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Abstract

Traditional tissue engineering skin are composed of living cells and natural or synthetic scaffold. Besize the time delay and
the risk of contamination involved with cell culture, the lack of autologous cell source and the persistence of allogeneic
cells in heterologous grafts have limited its application. This study shows a novel tissue engineering functional skin by
carrying minimal functional unit of skin (MFUS) in 3D-printed polylactide-co-caprolactone (PLCL) scaffold and collagen
gel (PLCL + Col + MFUS). MFUS is full-layer micro skin harvested from rat autologous tail skin. 3D-printed PLCL elastic
scaffold has the similar mechanical properties with rat skin which provides a suitable environment for MFUS growing and
enhances the skin wound healing. Four large full-thickness skin defects with 30 mm diameter of each wound are created
in rat dorsal skin, and treated either with tissue engineering functional skin (PLCL + Col + MFUS), or with 3D-printed
PLCL scaffold and collagen gel (PLCL + Col), or with micro skin islands only (Micro skin), or without treatment (Normal
healing). The wound treated with PLCL + Col + MFUS heales much faster than the other three groups as evidenced by
the fibroblasts migration from fascia to the gap between the MFUS dermis layer, and functional skin with hair follicles
and sebaceous gland has been regenerated. The PLCL + Col treated wound heals faster than normal healing wound,
but no skin appendages formed in PLCL + Col-treated wound. The wound treated with micro skin islands heals slower
than the wounds treated either with tissue engineering skin (PLCL + Col + MFUS) or with PLCL + Col gel. Our results
provide a new strategy to use autologous MFUS instead “seed cells” as the bio-resource of engineering skin for large
full-thickness skin wound healing.
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Highlights

e Anovel engineering skin with 3D-printed elastomer
PLCL scaffold.

e MFUS replace traditional seed cells for functional
skin regeneration by 3D bio-printing.

e A new strategy of tissue engineered skin for wound
healing.

Introduction

Skin is the largest organ covering the whole human body
surface. Skin acts as an interface between the internal
organs and the external environment forming a barrier to
prevent the body dehydration and the penetration of exter-
nal microorganisms.! The human skin comprises of three
layers: epidermis (outermost), dermis (middle), and hypo-
dermis (deeper).? Skin injuries are very common, and
human skin has a natural ability to promote the self-regen-
eration for small skin defect. However, this capacity can be
compromised under specific conditions, like extensive
skin loss, deep burns, chronic wounds, non-healing ulcers,
and diabetes.> Extreme loss of skin function and struc-
ture due to injury and illness will result in substantial phys-
iological imbalance and may ultimately lead to major
disability or even death.® Thus, the healing of large or
chronic full-thickness wounds with functional skin regen-
eration is still a challenge in clinics so far.”

The use of skin grafts has shown the effective results on
enhancing the skin wound healing. However, the limited
donor-site skin yields another potential problem. Allografts
and xenografts provide temporary coverage, but they can’t
stay a long time in the body due to the immunoreactions.®’
In addition, there might not be readily available skin allo-
grafts for use,'” and the allografts carry some risks of
infection and antigen exposure.'!

Recent years, tissue engineering skin comprised mostly
of human cell lines with degradable materials have been
used for transplantation onto burned and wounded skin
patients.'> However, the time required to isolate and cul-
ture the cells is 2-3 weeks before they are suitable for
grafting,'® and such long culture time increases the risk of
contamination. Furthermore, the seeded cells can not dif-
ferentiate into all types of the cells needed for full-thick-
ness skin reconstitution and they cannot form the
functional skin structure because of the complexity of its
organization.'*

Autologous micro-skin grafting has been used for large
skin wound healing due to it has smaller trauma to the
donor area and larger amplification areas than traditional
skin grafting method.'® So far, micro skin islands used for
covering wound only contain epidermal and part dermis,
they can’t regenerate full-thickness functional skin and the
healed tissue has disorganized structure.'? Although some
researchers have shown better healing results by using

full-layer micro skin, the operation of full-layer micro skin
harvesting and implanting is time-consuming and healing
by micro-skin only is slow.'>!>1¢ Moreover, the micro-skin
islands are difficultly attached to the wound area. Once the
wound is infected, the tiny skin islands are easily necrosed
by infection. Therefore, a scaffold used as a wound closure
and micro-skin island carrier after large full-thickness skin
defect is required to create a sealed wound environment to
keep out infection, and also create a moist environment to
promote the wound healing process and enhance the
micro-skin island growth.!’

Biomaterial scaffolds are increasingly being used to
drive tissue regeneration.'® Some biodegradable and bio-
compatible polymers have been used to protect open
wounds, promote the cell growth, and suppress granula-
tion tissue and scar.!® These polymer scaffolds can be
processed with adequate control of the architectural
parameters such as pore size and shape, wall morphol-
ogy, and surface area which are key issues for cell seed-
ing, migration, growth, mass transport, and tissue
formation. Among the different synthetic polymers, poly-
e-hydroxy esters such as polylactic acid (PLA), polygly-
colide (PGA), and polycaprolactone (PCL) are the most
used for regenerative medicine.?*?! However, the syn-
thetic polymer only is unable to restore skin function due
to the lack of hydrophilicity for cell adhesion, as well as
its limited biocompatibility.

