performed
in all patients. For each patient we performed two 4 mm
punch of skin sample from healthy skin (Fig. la—b) which

Fig. 2 Representative image of post-traumatic venous ulcer in patient
with vascular deficit in the lower limbs. a Ulcer before micrografts
application; b Ulcer treated with micrografts and collagen sponge; ¢
Increase in exudation at first dressing change after the one week from
micrografts application; d At second dressing change, after 15 days
exudation is reduced with a visible fibrin layer and buttons of
granulation tissue; e A month later a distinct reduction in wound size
and new tissue was visible around the wound. The closure time was
31 days
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Fig. 3 Representative image of a
patient with a diabetic ulcer of
inferior leg. a Ulcer before
micrografts application; b After

1 week; c—d After 10 days and at
closure time of 18 days

are placed into the Rigeneracons medical device adding
1 ml of saline solution for each punch disaggregated
(Fig. 1c). We obtained a total of 2 ml of micrografts:
1 ml was directly injected into the edges of the ulcer and
1 ml was used to soak a scaffold of equine collagen
(Condress®, Smith and Nephew S.r.l. Italy), which was
applied on the wound (Fig. le—d). A multi-composite
wound dressing was applied and changed every week for
a month.

Wound Size and Clinical Parameters Evaluation

For each ulcer, wound size was calculated at day O,
after 1 week of treatment and close to complete healing
using a ruler and multiplying the greatest length for the
perpendicular greatest width. Each ulcer was in average
5 cm of width and 2 cm of length. For an area of
10 cm® we applied a total of 2 ml of micrografts ob-
tained from disaggregation of 2 punches: 1 ml directly
on the ulcer site and 1 ml on collagen sponge which
was in turn placed on the ulcer.

Pain experience was measured before and during
micrografts treatment using a numerical rating VAS
scale, where —1 indicated absent pain and 10 severe
pain. Digital photographs were also taken at these visits
and were also scored subjectively to assess the amount
of granulation tissue using an objective grading scale as
previously reported (Grade 0, no granulation tissue;
Grade 1, granulation tissue present but below skin edges
at wound margin; Grade 2, granulation tissue present
and level with wound edges; Grade 3, granulation tissue
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above, but not overlapping, skin edges at the wound
margin; Grade 4, granulation tissue both above and
overlapping the epithelial edges at the wound margin)
[16]. A questionnaire was also administrated to the pa-
tients for the evaluation of quality of life such as sleep,
mobility and daily living activities.

In Vitro Experiments
Cell Culture

Skin biopsies were obtained by 4 mm punch from four-
teen volunteers and the procedure was carried out on an
outpatient basis under local anesthesia. Samples were
stored in transport media phosphate-buffered saline
(PBS) containing penicillin and streptomycin for a max-
imum of 15-20 min from harvesting of the tissue. Skin
biopsies were then rinsed three times in PBS containing
antibiotics and antimycotics, disaggregated by
Rigeneracons adding 1 ml of sterile saline solution,
After disaggregation, a cell count was performed and
15,000 cells/ml were obtained. Afterwards, the cells
were seeded into 96-well plates, cultured with
Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s
F12 medium (DMEM/F12), 10 % fetal bovine serum
(FBS), 2 ng/ml basic fibroblast growth factor (bFGF),
2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin (all purchased from Life Technologies,
Italy) and incubated at 37 °C under 5 % CO, The
medium was changed twice a week and cells reached
confluence in 5-7 days.
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Flow Cytometry

After mechanical disaggregation, cells were incubated di-
rectly with fluorescent conjugated antibodies for 30 min
at 4 °C, washed, and resuspended in 0.6 ml PBS.
Samples were analyzed at cells confluence by flow cytom-
etry using a FACS Aria II (Becton & Dickinson, Mountain
View, CA,USA). The antibodies used are following: anti-
CD45 Cy and PE (BD Pharmingen, Buccinasco, Milano,
Italy); anti-CD105 FITC (AbCam, Cambridge, UK); anti-
CD90 FITC (BD Pharmigen); anti-CD73 FITC and PE
(AbCam) anti-CD34 PE (Miltenyi-Biotech); anti-CD31
FITC (Miltenyi-Biotech) and anti-CK15 FITC (Abcam).

