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Abstract: A random skin flap is commonly applied in plastic and reconstructive surgery. The distal part of the ran-
dom skin flap often risks necrosis because the blood flow may be compromised. Prevascularization is a widely used
technology to intensify the vascularization function of biomaterials. In fact, human mesenchymal stem cell (hMSC)
sheets promote neoangiogenesis. We speculated that prevascularized hMSC cell sheets (PHCS) would further im-
prove neovascularization by producing more angiogenic growth factors in a random skin flap animal model. In this
study, PHCS were set up by co-culturing human umbilical vein endothelial cells (HUVECs) with hMSC cell sheets
(HCS). In vitro, we observed microvessel formation and significantly increased production of angiogenesis-related
factors. Thus, we analyzed the microvessel networks, vascular maturation, and angiogenic growth factors of the
cell sheet. In vivo, PHCS and HCS were implanted in a murine ischemic random skin flap model. Implanted PHCS
significantly increased blood perfusion and improved skin flap survival when compared to untreated control skin
flaps. The survival rate of the prevascularized and control skin flaps was assessed after 3, 5, and 7 days via analysis
of macroscopic images and Laser Doppler Perfusion Imaging (LDPI). Additionally, the numbers of skin appendages,
collagen fibers deposition, and epidermal thickness were evaluated. Moreover, the PHCS group also induced the
most intense neovascularization, the upshot of which was a robust blood microcirculation supporting skin flap sur-
vival. Therefore, PHCS implantation can effectively enhance local neoangiogenesis and hence increase the survival
of otherwise ischemic skin flaps. Hence, local administration of PHCS may serve as an alternative approach in
improving random skin flap survival.
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Introduction cal operations thus delaying further therapies
(4].
Random skin flaps are a common treatment

method in plastic and reconstruction surgery, Therefore, novel technological approaches

especially in small to medium size wounds [1].
Because the flap blood supply only gets through
the pedicle part, after surgery, the distal part is
exposed to ischemia and hypoxia conditions
before micro vessel connections are available
to the wound bed [2]. Due to the risk of isch-
emic condition, the flaps have a flap length to
width ratio of 2:1 to 3:1 depending on the site
and surgeon. An excessive flap length should
be avoided because the distal blood flow may
become insufficient, thereby risking distal flap
necrosis [3]. Although plastic surgeons take
several measures to improve survival of the
skin flap, distal flap necrosis is still a major
complication, which results in secondary surgi-

endowed with greater therapeutic effective-
ness are of the utmost importance. When treat-
ing ischemic tissues, including skin flaps, it is
important to improve the local neovasculariza-
tion. In recent years, studies have mainly fo-
cused on growth factors administration [5], an-
giogenesis-inducing gene transfection [6], and
cell therapies [7, 8]. Cell therapies, especially
those involving stem cells, have been devel-
oped as a novel strategy to accelerate the neo-
vascularization of ischemic tissue. Stem cells
possess both the ability to differentiate into
multiple cell lineages and the potential to
secrete various growth factors and/or cyto-
kines, which can exert a beneficial therapeutic
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effect on the ischemic tissue [9-11]. Existing
lines of evidence have indicated that mesen-
chymal stem cells (MSCs) may usefully improve
the survival of ischemic skin flaps. Local deliv-
ery of rat adipose-derived MSCs to random pat-
tern skin flaps led to a significant increase in
flap viability [4, 12]. It has also been proven
that cytokines and growth factors secreted by
stem cells promote in vivo neoangiogenesis in
ischemic tissues through a paracrine mecha-
nism [4, 12]. However, the implantation of
MSCs has its limits because of their rather poor
survival within ischemic tissues [13]. Traditional
delivery routes, such as injecting or spraying a
cell suspension, have drawbacks, including a
lack of control as to where cells end up and a
non-homogeneous distribution of the cells wi-
thin the treated area [14]. Engineering of cell
sheets can prevent such risks and preserve the
extracellular matrix, cell-cell junctions, and cell-
matrix links, thereby restricting the cells to the
treated area [15]. In vivo studies have already
proven that cell sheets can provide a better
long-term tissue survival as compared to the
injection of a cell suspension [16]. Notably, the
implantation of MSCs cell sheets increased the
survival area of random skin flaps due to the
increased expression of angiogenic factors
[471].