Collagen, the major protein in skin plays a dominant
role in maintaining the biological and structural integrity
of the extracellular matrix (ECM), and is a dynamic and
flexible material that undergoes constant remodeling to
refine cellular behavior and tissue function.?? It has been
reported that the collagen-containing matrix can be used as
an effective therapeutic agent for impaired diabetic wound
healing.” The combination of collagen-containing poly-
mer scaffold with cells has helped to reduce mortality in
large burn, but the healed skin lack hair follicles and glands
after transplantation,'32*

In this study, we propose a new concept for the first
time to use the minimum functional unit of skin (MFUS)
to instead of “seed cells” to develop a novel tissue engi-
neering skin. Each MFUS is an autologous full-thickness
cylindrical micro skin island which has complete skin
structure including 1-3 hair follicles, some sweat glands,
and other skin accessory organs. To harvest enough the
MFUS in a short time, we invented an electronic punch
which can punch and collect the MFUS simultaneously.
To reduce the operation time and improve the survival
rate of the MFUS, we developed a Three-dimensional
(3D)-printed PLCL scaffold which has been designed
with suitable pore size and structure used as a MFUS sup-
porting sheet. It’s well known that 3D-bioprinting can be
customized for skin shape with cells and other materials
distributed precisely, achieving rapid and reliable pro-
duction of bionic skin substitutes, therefore, meeting
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Figure |. Preparation and characterization of tissue engineering skin. (a) Photo images of computer-aided 3D-bioprinter used for
3D-printed PLCL scaffold preparation. (b) Drawn pictures of designed 3D-printed PLCL scaffold showed the structure and printing
process. The designed diameter of the microfilament was 0.2 mm (black arrows), each hole was built by three microfilaments (green
boxes), and the designed hole size was 1.2 X 1.2 X 0.6mm? (red boxes). The scaffold was layer-by-layer printed and the nozzle
turned 90° every three layer (left drawn picture). (c) Photo pictures and semi-quantification result showed the morphology of
3D-printed PLCL scaffold which had 100 holes with the average of the length of the hole was 1.21 = 0.0898 mm, the width of the
hole was [.17 =0.0627 mm, and the height of the hole was 0.49 = 0.0583 mm, respectively. Bar: 2mm.

clinical and industrial requirements.?> Our tissue engi-
neering skin was prepared by implanting the MFUS into
the 3D-printed PLCL scaffold and sealed with collagen
gel. This MFUS-containing 3D-printed PLCL scaffold
with collagen gel (PLCL + Col + MFUS) can be used as
tissue engineering skin to cover the wound directly. The
effect of this novel tissue engineering skin (PLCL +
Col + MFUS) on large skin wound healing has been
tested by full-thickness skin defect model. To evaluate
the survive of the MFUS in the tissue engineering skin,
the MFUSs used for the preparation of tissue engineering
skin were collected from rat tail skin and implanted into
rat dorsal skin wound area due to the MFUS of rat tail

skin differs from rat dorsal skin. The results are reported
as the follows.

Results

Construction and evaluation of 3D-printed
PLCL elastic scaffold

In order to develop tissue engineering skin for enhancing
full-thickness wounded skin regeneration, we created
PLCL scaffold for carrying MFUS by a 3D bio-printer
(Figure 1(a)). The designed diameter of the PLCL micro-
filament was 0.2 mm printed out by a 0.2 mm nozzle (red
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Figure 2. Mechanical properties of 3D-printed PLCL scaffold. (a) Photo image showed the equipment (Instron 3400) used for
testing the mechanical properties of 3D-printed PLCL scaffold and rat dorsal skin tissues at two positions. (b) The mechanical
testing results of 3D-printed PLCL scaffold and rat dorsal skin tissues. (c) Mechanical testing model and results of rat dorsal skin
tissues. (d) Mechanical testing model and results of 3D-printed PLCL scaffold. (€) SEM image of the horizontal section of the
3D-printed PLCL scaffold showed the size and structure of up-side-holes. (f) SEM image of the cross-section of the 3D-printed

PLCL scaffold showed the size and structure of wall-side holes. (g) Semi-quantification of the holes in the 3D-printed PLCL
scaffold compared with the designed hole areas. (h) Elastic testing results demonstrated that there was no any change found in the

3D-printed PLCL scaffold after 180° and 360° stretching test.

box in Figure 1(a)). The scaffold was designed by 100
holes (each hole was 1.2 mm length X 1.2 mm width), and
the wall thickness of each hole built by three micro-fila-
ments was 0.6 mm (Figure 1(b)). To ensure the penetration
and migration of the cells, and the deposition and distribu-
tion of the matrix, the scaffold was printed horizontally at
the first three layers, and then the nozzle was turned 90° to
print out the other three layers vertically (Figure 1(b)).
Finally, the actual thickness of the wall in 3D-printed
PLCL scaffold was about 0.49 * 0.0583 mm, the length of
the hole was 1.21 = 0.0898 mm, and the width of the hole
was 1.17 =0.0527 mm (Figure 1(c)).

The equipment (Instron 3400) shown in Figure 2(a) was
used for testing the mechanical properties of 3D-printed
PLCL scaffold with the same models used for rat dorsal
and tail skin tissue testing (Figure 2(b)—(d)). The results

indicated that 3D-printed PLCL scaffold was a flexible and
elastic scaffold with the similar mechanical properties to
rat dorsal skin at all testing positions under 30% strain
(Figure 2(b)—(d)). Considering the particularity of the
square structure in 3D-printed PLCL scaffold, the central
positions on the both sides were chosen for the radial
stretching, and the diagonal directions were chosen for the
axis stretching (Figure 2(d)). The results showed that the
mechanical property of the 3D-printed PLCL scaffold on
anti-axis force was weaker than anti-radial stretching
(Figure 2(d)) and also lower than that of rat dorsal skin
(Figure 2(c)) when they were applied to more than 30% of
strain (Figure 2(b)—(d)).