Calcein and Haematoxylin & Eosin Staining

The micrografts cultured on collagen sponge were stained
with calcein AM according to manufacturer’s instructions
(Thermo Scientific, Italy) to determine the cell viability of
the biocomplex. For Haematoxylin & Eosin staining,
micrografts cultured on collagen sponge were fixed in
4 % paraformaldehyde for 24 h at 48 °C, washed in
PBS, incubated in 30 % sucrose for 3 days, washed in
PBS and then embedded in an optimal cutting temperature
(OCT-purchased from Bio-Optica, Milan, Italy). Finally,
they were stored at —80 °C for haematoxylin and eosin
(H&E) staining. The frozen sections in the OCT were cut
into Smmthick slices, washed in distilled water for 10 min.
For H&E staining, sections were placed in haematoxylin
for 5 min. After three washes of distilled water, samples
were placed in spring water for 20 min. Then, the samples
were placed in eosin acidified with acetic acid for 30 s.
Finally, they were placed in alcohol 95°, 75°, and 95°
and mounted with DPX.

Semi-Quantitative PCR

Total RNA was extracted from a total of 7 venous and
diabetic ulcers samples, and 7 healthy skin samples with
TRI Reagent (Sigma, Milan, Italy). cDNA synthesis was
carried out by SuperScript II reverse transcriptase
(Invitrogen, San Giuliano Milanese, Milan, Italy). The
human primers sequences used for gene expression anal-
ysis are listed in the Table 2 and were provided by
Thermo Fischer Scientific (Milan, Italy). GAPDH was
used as internal control (data no shown).

Statistical Analysis

All data on wound size and pain assessment were sta-
tistically analyzed using One-way ANOVA test. We
considered significant P value <0.05. All analyses were
performed using GraphPad 5.0 software.

Fig.4 Representative image of a diabetic patient with a sacred coccygeal
ulcer. a Ulcer before micrografts application; b—c¢ Application of
micrografts alone and collagen sponge; d—e, after 1 week of treatment
and at closure time of 14 days

Results
In Vivo Effects of Micrografts on Ulcers Healing

We reported some representative cases among of 30
patients treated with dermal autologous micrografts. In
the Fig. 2 is represented a post-traumatic ulcer (Fig. 2a)
in a patient affected by vascular deficit treated with
micrografts plus collagen (Fig. 2b) and we observed
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an increase in exudation after the first week of therapy
at first dressing change (Fig. 2c). At second dressing
change, exudation had diminished and a fibrin layer in
the ulcers was visible (Fig. 2d). Buttons of granulation
tissue were also evident. A month later a distinct reduc-
tion in wound size and new tissue was visible around
the wound (Fig. 2e). Similar results were also observed
for diabetic ulcer of lower leg (Fig. 3) and sacred coc-
cygeal ulcer (Fig. 4). We then measured a wound size
of the ulcers observing a significant reduction already
after 1 week from treatment and until the almost com-
plete wound haeling (Fig. 5a). In addition, all patients
reported a significant decrease of pain after micrografts
application (Fig. 5b) and no infection signs, allergic
reactions, maceration and inflammation around the le-
sion were reported. Furthermore, we reported a de-
creased level of exudation and increased level of gran-
ulation tissue after 15 days from treatment with a peak
after 30 days, which from a clinical point of view was
represented by the appearance of a fibrin layer (Fig. 5c).
Lastly, 70 % of patients stated an improvement in phys-
ical symptoms, daily living activities, sleep, motility and
social life (Fig. 5d).

In Vitro Results
Isolation and Characterization of Dermal Micro-Grafis

To elucidate the characteristics of micrografts, we carried out
in vitro experiments on healthy skin biopsies disaggregated
and cultured as described in the appropriate paragraph. In the
Fig. 6, we showed that primary cells obtained by cultured skin
biopsies displayed a typical fibroblast-like morphology after 7
and 14 days of culture (Fig. 6a—b). Then, flow cytometry
analysis reported an high positivity for MSCs markers includ-
ing CD34 (67 %), CD73 (83 %), CD105 (80 %) CD90 (72 %),
while the cells are negative for CD31, CD45 (hematopoietic
markers) and CK15 (keratinocyte marker) (Fig. 6¢).