Recent advances in tissue engineering have
led to better strategies aimed at improving the
beneficial therapeutic effects of cell sheets.
One of the most widely used strategies has
involved prevascularization methods [18]. Pre-
vious formation of a functional microvessel net-
work on cell sheets may promote angiogenesis
and further improve tissue function [19]. Among
all cell types used on angiogenesis studies,
endothelial cells have been widely applied on
different types of matrices to produce vascular
networks [20, 21]. When co-cultured with
hMSCs, endothelial cells will increase the
amount of released angiogenic growth factors
driving the maturation and stabilization of
newly formed vascular structures [22]. In rats,
prevascularized cell sheets exerted superior
beneficial therapeutic effects as compared to
other cell sheet types when applied to a full
thickness wound model have [23]. Hence,
prevascularized cell sheets will improve skin
flap survival by accelerating local neoan-
giogenesis.
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The aim of this study was to assess the effec-
tiveness of prevascularized HCS to accelerate
neovascularization and increase skin flap sur-
vival. In brief, h(MSC sheets were first cultured
under hypoxia, and next co-cultured with
HUVECs under normoxia to induce the forma-
tion of a more extended and more intricate
microvessel network [24]. After that, both the
vascularized and non-vascularized cell sheets
were applied together with random skin flaps to
skin wounds and the microvessel network, vas-
cular maturation, and angiogenic growth fac-
tors released from the cell sheets were ana-
lyzed. The survival rate of skin flaps was evalu-
ated after 3, 5, and 7 days by microscope imag-
es and LDPI analysis. Additionally, the number
of skin appendages, collagen fiber accumula-
tion, epidermis thickness, and vessels density
were assessed.

Materials and methods
Culture of prevascularized hMSC cell sheets

The cell sheet cultivation method used was as
previously described [24]. In this study, we
adopted the optimized culture condition for
PHCS and HCS. Passages 3 to 5 hMSC (Sci-
encell, San Diego, CA, USA) were seeded at 10*
cells/cm? on cover glasses coated with 20 ug/
ml collagen | (BD Biosciences, San Jose, CA,
USA). To obtain HCS, hMSCs were cultured for
28 days in a hypoxia chamber (BioSpherix,
Lacona, NY, USA) flushed with a gas mixture of
the following composition: 2% 0,-5% C0,-93%
N, v/v. hMSCs were incubated with a-Minimum
Essential Medium fortified with 20% fetal
bovine serum, 1% L-glutamine, and 1% penicil-
lin/streptomycin (Life Technologies, Rockuville,
MD, USA). To produce prevascularized hMSC
cell sheets (PHCS), HUVECs (Sciencell, San
Diego, CA, USA) were seeded on top of hMSC
cell sheets at a density of 2x10%/cm? and cul-
tured under a normoxic conditions (20% 0O,) for
2 weeks in endothelial cell medium (ECM,
Sciencell, San Diego, CA, USA). The medium
was changed every other day.

Microvessels staining and quantification

The amount of developed vasculature was
measured via immunofluorescent staining. Cell
sheets were washed with phosphate-buffered
saline (PBS), fixed in 4% paraformaldehyde
(PFA), blocked with 2.0% bovine serum albumin
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(BSA) (Sigma, St. Louis, MO, USA) in 0.2% Triton
X-100 (Sigma, St. Louis, MO, USA) for 30 min-
utes at room temperature. The incubation with
mouse anti-human CD31 monoclonal antibody
(BBA7, R&D Systems, Minneapolis, MN, USA)
overnight at 4°C was followed by an incubation
with anti-mouse 1gG (H + L) F(ab’)2 fragment
(Alexa Fluor® 488 Conjugate) (Cell Signaling
Technology, Danvers, MA, USA) also for 1 hour
at room temperature. Nuclei were stained wi-
th a solution of 4’,6-diamidino-2-phenylindole
(DAPI, 1:1000, Thermo Fisher Scientific, Wa-
Itham, MA, USA). Low-magnification (5% objec-
tive) images were acquired with a fluorescent
microscope (Leica 6B, Leica, Wetzlar, Germany),
combined with a LAS (Leica application suite) X
suit. Five images of the microvessel networks
pertaining to three individual samples per
group were combined and processed with
Angiotool software [25].