Scanning electron microscopy (SEM) image analysis
showed that the 3D-printed PLCL scaffold had well
organized lattice structure (Figure 2(e) and (f)). The
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Figure 3. In vivo experimental model for large full-thickness skin wound healing. (a) Photo image showed the MFUSs were
harvested from rat tail skin using an electric micro puncher. (b) Photo image showed the 8—12 MFUSs harvested and stored in a
tube. (c) Photo image showed the MFUS were loaded into the 3D-printed PLCL scaffold using a metal stick under a microscope. (d)
Photo image showed total 50 MFUSs have been loaded into 3D-printed PLCL scaffold. (e) A drawn picture showed the structure
and the size of the MFUS harvested from rat tail skin tissue (red box in (b)) and loaded into the 3D-printed PLCL scaffold (red

box in D). (f) Photo image of tissue engineering skin formed by MFUS-loaded 3D-printed PLCL scaffold with collagen gel. (g) Photo
image showed four large full-thickness skin defects have been created in rat dorsal skin and the wound was treated either with
tissue engineering skin (PLCL + Col + MFUS), or with scaffold only (PLCL + Col), or with micro skin islands (Micro skin) or without
treatment (Normal healing). (h) Photo images showed the structure and the size of the plastic ring used for fixing the wound edge

skins.

horizontal section showed that the square holes were
separated by the microfilaments (Figure 2(e)), and cross-
section showed that each hole was built by three micro-
filaments (Figure 2(f)). Semi-quantification showed that
the average of the hole areas in the horizontal sections of
3D-printed PLCL scaffold called as up-side-holes (red
box in Figure 2(¢)) was 1.42 =0.01713 mm? (designed
hole areas: 1.2 X 1.2=1.44mm?), and the average of the
hole areas in the cross-section of the 3D-printed PLCL
scaffold called as wall-side-holes (blue box in Figure
2(f)) was 0.4867 =0.0228 mm? (designed hole areas:
0.6 X1.2=0.72mm?) (Figures 1(b) and 2(e)~(g)).
Although the wall-side-holes were a little bit of smaller
than the designed size due to the scaffold collapsed dur-
ing the polymer curing (Figure 2(f) and (g)), the up-side-
holes still kept the appropriate size for MFUS loading to
prepare tissue engineering skin, and the wall-side-holes
allowed cell penetration and migration. Further mechani-
cal testing by our designed the device (Figure 2(h)) dem-
onstrated that the 3D-printed PLCL scaffold had very
good elastic properties, there was no any changes found

in the scaffold after it was stressed by 22 g with 180° or/
and 360° strain (Figure 2(h)).

Collection of MFUSs and preparation of
tissue engineering skin for large full-thickness
wounded skin regeneration using an animal
model

MFUS as a bioactive source for tissue engineering skin
was harvested from autologous rat tail skin using an elec-
tric punch with 0.9 mm inner diameter and 1.0 mm outer
diameter (Figure 3(a)). The puncher connected a metal
tube which can harvest and store 8—12 MFUSs simultane-
ously in the same direction (Figure 3(b)) and obtain uni-
form MFUSs in shape (Figure 3(b)). This device can also
place the MFUS into the designed position of 3D-printed
PLCL scaffold continuously with regard to orientation by
using a 0.8 mm diameter of micro poker under microscope
(Figure 3(b) and (c)). The tissue engineering skin was pre-
pared by loading one MFUS into one hole of 3D-printed
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PLCL scaffold and keeping one hole empty between two
MFUSs, total 50 MFUSs were loaded into one piece of
3D-printed PLCL scaffold (Figure 3(d)). To ensure the
micro skin island has the minimal functional unit of skin
(MFUS), the collected micro skin particle must be full-
thickness with one to three hair follicles and some seba-
ceous glands (Figure 3(e)). The skin surface of the MFUS
was loaded as the top side in the 3D-printed PLCL scaf-
fold. Finally, the tissue engineering skin was obtained by
the injection of collagen gel into the gaps between the wall
of the 3D-printed PLCL scaffold and the MFUS (Figure
3().

Considering the clinical applications, this study col-
lected the MFUS from rat tail skin tissue because rat tail
skin tissue has the similar characteristics in the tissue
structure and components and the healing process as that
of human skin tissue. The effect of tissue engineering skin
prepared by MFUS-loaded 3D-printed PLCL scaffold with
collagen gel on large full-thickness skin wound healing
was investigated by a rat model. Four large full-thickness
skin defects at diameter of 30 mm/wound were created in
the dorsal skin of rats and treated either with tissue engi-
neering skin (PLCL + Col + MFUS), or with 3D-printed
PLCL scaffold and collagen gel (PLCL + Col), or with
micro skin island only (Micro skin), or without treatment
(Normal healing). Considering the differences among the
four wound areas of the dorsal skin, randomly assign was
used in selecting each group position (Figure 3(g)). It is
well known that the dorsal skin of rats is an elastic tissue
which enables it to change its length, volume, or shape in
response to a force, followed by recovery toward its origi-
nal form when the force is removed. To avoid the tissue
engineering skin dropping off from the wound area, we
designed a concave circular fixation ring to fix each wound
area (Figure 3(h)). After the wound was covered with tis-
sue-engineering skin, the wound edge was fixed in the
groove of the ring to block the wound edge participating in
wound healing and keep the wound moist. The fenestra-
tion was removed from the wound area after 1 week to
expose the wound.