Interaction Between Dermal Micrografts and Collagen
Sponge

To assess the interaction between dermal micrografts and col-
lagen sponge to form a functional bio-complex, we firstly
investigated a cell viability staining the biocomplex with
calcein AM and we observed after 3, 7 and 14 days of culture
a good green fluorescence suggesting an high cell viability
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Fig. 5 Wound area and pain assessment before and after the micrografts
treatment. a Wound area was evaluated using a ruler and multiplying the
greatest length for the perpendicular greatest width and was expressed in
cm?. b The pain was measured by VAS scale according to what reported
by the patients before and after 1 week of treatment. (***P=0.001 vs.
before treatment condition). ¢ Change in granulation and exudation tissue
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over treatment period calculated on digital photographs scored to assess
the amount of granulation tissue using an objective grading scale. d
Graph depicting exit survey responses provided by the patients to
questionnaire of the impact of the treatment on various quality of life
issues
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(Fig. 7a—c). Then, we stained a biocomplex with H&E show-
ing that cells appear homogeneously distributed throughout
the whole sponge after 3 and 7 days of culture with an exten-
sive spreading at Day 14 suggesting, in addition to cell viabil-
ity, an increased time-dependent cell proliferation (Fig. 7d-1).

Gene Expression in the Ulcer Site

Finally, we compared in injured and healthy skin the expres-
sion of growth factors such as EGF, IGF PDGF and TGF-Beta
to understand the factors involved in the micro-grafts feeding
and activation in both venous and diabetic ulcers. As indicated
in the Fig. 8, we observed no expression for EGF (Epidermal
Growth Factor), IGF (Insulin-Growth Factor) -I and -II in
venous ulcers. The same results were also observed for dia-
betic ulcers, except to IGF-II that was instead expressed. We
also observed a mild expression for PDGF (Platelet Derived
Growth Factor)-AA and -BB as well as their receptors in both

venous and diabetic ulcer samples. Lastly, in both venous and
diabetic ulcers we revealed a strong expression of TGF-3
(Transforming Growth Factor-f3) (Fig. 8a—b). Skin biopsies
from healthy subjects were used as control (Fig. 8c).

Discussion

Chronic wounds are considered a financial burden on the
health care system in western countries and for this reason, it
is important to consider the application of new clinical proce-
dures to improve their management [17]. To date, one of clin-
ical approaches is for example the application of skin substi-
tutes but given the high cost of these products, future random-
ized large prospective studies are needed to guide their clinical
applications [18]. Another approach is the skin graft through
the application of a bilayer artificial skin in conjunction with
compression bandaging. Although this approach increases
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Fig. 6 Representative image of cells derived from cultured micrografts.
a-b The images were captured after 7 and 14 days of culture. ¢
Representative image of flow cytometric analyses performed
immediately after disaggregation with Rigeneracons medical device. A

significant percentage of cells are clearly positive for mesenchymal stem
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cell markers, including CD90 (72 %), CD105 (80 %), CD34 (67 %),
CD73 (83 %). In contrast, all cells were negative for hematopoietic

markers such as CD31 and CD45 and negative for keratinocyte marker
such as CK15
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venous ulcer healing compared with a simple dressing plus
compression, more data are needed to assess whether other
forms of skin grafts increase ulcer healing [19].

In this study, we showed that autologous dermal
micrografts obtained by Rigenera protocol improve the pro-
cess of tissue repair in venous, diabetic, pressure and post
traumatic ulcers, moreover we observed a better healing of
ulcer site after micrografts application with a reduction of
wound size, an increased granulation and reduced exudation.
These results are according to an independent study where
was demonstrated the ability of autologous micrografts to
trigger the wound healing of multifactorial ulcers [20]. The
successful outcomes of this novel approach are also evident in
other clinical fields including dentistry where micro-grafts de-
rived from dental pulp were used for periodontal regeneration
and alveolar socket preservation [21-23] and in dermatology
where an engraftment of transplanted hair through micro-
grafts application was observed [24].