Basement membrane staining and permeabil-
ity assay

Staining of basement membrane collagen IV
was performed on 4% PFA fixed cell sheets
which were next blocked with 2% BSA in PBST
for 1 h at room temperature, and then treated
overnight at 4°C with anti-collagen IV antibody
(ab6586, 1:200, Abcam, Cambridge, MA, USA).
Staining was visualized after incubation for 1 h
at room temperature with anti-rabbit 557 anti-
body (1:400; R&D systems, Minneapolis, MN,
USA). Procedures for staining nuclei and acquir-
ing images were the same as above described.
For permeability assay, cell sheets were incu-
bated at 37°C for 30 minutes with a 5% 70 kDa
Texas Red-conjugated dextran (Thermo Fisher
Scientific Life Sciences, Waltham, MA, USA) in
PBS, and excess dextran was removed by wash-
ing in PBS [26]. Next assay procedures were
completed by fixation, anti-CD31 staining, and
confocal imaging (LSM780; Zeiss, Oberkochen,
Germany) as above described.

Human proteome profiler antibody array of
conditioned medium

The cell culture medium was sampled from
HCS and PHCS on day 7 and 14 after co-cultur-
ing with ECM. The human angiogenesis array
(ARYOO7, R&D systems, Minneapolis, MN, USA)
was performed according to the manufactur-
er’s instructions. Quantitative analyses were
carried using GenePix Pro (San Jose, CA, USA).
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Animals

All experimental procedures were conducted
according to the First Affiliated Hospital of Sun
Yat-sen University Institutional Animal Care and
Use Committee guidelines (Guangzhou, Guang-
dong, China). Male Balb-c/nu mice, weighing
20-24 g were obtained from the Nanjing Bio-
medical Research Institute of Nanjing Uni-
versity. Mice were randomly divided into three
groups according to the different surgical treat-
ment: control, HCS, and PHCS. Each group con-
sisted 20 mice (i.e., 5 mice per time point).

Ischemic skin flap model and cell sheet im-
plantation

Balb/c-nu mice underwent gas anesthesia (iso-
flurane, 2% v/v in O, 98% v/v, 2 L/min) prior to
surgery. During the operation, aseptic tech-
niques were maintained by providing a local
sterile environment in a specific pathogen-free
(SPF) animal lab.

After an adequate degree of anesthesia was
reached, animals were put on an operating
table with their limbs extended. A random pat-
tern skin flap having a size of 0.5%2.5 cm (1:5)
was cut on each mouse dorsum by using a scal-
pel, the depth of which was extended to a plane
superficial to the deep muscular fascia. Thus,
the skin flap was made of the skin, superficial
fascia, panniculus carnosus, and subcutane-
ous connective tissue. The flap did not include
any axial vessels, which resulted in the flap
pedicle distal end being ischemic. For cell sheet
implantation, once the proximal half of the flap
was sutured with intermittent stitches, the cell
sheet was laid upon the sarcolemma. After suf-
ficient hemostasis was achieved, the distal half
of the flap was sutured back into place with 5-0
running stitches. After surgery, the animals
were housed in separate cages.

Assessment of skin flap surviving areas and
blood perfusion

At O, 1, 3, 5, and 7 day after surgery, pictures of
the dorsal skin flap were taken always in the
same spot using a digital camera. The extent of
the surviving areas of skin flaps was blindly
assessed by two surgeons taking stock of color
changes, eschars, and non-epithelialized area
as compared with flap features of the control
mice group. At each time point of sampling,
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Imagel) software (National Institutes of Health,
Bethesda, MD, USA) was used to measure the
percentage of the surviving areas in relation to
the total surface area of the flaps.

The amount of blood perfusion of the skin flaps
was evaluated at each time point using a LDPI
system (PeriScan PIM3, Perimed, Stockholm,
Sweden). In brief, mice were positioned in a
similar fashion as for the making of the skin flap
with appropriate anesthesia. The probe scan-
ned dorsal skin flap surface at least for 30 sec-
onds, and the results were recorded as blood
relative perfusion units (RPU). Contrast images
were processed to display a color-coded live
flux image. During blood flow measurements,
the temperature of the heating pad was steadi-
ly kept at 37°C. In order to accurately quantify
the extent of ischemic areas, the latter were id-
entified as regions having an RPU value < 100.

Tissues sampling

Mice were sacrificed at 3, 5, 7 days after the
operation. The skin flaps and nearby tissues
were picked up and directly split into two por-
tions along the centerline. Next, both parts of
each sampled skin flap s were fixed with 4%
PFA and stored in liquid nitrogen (-196°C).
When devised, the fixed tissues were dehydrat-
ed and embedded in paraffin.