Characterization of the MFUS from rat dorsal
skin and tail skin

To regenerate the functional full-thickness skin at wound
area, we developed a tissue engineering skin by loading
micro skin islands into a 3D-printed PLCL scaffold with
collagen gel instead of seeding cells to treat large full-
thickness skin defect. In order to harvest more micro skin
islands in short time, we developed a new electric micro
puncher (Figure 3(a)). Our results indicated that this device
provided an effective approach for harvesting the micro
skin islands quickly with small wound at donor site (Figure
4(a) and (b)). Histological analysis of rat tail skin tissue
section at day-21 post-surgery by H&E staining indicated
that the wound at donor area has healed with high density

cells (white dash line areas in Figure 4(c)) and some acces-
sory organs including follicles and sebaceous glands were
found around the donor wound areas (Figure 4(c)). The
wounds at donor areas healed completely at day 60 post-
surgery (Figure 4(d)).

Comparing H&E staining results of rat tail skin tissue
sections with rat dorsal skin tissue sections, we found that
the functional unit is necessary for functional skin regen-
eration, that means the micro skin island loaded into tissue
engineering skin must have a functional unit, otherwise
there is no functional skin regeneration if the micro skin
island without functional unit. Thus, in this study we pro-
posed a new concept which is called as minimal functional
unit of skin (MFUS). H&E staining results indicated that
besides the size and distance differences, the MFUS in
both skin tissues had the same organs and structures
(Figure 4(e)). The MFUS in both skin tissues had a hair
follicle in the center and the other six follicles were distrib-
uted in the end of hexagonal prism (Figure 4(e)). The
healthy normal rat tail skin tissue did not contain subcuta-
neous muscle layer, the MFUS was centered on three to
four rows of transversely arranged 30° oblique caudal
hairs, the sebaceous glands were in an elliptical distribu-
tion with a diameter of functional unit of 0.85-0.95mm,
and the distance between the center of the unit and the hex-
agonal end was 0.95-1.05mm (Figure 4(e) and (f)). The
dorsal skin of rats had a subcutanecous muscle layer, the
hair was in a single root, the sebaceous glands were under-
developed, the diameter of the functional unit in rat dorsal
skin was 0.35-0.45mm, and the distance between the
center of the MFUS and the hexagonal end was 0.9—
1.0mm, showing a central hexagonal structure (Figure
4(e) and (f)). These results indicated that the MFUS should
be harvested from blue circle areas or the end areas of tri-
angles formed by red dash lines of both rat skin tissues,
and the size of the MFUS at least should be 0.9 mm (Figure
4(e)).

Our experiment was performed with 0.9 mm diameter
circular skin peeling, the pitch of skin was taken 1 mm,
each MFUS contained about one to three hairs and their
appendages, the residual hair follicles in the donor side
grew well (Figure 4(c)), the wounds created by collecting
the MFUS underwent scab healing in a time dependent
manner (Figure 4(d)), the scab was sloughed off at about
3—4weeks and completely healed at day-60 post-surgery
(Figure 4(d)). Histological analysis by H&E staining
showed that these small wounds activated the cells and
induced cell migration as evidenced by high cell density
found in the wound area (Figure 4(c)). The new formed
tissue in the donor site showed normal skin tissue structure
as evidenced by the same thickness of each skin layer
formed at wound area with some accessory skin organs
(Figure 4(c)). These results indicated that MFUS removing
by our device did not change the skin structure and func-
tions at donor area and this technique can be used for full-
thickness skin defect treatment, and 0.9 mm diameter of
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Figure 4. Characterization of rat minimal functional unit of skin (MFUS). (a) A drawn picture showed the wounds created in rat
tail skin by removing the MFUSs using an electric micro-puncher at day-0. (b) A drawn picture showed the morphology of the
wounds at donor areas at day-2| post-surgery. (c) Histological analysis by H&E staining on the rat tail skin tissue section at day-21
post-surgery showed that the wound at the donor area has been healed with high density cells (white dash line areas) and some
accessory organs including hair follicles and sebaceous glands. (d) Photo images showed the healing process of the wounds at donor
site at different time points. (e) Histology analysis by H&E staining on tissue sections of normal rat tail skin (left two pictures) and

rat dorsal skin (right two pictures) indicated that the MFUS of rat tail skin was larger than the MFUS of rat dorsal skin (blue circles
and red triangles). (f) Semi-quantification of histological analysis by H&E staining indicated that the average diameter of MFUS (blue
dash circle) for rat tail skin was 0.9 = 0.15mm, for rat dorsal skin MFUS was 0.4 == 0.16 mm, and the average distance between two
MFUSs (red dash line) for rat tail skin was about I.1 = 0.2 mm, and that for rat dorsal skin was 0.92 = 0.26 mm.

each MFUS is the suitable size for wound healing, espe-
cially for donor site wound healing.