Chronic wounds have a significant impact on quality of life
of the patients who are often affected by immobility and pain
and need of continuous topical treatment [17, 25]. Regarding

Fig. 7 Cell viability and
interaction of micrografts on
collagen sponge. a—¢ Cell
viability of biocomplex was
evaluated by calcein staining after
3,7 and 14 days of culture. d—f
Histological staining with H&E
after 3 days, g—i, 7 days, and j-,
14 days at different magnification
(X 10, 40, 100). The images
showing that the cells were
homogeneously distributed on
scaffold with an increased cell
proliferation time- dependent.
Arrowhead shows the neo-formed
matrix and the arrow shows the
micro-grafts
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this aspect, we reported in this study a significant amelioration
of patient’s quality of life in terms of sleep, motility and im-
plementation of daily activities. Interestingly, patients reported
abatement of pain within a few hours of micrografts applica-
tion without previous administrations of analgesics.

On the basis of clinical evidences of ulcers site improve-
ment, we tried to understand the potential mechanism impli-
cated in this effect. For this reason, after the disaggregation of
healthy skin biopsies, we cultured the dermal micrografts ob-
serving that these after 7 and 14 days of culture exhibited a
fibroblasts-like morphology and mainly were positive to mes-
enchymal stem cell markers. These results are according to
other studies where we showed that this type of tissue disag-
gregation yields viable micro-grafts positive for mesenchymal
stem cells (MSCs) markers such as CD73, CD90, CD105 [15,
23]. This data is very interesting because of MSCs are object
of intensive research for their regenerative properties [26].
Moreover, preclinical and clinical trials show that MSC ther-
apy accelerates wound closure suggesting that this therapy can
be promising for treating wounds with delayed healing [27].
MSCs promote different stages of the wound repair process
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Fig. 8 Gene expression analy51s of'the ulcer site. Representative images of semi-quantitative RT-PCR showing mRNA gene expression for EGF, IGF-I,
IGF-11, PDGF-AA, PDGF-BB, PDGF-A receptor, PDGF-B receptor, TGF-f3 in venous ulcers (a), diabetic ulcers (b) and healthy control skin biopsies (¢)

and, although these may differentiate in the wound, it has been
shown that MSCs enhance wound healing through modula-
tion of inflammation, promotion of angiogenesis, and stimu-
lation of cell movement during epithelial remodeling [28]. On
the basis of these evidences, we can suppose that regenerative
properties of micrografts can be in part determined by MSCs
positivity reported in this and other above cited studies [10,
13, 15].

In this study we used at the same time the micrografts both
alone and in combination with a collagen sponge assuming
that topical delivery of micrografts can improve wound
healing of treated ulcers. Our in vitro results on interaction
between micrografts and collagen showed that when com-
bined, these form a biocomplex which displays both cell via-
bility and proliferation, therefore confirming a their regenera-
tive potential.

Finally, in this study we evaluated the gene expression of
any growth factors in the ulcer site to investigate the reason for
delayed healing of the ulcers. Among these, epidermal growth
factor plays a central role in wound healing acting on epithe-
lial cells and fibroblasts and promoting restoration of damaged
epithelium. Our results reported no gene expression for EGF
in both venous and diabetic ulcers site according to an im-
paired bioavailability in chronic diabetic foot ulcers [29].
Chronic wounds are also characterized by a lower expression
of PDGF-AA and -BB which promote mitogenesis, angiogen-
esis and macrophage activation [30]. According to this, we
observed a mild expression of PDGF-AA and —BB and their
receptors in the ulcer site when compared with control sam-
ples. We will evaluate the possibility to analyze the gene ex-
pression of these factors in micrografts-treated patients but for
now no data are available.

The use of autologous micrografts obtained by Rigenera
protocol represents an innovative approach in the clinical
practice and in literature are already reported several studies
on their efficacy both when applied on a scaffold and when
applied alone. For example, it was reported the improvement

of appearance and texture of exaggerated scars when applied
directly around the lesions without the use of any scaffold
[14]. Other studies reported the combined use of these
micrografts injected both around the lesion and applied on
collagen sponge [12, 20] or their application only on collagen
sponge [11, 13]. In summary, our results indicate that dermal
micro-grafts could endorse healing of different type of ulcers
reducing wound size and promoting the formation of granu-
lation tissue accompanied by an abatement of pain probably
due a paracrine effect in the surrounding cells and in general
by a better quality of life for patients. We also tried in vitro to
elucidate the potential mechanism involved in this effect and
we showed that micrografts contain cells expressing MSCs
suggesting a their role in the micrografts-induced tissue repair
even if further investigations are required to better elucidate
both their role and cellular processes involved in the develop-
ment and healing of ulcers.
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