Histological and immunofluorescent analysis

Histology: Tissue sections (5-um thick) were
cut from paraffin blocks using a microtome
(Shandon Finesse 325, Thermo Fisher Scientific
Life Sciences, Waltham, MA, USA) and next
deparaffinated and rehydrated prior to be used
for staining. Hematoxylin and eosin (HE) stain-
ing and Masson’s Trichrome staining were per-
formed following the manufacturer’s guidelines
[23]. The collagen fibers accumulation level,
expressed as the collagen index (Cl) was com-
puted for each pixel within the images of inter-
est according to the equation:

Cl=(B+G)/(2R +B+G)

Where R, B, and G represented the red, blue,
and green pixel values, respectively. The value
of the Cl ranged from O for extremely red
objects to 1 for completely blue-green objects
[16, 17]. Four stained sections per each group
and per time point were visualized using a
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KF-PRO-005 digital platform (Konfoong Biote-
ch International CO., LTD, NingBo, China). For
quantitative analysis, three random fields were
selected in each section.

Immunofluorescence: Anti-CD31 staining: The
skin flap samples were taken out of liquid nitro-
gen, placed in OCT (Thermo Fisher Scientific
Life Sciences, Waltham, MA, USA), and next cut
into 10-um thick sections in a microtome
(Shandon Cryotome FSE, Thermo Fisher Sci-
entific Life Sciences, Waltham, MA, USA). Se-
ctions were blocked with 2% BSA in PBS Tween-
20 (PBST) for 1 hour at room temperature, and
next incubated overnight at 4°C with rat anti-
CD31 antibody (ab7388, 1:400; Abcam, Cam-
bridge, MA, USA) and visualized with anti-rat
IgG H&L (1:400; Alexa Fluor® 647; Abcam,
Cambridge, MA, USA) applied for 1 hour at
room temperature. Procedures for nuclear
staining and section images were performed as
described above.

Cell tracking in vivo

For in vivo short-term tracking, hMSCs were
labeled with CM-Dil (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruc-
tions. HUVECs were labeled with CFSE (Mo-
lecular Probes, Leiden, Netherlands) according
to the manufacturer’s instructions and then
incubated with hMSCs for 14 days, and then
administrated with skin flap model or subcuta-
neous implant model for another 7 days. The
samples were extracted and embedded in OCT.
Finally, acquired sections were stained with
DAPI and then observed under a fluorescent
microscope (Leica 6B, Leica, Wetzlar, Germany).

Statistics/data analysis

Results are presented as mean values + stan-
dard deviation. Statistical comparisons bet-
ween two groups with t-tests or among greater
than two groups with a one-way ANOVA. Results
differences were considered statistically signifi-
cant when P < 0.05.

Results

Microvessel network formation on prevascular-
ized cell sheets in vitro

Co-culture of HUVECs and hMSC cell sheets
exhibited reproducible network formation by
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Figure 1. Complex microvessel network formation of PHCS at day 7 and 14. A. Mosaic image of CD31 (green) Im-
munofluorescence staining and analysis result with Angiotool (yellow: vessel outline, red: skeleton, blue: branch
points). B. Quantitative analysis of microvessel networks of prevascularized cell sheets. *p < 0.05. Bar: 1 mm.

the endothelial cells. Cultures using only HU-
VECs did not lead to any network formation
[24]; instead the cells grew as a monolayer. The
network formed by HUVECs was confirmed by
immunofluorescence staining with anti-CD31
antibody (Figure 1A). During a two-week period,
HUVECs underwent an expected series of mor-
phological transformations which resulted in a
uniform, stable, and interconnected network.
This type of microvessel network was observed
throughout the culture system and was steadily
maintained for 14 days. We also quantitatively
characterized the microvessel network (Figure
1B). By day 14, the total vessel length per field
(9.82 mm x 9.82 mm) was 374.06 + 36.25
mm, which was much longer than that by day 7
(172.14 £ 15.12 mm). The vessel surface area
(day 14: 31.82 + 3.65 mm? versus day 7: 19.44
+ 1.38 mm?) and the total number of branch
points (day 14: 447.00 + 111.131 versus day 7:
114.80 + 18.49) showed the same trend
(Figure 1B). We combined the cell sheet micro-
scopic images to observe at day 14 the PHCS
as a whole, and to visualize the uniform and
complex microvessel structure (Figure S1A).
Moreover, the morphology of the lumen of
PHCS was studied using a 63x objective (Figure
S1B).
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Permeability and maturation of microvessel

Immunofluorescence staining was performed
using an antibody against collagen type IV,
which is one of the major structural compo-
nents of vascular basement membranes [27].
Collagen IV was robustly expressed around the
HUVECs, and the vessels luminal structure
could be observed in the single channel image
of collagen IV (Figure 2A). Next, we used Texas
Red-conjugated dextran to evaluate the perme-
ability with which the microvessels formed with-
in our PHCS at day 14. The dextran tracer was
uniformly distributed throughout the extracel-
lular matrix, while the signal was significantly
lower in the CD31 positive regions (Figure 2B).