Functional skin regeneration enhanced by
tissue engineering skin

The effect of tissue engineering skin on large full-thick-
ness wounded skin regeneration was studied by a rat
model. Gross view images showed that at d-0 post-treat-
ment, the wounds with the same size were created in all
groups (Figure 5(a), (e), (i) and (m)). At day-21 post-sur-
gery, the functional skin with hair follicles and sebaceous
glands has been found in the wound area treated with tis-
sue engineering skin (PLCL + Col + MFUS) (Figure 5(b)).
The wound treated with 3D-printed scaffold and collagen
gel (PLCL+ Col) healed faster (Figure 5(f)) than the
wounds treated with micro skin (Figure 5(j)) and normal
healing wounds (Figure 5(n)), but there was no skin
appendages formed in the wound areas treated with
PLCL + Col (Figure 5(f)). The results indicated that the
3D-printed PLCL scaffold enhanced wound contraction
healing due to the scaffold provided the mechanical attach-
ment points for cell migration.

Without the three-dimensional scaffold support,
although the micro skin islands could survive at the wound
surface, they grew disorderly and the appearances was
uneven because of the mixed positions of the dermis and
epidermis in the micro skin islands (Figure 5(i)—(1)). Large
unhealed wound areas were still found in normal healing
group (Figure 5(n)) with some necrosed tissues and scar
tissues (Figure 5(n)). At day-60 post-surgery, the wound
treated with functional tissue engineering skin (PLCL +
Col + MFUS) healed completely, and gross-inspection
showed normal skin covered the wound area (Figure 5(c)).
Although the wound treated with MFUS only healed at
day-60 post-surgery, some healed skin tissues had no hairs
(Figure 5(k)). Some scar tissues were found in the wound
areas treated either with PLCL scaffold and collagen gel
(Figure 5(g)) or without treatment (Figure 5(0)), but the
scaffold treated wound healed much better than the wound
without treatment (Figure 5(g) and (0)). The wound heal-
ing process in each group was described by drawn pic-
tures, the tissue engineering skin treated wound regenerated
the functional skin (Figure 5(d)), the 3D-printed PLCL
scaffold and collagen gel treated wound healed faster, but
no functional skin regeneration (Figure 5(h)), the micro
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Figure 5. Wound healing of full-thickness rat dorsal skin defects with different treatments at different time points. (a—c) Photo
images showed the wound treated with tissue engineering skin (PLCL + Col + MFUS) at day-0, day-21, and day-60 post-surgery; (d)
A drawn picture shows the functional skin can be regenerated at the wound area treated with tissue engineering skin. (e-g) Photo
images showed the wound treated with 3D-printed PLCL scaffold and collagen gel (PLCL + Col) at day-0 and day-21 post-surgery;
(h) A drawn picture shows that PLCL + Col treatment can enhance the wound healing, but no functional skin regeneration. (i—k)
Photo images showed the wound treated with micro skin islands (Micro skin) at day-0 and day-2| post-surgery; (I) A drawn picture
shows that without the scaffold, the micro skin treated wound was collapsed due to some micro skin lost and necrosis. (m-o)
Photo images showed the wound without treatment (Normal wound) at day-0 and day-2| post-surgery; (p) A drawn picture shows
that without treatment, the wound was healed by scar tissues and left some necrosed tissues.

skin island treated wound healed slower and formed thin-
ner skin (Figure 5(1)), and the wound without treatment
healed by scar tissue (Figure 5(p)).

Histological analysis on H&E stained rat dorsal skin
tissue sections at day-21 post-surgery showed that the
MFUSs have survived in the wound areas treated either
with tissue engineering skin (PLCL + Col + MFUS) or

with micro skin islands (Micro skin), but the MFUSs
grown in the PLCL + Col + MFUS treated wound areas
have fused each other (blue box areas in Figure 6(a) and
(b)). The MFUSs grew independently in the micro skin
treated wound areas (green box in Figure 6(c) and (f)).
There was no skin accessory found in the wound areas
treated either with 3D-printed PLCL scaffold and collagen
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Figure 6. H& E staining on the healed rat dorsal skin tissue sections at day-2| post-surgery with four different treatments and

the degradation of PLCL scaffold in vivo. (a and b) The wound treated with tissue engineering skin (PLCL + Col + MFUS) healed
well and formed functional skin with implanted rat tail MFUS (blue dash box areas). (c and d) The wound treated with 3D-printed
PLCL scaffold and collagen gel (PLCL + Col) healed completely, but no functional skin formed in the wound area (red dash box
areas). (e and f) The wound treated with micro skin islands healed much better than the normal healing wounds and PLCL + Col
treated wounds, but some unhealed areas were still found due to the MFUS lost. The green dash box areas and black dash line
areas showed the MFUS survival. (g and h) The wound without treatment (Normal healing) showed many loose collagen fibers in
the wound area, indicating the healing is poor and some scar tissues have formed (yellow dash box areas). (i) Semi-quantification

of MFUS diameter in the wound areas indicated that the MFUSs have grown up in both treated wound areas, but MFUS grew
faster in the wounds treated with tissue engineered skin (PLCL + Col + MFUS) than the wounds treated with micro skin only
(micro skin). (j) The gap distance between two MFUSs was much smaller in the wound areas treated with tissue engineered skin
(PLCL + Col + MFUS) than that of the wounds treated with micro skin islands (Micro skin). (k) A drawn picture showed the
distance between two MFUSs in tissue engineering skin at day-0. White dash lines in (a—h) showed the wound edges, and red
arrows in (a) indicated the PLCL scaffold. (I) SEM image of the cross-section of the 3D-printed PLCL scaffold shows the structure
and size of the wall of PLCL scaffold at day-0 post-surgery (red box area). (m) Drawn pictures showed the diameter of the designed
and printed fiber in 3D-printed PLCL scaffold. (n) H&E staining on the cross section of wounded rat skin treated with tissue
engineering skin (PLCL + Col + MFUS) at day-14 post-surgery showed the MFUSs (green arrows) have grown up in the PLCL
scaffold. The gap areas (red arrows) showed the scaffold has degraded. (o) H&E staining on the cross section of wounded rat skin
treated with 3D-printed scaffold and collagen gel (PLCL + Col) at day-14 post-surgery showed the scaffold has degraded and left
the empty gap areas without cells (red arrows). (p) H&E staining on the cross section of wounded rat skin treated with tissue
engineering skin (PLCL + Col + MFUS) at day-60 post-surgery showed the PLCL scaffold has degraded completely and the most
empty areas have been filled with cells. The empty areas were much smaller compared to the scaffold at day-14 (red arrow). (q)
H&E staining on the cross section of wounded rat skin treated with 3D-printed scaffold and collagen gel (PLCL + Col) at day-60
post-surgery showed the scaffold has degraded completely, and the left empty areas were much smaller compared to the scaffold at
day-14 (red arrow). (r) Semi-quantification of the H&E staining showed that the wire diameter of the scaffold decreased in vivo in a
time dependent manner.
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gel (PLCL + Col) (red box areas in Figure 6(c) and (d)) or
without treatment (Normal healing) (yellow box areas in
Figure 6(g) and (h)).

The micro skin islands were harvested using the same
method described for MFUS collection and 50 MFUSs were
applied to each wound area of both PLCL + Col + MFUS
group and micro skin group. Although the micro skin islands
in micro skin group were implanted in the wound area with
the same arrangement as tissue engineering skin at day-0
post-surgery, the micro skin islands changed their positions
and directions during the animal daily actions due to they
don’t have scaffold support.

H&E staining results indicated that the healed skin tis-
sues in the wound area treated either with tissue engineered
skin (PLCL + Col + MFUS) or with micro skin islands
had tail skin structural features (Figure 6(a), (b), (¢) and
(f)). However, without scaffold supporting, the micro skin
islands disorganized in the wound area, and some MFUSs
were lost due to the fact that they couldn’t adhered tightly
to the wound surface (Figure 6(c)). The diameter of the
MFUS in the wound areas treated with micro skin islands
only expanded from the 0.9mm at day-0 to 1.04mm at
day-21 (Figure 6(j)), and the diameter of the MFUS in the
wound area treated with tissue engineered skin
(PLCL + Col + MFUS) has expanded from 0.9mm at
day-0 to 1.33 mm at day-21 (Figure 6(j)).

The gap distance between two MFUSs has been reduced
from 1.0-1.9mm at day-0 to 0.083mm at day-21 in
PLCL + Col + MFUS group, and from 1.0-2.0mm at day-0
to 0.811 mm at day-21 in PLCL + Col group (Figure 6(j) and
(k)). Further study showed that the PLCL scaffold degraded
in vivo as evidenced by the wall thickness of the PLCL scaf-
fold determined by H&E staining in the cross sections of rat
back skin. The cross-section showed that the thickness of the
wall in the scaffold at day-0 was 0.6 mm (Figure 6(1)) which
was formed by three micro-fibers with each 0.2 mm diameter
(Figure 6(m)). The thickness of the wall in the scaffold in
both groups decreased in a time-dependent manner. At day-
14 post-surgery, the scaffold degraded and left empty area
(red arrows in Figure 6(n) and (0)), and the MFUSs have
grown up in the scaffold (green arrows in Figure 6(n) and
(0)). At day-60 post-surgery, the scaffold has disappeared
completely, and the left empty areas were filled with cells
(Figure 6(p) and (q)). Semi-quantification showed less than
10 um of empty areas found in the healed skin tissues treated
either with PCL + Col + MFUS or with PLCL + Col scaf-
fold (Figure 6()).

Functional skin regeneration analyzed by
immunostaining

The regenerated skin tissues at wound areas were analyzed
by immunostaining on the expression of two vascular cell
markers, CD31 and CD34 at day 7 (Figure 7) and two
fibroblast cell markers, Engrailed-1 and Neurofibromin at
day-60 (Figure 8).

Immunostaining results indicated that the gap areas
between MFUS and PLCLscaffoldin PLCL + Col + MFUS
group (blue box areas in Figure 7(a) and (¢)) were filled
with new generated blood vessels as evidenced by posi-
tively stained cells with CD31 (red fluorescence in Figure
7(a) and (e)) or with CD34 (green fluorescence in Figure
7(a) and (e)) or with both CD31 and CD34 (yellow to
orange fluorescence in Figure 7(a) and (e)). Semi-
quantification results indicated that the blood vessel den-
sity is about 4.22vessles/0.002mm? in the tissue
engineering skin treated wound area (Figure 7(a), (e) and
(1)). Although many blood vessels were found in the
PLCL + Col treated wound areas (Figure 7(b) and (f)),
more than 80% of them were stained positively with CD34
(Figure 7(b) and (f)). The blood vessel numbers in
PLCL + Col group were 3.44/0.002mm? (Figure 7(i)).
Very few blood vessels were positively stained in the gap
areas between the micro skin islands (Figure 7(c) and (g)),
and the vessels in the micro skin island were strongly
stained with CD34 (Figure 7(c) and (g)). The blood vessel
density in micro skin treated wound area was
1.78/0.002mm? (Figure 7(i)). Normal healing group
showed many blood vessels positively stained with CD31
and CD34 in the wound area (Figure 7(d) and (h)) with the
density of 7.01/0.002 mm? (Figure 7(i)).