Angiogenic profiling of HCS and PHCS

The release of angiogenic growth factors from
HCS and PHCS into the culture medium was
evaluated by means of a human angiogenesis
antibody array. Based on the intensity of the
positive dots, the three growth factors exhibit-
ing the greatest differences detectable in PH-
CS vs. HCS included Leptin, Ang2, and PI-
GF (Figure 3).
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W DAPI/CD31/Collagen VI >
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Figure 2. Microvessel maturation of PHC. A. CD31 (green) and collagen IV
(red) staining of PHC at day 14, and the latter showing the basement mem-
brane (yellow box) formed around the HUVECs. B. Dextran permeability assay
of PHCS at day 14. Some low dextran (red) signal regions (yellow arrow and
dashed line) formed in the microvessel (green) regions. Bar: 10 ym.
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Therapeutic effects of cell sheets for the skin
flaps

Skin flap survival in mice treated with PHCS,
HCS or with no treatment was checked over 7
days. Representative images of skin flaps at
various time points are presented in Figure 4A.
In contrast to the control group, the crusta in
the PHCS group and HCS group was incons-
picuous during the early stage after surgery.
The relative skin flap survival rate was ex-
pressed as the percentage of surviving area
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20004 =
D.I_I_L
PIGF Angiopoietin-2
1|Z| Figure 3. Human proteome profiler anti-
body array of conditioned medium. A. Rep-
resentative images of proteome profiler ar-
rays probe. (1: PIGF; 2: Leptin; 3: Ang2). B.
The quantitative data of the three growth
factors with the greatest difference were
obtained from three biological replicates
" ¢ ® (*P<0.05). The PHCS secreted more pro-

@ o ® ® angiogenic growth factors than HCS.

with respect to the entire sur-
face of the skin flap. A lower
survival rate indicated that a
severe ischemia had caused
skin flap tissue necrosis,
which may have resulted in a
poor clinical outcome. When
compared to the control group
atday 3 and 5, PHCS and HCS
showed a therapeutic effect
on the skin flap tissue surviv-
al. Notably, the PHCS group
exhibited a better survival
rate than the HCS group. At
day 7, there occurred still
significant differences in per-
cent flap survival between the
PHCS group and the other
two groups (84.678 + 2.420%
versus 77.923 + 3.639% and
versus 75.273 + 3.493%, res-
pectively; P < 0.05 in either
- instance). No statistically sig-
nificant differences were ob-
. HCS served between the HCS gro-
REEE up and control group (P>0.05;

Figure 4B).

Blood perfusion of skin flaps

Leptin On postoperative day 1, 3, 5,
and 7, the blood perfusion of
the skin flaps was evaluated
by LDPI analysis. The mean
value of skin flaps relative per-
fusion units (RPU) was signifi-
cantly different between the
PHCS group and the control
group at day 1 (Figure 5)
(102.122 + 3.996 versus
85.716 + 5.905; P< 0.05), and atday 5 (122.89
+ 10.654 versus 102.752 + 4.48; P < 0.05). As
regards the extent of the ischemic areas, sig-
nificant differences were observed especially
at day 3 between the PHCS group and the con-
trol group (Figure 5; 42.120 + 5.205 mm? ver-
sus 25.785 + 1.575 mm?, P < 0.05). Conversely,
no significant differences were detected
between the HCS group and the control group.
These findings showed that PHCS promoted
the recovery of blood perfusion and decreased
the extent of the ischemic areas of the skin
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flaps, especially at the early stages post-ope-
ration.

Histological changes

Tissue sections collected from the distal one
half portion of each skin flap underwent HE
staining to characterize microstructural and
cellular changes occurred at day 3, 5, and 7.
Thus, at day 3 in comparison with the PHCS
and HCS groups, the skin flaps from the control
group exhibited a thinner dermis with numer-
ous necrotic skin appendages. Conversely,
abundant normal-looking skin appendages
were detected in the HCS groups. At day 5, the
remaining tissue was found to be necrotic in
the control and HCS groups, whereas in the
PHCS group significantly less eschar tissue
could be observed. The epidermis in the control
and HCS groups started to come out under the
eschar, whereas in the PHCS group more matu-
ration structures were found. At day 7, the
PHCS group presented with a more regular his-
tology of the epidermis which was endowed
with a higher number of skin appendages
(PHCS 13.5 + 1.291 versus HCS 6.25 + 1.708
and control 1.25 + 1.5, respectively, P < 0.05).