It is well known that engrailed-1 (EN1) is required for
skin scarring.?® In order to study the mechanism of tissue
engineering skin on large full-thickness skin wound heal-
ing, we also determined the expression of EN-1 in the
wound areas with four different treatments at day-60.
Immunostaining results indicated that more than 80% of
the cells in the wound areas treated without treatment were
positively stained with EN-1 (Figure 8(d), (h) and (1)),
however, less than 20% of the cells in the wound areas
treated with tissue engineering skin (PLCL + Col + MFUS)
were positively stained with EN-1 (Figure 8(a), (e) and
(1)). About 38% of the cells in PLCL + Col treated wound
area (Figure 8(b), (f) and (i)) and more than 50% of the
cells in the micro skin treated wound area (Figure 8(c), (g)
and (1)) were positively stained with EN-1.

Neurofibromin (Nf1) is a tumor inhibitor that prevents
cell overgrowth by turning off another protein (RAS)
which stimulates cell growth and division.?’” It has been
reported that when the level of Nfl increases, the fibro-
blasts grow slowly, which may reduce the formation of
scar tissue. Our immunostaining results indicated that the
high levels of Nflwere found in the wound area treated
either with PLCL + Col + MFUS (red fluorescence in
Figure 8(a), (e) and (j)) or with micro skin (Figure 8(c),
(g) and (j)). A few cells in the wound areas treated either
with PLCL + Col (Figure 8(b), (f) and (j)) or without
treatment (Figure 8(d), (h) and (j)) were positively stained
with Nfl. Semi-quantification of immunostaning on Nfl
indicated that the expression of Nfl was 76.6% in
PLCL + Col + MFUS treated wound, 28% in the
PLCL + Col treated wound, 48% in the micro skin treated
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Figure 7. Expression of blood vessel markers, CD3| and CD34 on rat dorsal skin tissue sections with four different treatments at
day-7 by immunostaining. (a and e€) The wound treated with tissue engineering skin (PLCL + Col + MFUS) showed that the vessels
not only grew in the MFUS, but also grew in the gap areas (blue box areas) between the MFUSs and the PLCL scaffold. (b and f)
The wound treated with PLCL + Col showed many positively stained blood vessels with CD34. (c and g) The wound treated with
micro skin islands showed that a few blood vessels in the outside areas of MFUS were positively stained with CD3 | and CD34, but
some blood vessels in the inside of MFUS were positively stained with CD3 1 and CD34. (d and h) The wound without treatment
(Normal healing) showed that many blood vessels were positively stained with CD31 and CD34. (i) Semi-quantification of the
immunostaining results showed that the density of the blood vessels was 4.22/0.002 mm? in PLCL + Col + MFUS treated wound,
3.44/0.002 mm? in PLCL + Col treated wound, 1.78/0.002 mm? in micro skin treated wound, and 7.01/0.002 mm? in normal healing

wound.

wound, and less than 20% in the normal healing wound
(Figure 8(j)).

Discussion

In this study, we developed a novel tissue engineering skin
by combination of MFUS with 3D-printed PLCL scaffold
and collagen gel (PLCL + Col + MFUS) for large full-
thickness skin wound healing. Our results demonstrated
that this tissue engineering skin has three significances:

The first one is that this tissue engineering skin used
0.9mm diameter of micro full-thickness skin-island as a
minimal functional unit of skin (MFUS) to regenerate full
thickness functional skin. Our findings indicated that
MFUS is necessary for large full thickness skin regenera-
tion. Without MFUS, there was no functional skin (no fol-
licle and no sebaceous gland) formed in the wound area.
The second significance of this tissue engineering skin is
that it has a rebar-concrete building-like structure where
3D-printed PLCL elastic microfilament is used as the
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Figure 8. Expression of fibroblast markers, engrailied-1 (EN-1) and neurofibromin (Nfl) on rat dorsal skin tissue sections with
four different treatment at day-60 post-surgery. (a—h) Immunostaining on engrailied-1 (green fluorescence) and neurofibromin
(red fluorescence). (i) Semi-quantification of the engrailied-| staining results. (j) Semi-quantification of the neurofibromin staining
results. (a, e, i and j) The wound treated with tissue engineering skin (PLCL + Col + MFUS) showed that less than 20% of the cells
were positively stained with engrailied-1 and more than 76% of the cells were positively stained with neurofibromin in the wound
areas. (b, f, i and j) The wound treated with PLCL + Col showed about 38% of the cells were positively stained with engrailied-1,
and about 28% of the cells were positively stained with neurofibromin. (c, g, i and j) The wound treated with micro skin islands
showed about 50% of the cells were positively stained with engrailied-1 and about 48% of the cells were positively stained with
neurofibromin. (d and h—j) The wound without treatment (Normal healing) showed more than 80% of the cells were positively
stained with engrailied-1 and less than 20% of the cells were positively stained with neurofibromin.