The morphological features of the dermis and
the epidermal thickness were further charac-
terized and are presented in Figure 7. The mor-
phology of the dermis was analyzed in Masson’s
trichrome stained sections, in which the blue
shaded areas represent the collagen fibers. As
shown in Figure 7A, the control group exhibited
an immature collagen (light blue color), which
at day 7 surrounded the fibroblasts, whereas
collagen fibers were still in an admixed naive
state in the HCS group: conversely, organized
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Day 3 Day 5

Time post-operation

Figure 4. Morphology of different skin
flaps: control, HCS, and PHCS. A. Mor-
phology of skin flaps over 7 days post
surgery. B. Quantification of percent
survival skin flap. *P < 0.05. The PHCS
treated group had a better survival rate level.
of skin flap than the other groups.

the collagen index (Cl; the
intensity of collagen fibers
accumulation) in the control
(0.507 + 0.011) and HCS

Day? (0.553 + 0.011) groups was

lower as compared to that in
normal skin (0.639 + 0.014).
Notably, the Cl in the PHCS
group (0.609 + 0.006) was
very close to the normal skin

Analysis of vessels density

To confirm the therapeutic effects elicited
by promoting the neovascularization, the
expression of the vascular endothelial cell
marker CD31 was analyzed (Figure 8). An
improved neoangiogenesis was observed in
the PHCS group as compared with the control
group at all time points as measured by the
respective values of the CD31 areas (um?2/
microscopy field at 20x magnification: day 3,
9199.00 + 2391.44 versus 2998.80 =+
1120.97; day 5, 15608.40 + 4422.288 versus
7519.20 + 1119.08; 23168.40 + 6829.40 ver-
sus 13029.20 + 1491.93, respectively, P <
0.05 in all instances). Conversely, no statistical
difference occurred between the HCS and the
control group.

Cell tracking in vivo

On day 7 after implantation of cell sheets, we
could not trace the stem cells of the cell sheets
within the skin flap animal model. In the subcu-
taneous implantation animal model, fluores-
cent microscopic examination showed the
CM-Dil-labeled hMSCs and CFSE-labeled HU-
VEC in each specimen we examined (Figure S2).

Discussion

The therapeutic effects of cell sheets can be
significantly improved by a prevascularization
procedure in vitro and in vivo [28-30]. In this
study, prevascularized hMSC cell sheets were
bio-fabricated according to our previous cell-
sheet protocol [24]. Observation by immunoflu-
orescence staining of the, the microvessel
structure in vitro revealed that the PHCS group
could form a uniform and complex microvascu-
lar network by day 14 of co-culture. In a next
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Figure 5. Laser doppler perfusion image analysis. A. Representative LDPI images obtained on post-operation day
1, 3, 5, and 7. In multiple color-coded images, high blood flow is depicted in red, while low perfusion is displayed as
blue to dark blue. In blue-white images, blood flow lower than 100RFU is depicted in blue. Bar: 5 mm. B. Mean blood
flow perfusion of flaps of three groups. *P < 0.05. C. Ischemic area of skin flaps of three groups. *P < 0.05. PHCS
promoted the recovery of blood perfusion, and decreased ischemic areas of the skin flaps.

A Day 3 Day 5

step, we evaluated the angiogenic functions of
HCS and PHCS in mouse dorsum skin flaps hav-
ing standard sizes (0.5x2.5 cm). Though the
local application of PHCS, the skin flaps surviv-
al was markedly advanced as compared with
the control and HCS groups as confirmed by the
increased blood perfusion in the PHCS group.
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Il PCS
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2 8

Day7

Time post-operation

Figure 6. The changes of skin appendages in
different groups. A. HE staining of skin flaps
showing hair follicles (indicated by yellow ar-
rows). B. The PHCS group had the best recov-
ery of hair follicles. *P < 0.05. Bar: 200 ym.

In addition, the results of both the histological
analysis and anti-CD31 immunofluorescence
analysis proved the greater therapeutic poten-
tial of the PHCS group.

Except for the observation of the microvessel
network, we also proved that the PHCS group
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Figure 7. Morphological changes of epidermis and dermis in the normal skin
and skin flaps. A. Masson'’s trichrome staining on post operative day 7. Bar:
50 um. B. Quantification of collagen intensity in the image. *P < 0.05. C. HE
staining of epidermis. Bar: 50 ym. D. Thickness of epidermis on day 14 and
28. *P < 0.05. In the PHCS group, the morphological features of epidermis
and dermis are very close to those proper of normal skin.

had the potential to promote the formation of
mature microvessels. The latter were surround-
ed by a basement membrane made up mainly
of collagen IV, which promoted endothelial cell
survival, and helped maintain microvessel
steadiness [31]. Specific immunofluorescence
staining showed that collagen IV was robustly
expressed around the HUVECs after a 14-day
co-culture. This finding is indicative of microves-
sel maturation and basement membrane for-
mation. In addition, we established a model of
microvessel permeability. Mature microvessels
are impermeable to dextran having a molecular
weight higher than 65 kDa. Therefore, we chose
a dextran with a molecular weight of 70 kDa
[32]. Our results show that the microvessel net-
work had secure cell-cell junctions, which pre-
vented the dextran from freely diffusing into the
vessels lumina. Angiogenesis and vascular
organization are processes that proceed along
multiple stages. Multiple angiogenic growth
factors are involved the control of the microves-
sel network formation, maturation, and correct
patterning [33]. The possible mechanisms
involved in angiogenesis are related to factors
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Control which promote microvessel
=S formation in vitro [34].

The angiogenic growth factors
perform an important regula-
tory role in the process of pre-
vascularization in vitro [35].
We analyzed the growth fac-
tors released into the super-
natant of the PHCS and HCS
groups to investigate their
angiogenic ability. When com-
pared to HCS, the PHSC group
secreted higher levels of le-
O s ptin, placental growth factor
: ICIZ"S“‘ (PIGF), and angiopoietin-2 (An-
— g2). Leptin is mainly secreted
by adipocytes and is involved
in several processes, such
as proliferation, inflammation,
and angiogenesis [36, 37].
In previous studies, authors
have suggested that leptin
significantly promoted angio-
genesis in vitro [38, 39]. In our
co-culture system, PIGF may
play a critical role in microves-
sel formation. Moreover, PHCS
produced higher levels of PIGF
than HCS. PIGF is a pro-angio-
genic factor belonging to the VEGF superfamily.
PIGF plays an important role in promoting neo-
vascularization, such as tissue ischemia and
wound healing [40]. On the other hand, PIGF is
upregulated in human endothelial cells (ECs)
embedded in 3-D collagen matrices inducing
the formation of a capillary-like network [41].
Hence, an increase of PIGF might help promote
the sprouting and branching during angiogene-
sis. Ang2 is mainly secreted and stored by ECs
at sites of active vascular remodeling [42].
Additional biological roles of Ang2 include the
regulation of endothelial tube formation, neo-
angiogenesis, ECs migration and ECs viability
[43-45]. Therefore, the increased Ang2 level
concurred in promoting microvessel maturation
and network formation in PHCS.

Time post-operation

In this study, our primary goals were to investi-
gate the role of stem cells in neovascularization
and whether prevascularization might optimize
the therapeutic effect of HCS. Therefore, nu-
de mice were used. Although in some studies
using stem cells immunocompetent animals
were used [46], in quite numerous nude mice
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were used to evaluate therapeutic angiogene-
sis [47]. We selected a nude mice model for our
study to diminish the influence of the immune
system on the potential therapeutic effects
thereby focusing on the role of neovascu-
larization.

To ensure the stability of the ischemic skin flap,
we observed the ischemia degree of flaps with
different length to width ratios. According to our
preliminary findings, for this study we chose a
length to width ratio 1:5.

In the early stage after skin flap elevation, the
survival and conditions of the skin flaps are cru-
cial for a successful surgical upshot. The distal
part of the flap is under ischemic conditions
due to an inadequate blood perfusion. Hence, a
rapid neovascularization restoring blood perfu-
sion is very important to avoid skin flap necro-
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Day5 Day7

Il Control
HCS

Bl PCS Figure 8. Vascular density analy-
sis. A. Representative results of
anti-CD31 staining. Blue: DAPI, Red:
CD31. B. The extent of CD31-positive
areas per HPF was determined and
analyzed. The PHCS group showed
the highest vascular density. *P <
0.05. Scale bars: 100 ym.

sis. In our ischemic skin flap animal model, skin
flap survival in mice treated with PHCS demon-
strated to give superior results over the other
groups.

To confirm our preliminary findings, we selected
LDPI to evaluate blood perfusion of skin flaps.
LDPI is an extension of laser doppler flowmetry
that measures capillary blood flow, and has
been applied for both clinically and research
purposes [48, 49], especially to investigate the
microcirculation of skin flaps and to monitor
skin flap viability noninvasively [50, 51]. An
increase in blood perfusion in the ischemic
skin flaps indicated the establishment of an
effective microcirculation, capable to supply
oxygen and to remove waste products from
skin flaps. We found at all time points a signifi-
cantly higher level of blood perfusion in the
PHCS group as compared with the control
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group. The PHCS group had the lowest isch-
emic area at the early stage after flap elevation,
which could imply a delayed tissue-protective
effect of PHCS.

The normal skin flap has a certain endowment
of skin appendages, dermal collagen, and epi-
dermis. For a successful skin flap surgery, it is
important to reduce the pathological changes
in the early stage and reconstitute the struc-
ture and function at the end of the observation.
Three days after skin flap elevation, the control
group and HCS group showed a significant de-
crease of normal skin appendages. Moreover,
dermal collagen underwent severe necrosis.
These pathological features were likely caused
by the surgical operation and an inadequate
blood supply [52]. When compared to the other
two groups, the PHCS group had a better per-
forming dermis at day 3 after surgery. At day 5,
naive skin appendages and epidermis sequen-
tially appeared in the control and HCS groups,
but the recovery was much slower than in the
PHCS group (Figure 6). By day 7, the histologi-
cal appearance was significantly diversified
among the groups. The PHCS group, which
regained a generally normal appearance, sho-
wed a much better recovery than the other two
groups as regards Cl and epidermis thickness.

Neovascularization is a critical process for skin
flap survival, particularly at the early stage of
skin flap elevation [53]. The formation of a new
microvascular network is a necessary event to
restore the supply of oxygen and removal of
waste. Our results show that PHCS group had
the highest vascularization at all time points,
which corresponded to the strongest angiogen-
ic ability. The higher CD31-positive area in the
PHCS group indicated the potential to improve
the maintenance and viability of skin flaps.
Combined with the early pathological results,
we speculated that possible reasons for this
phenomenon were as follows: firstly, ischemia
caused less damage to the skin flap; secondly,
a tissue with a milder degree of damage would
have a stronger regenerative ability.

In this study, we showed that prevasculariza-
tion enhanced the therapeutic effect of PHCS
in a skin flap model. We speculated that the
paracrine effect was a possible mechanism to
improve skin flap survival by promoting neovas-
cularization. However, the effect of the stem
cells themselves and microvessel structure on
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the skin flap remains unclear. Using cell track-
ing technology, we could not trace the stem
cells of the cell sheets within the skin flap ani-
mal model. The explanations of this may be as
follows. First, when compared to the numbers
of cells used in the literature, our method used
much less cells [12]. However, we still could
observe a robust therapeutic effect, which indi-
cated a better function of PHCS. Second, the
hypoxic microenvironment of the ischemic skin
flap might cause cell apoptosis, resulting in
decreased numbers of living cells. A large num-
ber of studies selected subcutaneous implan-
tation models for their in vivo experiments [54-
56], which prevented damage from an ischemic
microenvironment. Third, we used a natural
material without any scaffold, the physical
properties of which were poor. Consequently,
the relative mobility between the skin and the
muscular layer was higher. However, it is diffi-
cult to immobilize cell sheets for a long time. In
our subcutaneous implantation model, HUVEC
and MSC could be traced at day 7 (Figure S2).
This finding supported the above explanations.
Further studies will focus on optimizing the cell
sheet culture protocol and verify the function of
the microvascular structure in vivo.

Conclusion

In this study, we proved that prevascularizat-
ion strengthened the therapeutic effects in
vitro and in vivo of PHCS, which then secreted
increased amounts of pro-angiogenic factors
and promoted the formation of mature micro-
vessels in vitro. Hence, the implantation of pre-
vascularized PHCS could improve the survival
of skin flaps in vivo.
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Figure S1. A. Mosaic image of PHCS at day 14. Green: CD31, Bar: 1 mm. B. Lumen structure (red rectangle) of
PHCS at day 14. Green: CD31, Blue: DAPI, Bar: 10 um.

CSFE-HUVEC CM Dil-MSC

Figure S2. Frozen section of tissues from PHCS subcutaneous implantation model at day 7. Green: CSFE-HUVEC,
Red: CM Dil-MSC, Blue: DAPI. The yellow box represents the reticular dermis. These images indicated the PHCS
surviving for 7 days in vivo. Bar: 10 ym.

e Epidermis