“rebar skeleton” of the engineering skin, the MFUS is
implanted into the 3D-printed PLCL elastic microfilament
formed skeleton, and collagen gel used as the “concrete
filler” is then added between the microfilament formed
walls and MFUS to enhance MFUS survival. The
3D-printed PLCL scaffold not only has very good biocom-
patibility, but also has suitable pore size designed accord-
ing to the MFUS size to provide three-dimensional
environment for supporting MFUS growth. The third sig-
nificance of this tissue engineering skin is that collagen gel
was used for wrapping MFUS to keep the MFUS in the
correct direction and location, and form a simulated extra-
cellular matrix (ECM) microenvironment in which the

scaffold, collagen gel, and local tissue fluid jointly main-
tained the growth of MFUS.

It is well known that the mechanical properties of PLCL
scaffold depend on the ratio of PLA and PCL.?® This study
used 40/60 of PLA/PCL in PLCL copolymer scaffold. The
results showed that our 3D-printed PLCL scaffold had the
similar mechanical properties as that of rat dorsal skin
(Figure 2(b)). Such PLCL copolymer has been used to pre-
pare 3D-printed bio-mimetic wound dressing for skin
wound healing.?%3 It has been reported that the mechani-
cal environment of the wound site is also of fundamental
importance for the rate and quality of wound healing.®! It
is known that mechanical stress can influence wound
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healing by affecting the behavior of the cells within the
dermis.?' Once the MFUS is removed from the donor site,
it will completely lose the support of blood supply and
extracellular matrix. When the MFUSs are applied to the
wound area, their local mechanical microenvironment has
changed greatly. To provide a suitable environment for
MFUS growing, we loaded MFUSs into 3D-printed PLCL
scaffold with collagen gel together. A number of studies
have demonstrated that increased tension promotes the cell
proliferation,®? inhibits cell apoptosis,>® and activates
many signaling pathway that may promote the irregular
deposition of ECM.** Our results demonstrated that this
3D-printed PLCL scaffold with collagen gel can provide
skin mimicking environment for MFUS growing.

In this study, we developed a new electronic puncher
for full thickness MFUS collection. Our results indicated
that using this device can get MFUS quickly with small
trauma at donor site. We found that the defect with 0.9 mm
diameter at SD rat tail (donor side) could be recovered by
self-regeneration. It has been reported that the meshed skin
can be expended to cover wounds larger than the donor
site.>>3¢ Our results have demonstrated that 0.9 mm diam-
eter MFUS is suitable size for large full-thickness skin
wound healing without hurting the donor side tissues.

An important finding of this study is that the minimal
functional unit of skin (MFUS) in healthy rat tail and dor-
sal skin tissues has a equilateral triangle structure which
has one MFUS in the center, and the other six MFUSs
occupy the each end of hexagonal (Figure 4(e)). This hex-
agonal structure may be the best optimal angle for keeping
skin stress and function. In the future study, we should
design/prepare a new 3D-printed scaffold with a hexago-
nal structure used as a MFUS carrier in tissue engineering
skin.

A problem with micro-skin grafting is applying the skin
pieces with the dermal side facing the wound surface.” To
resolve this issue, some researchers have tried to suspend
the skin pieces in saline and allowing the skin pieces to
“float” to the surface.>” Although the skin pieces theoreti-
cally should float to the top with their epidermal side facing
upward, some skin pieces were facing their dermal side
upward. Moreover, some skin pieces are lost due to adher-
ence to the bottom or wall of the container during the
floatation process.” In order to ensure that the MFUS can
keep the correct direction and location, we harvested MFUS
by an electronic puncher which can keep 812 full thick-
ness MFUSs in the same direction for loading. We used
3D-printed PLCL scaffold as MFUS carrier which has suit-
able pore size for MFUS loading and growing. In the next
step, we will continue to study the automatic equipment for
loading MFUS combine with the 3D printing process.

The extracellular matrix (ECM) is a key component in
the healing tissue. Collagen represents the most abundant
interstitial ECM of skin.*® It has been reported that colla-
gen dressing can recruit several cell types to the wound

site, help maintain moist wound environment by absorbing
wound exudates, and deactivate excessive matrix metallo-
proteases.> Therefore, collagen type I was selected to fill
the gap between the scaffold and the MFUS in this study to
form tissue engineering skin. This MFUS-containing
3D-printed PLCL scaffold with collagen gel provided an
efficacious approach for large full thickness skin wound
treatment.

Neovascularization represents an essential component
in wound healing due to its fundamental impact from the
very beginning after skin injury until the end of the wound
remodeling. In this study, two endothelial cell makers,
CD31 and CD34 were found in all wound areas, but the
levels of CD31 were much lower in the wound areas
treated with tissue engineered skin (PLCL + Col + MFUS)
compared to 3D-printed PLCL scaffold and collagen gel
(PLCL + Col) treated wounds. Our results indicated that
the most of CD31* and CD347 cells in the wound area
treated with 3D-printed PLCL scaffold and collagen gel
(PLCL + Col) were endothelial cells as evidenced by
blood vessel-like structure. However, most CD31% and
CD34" cells in the wound area treated with tissue engi-
neered skin (PLCL + Col + MFUS) were not only endothe-
lial cells, but also some different type cells as evidenced by
some positively stained cells without blood vessel-like
structure.

Scar formation is more severe when the subcutaneous
fascia beneath the dermis is injured upon surgical or trau-
matic wounding.*® A recent study has found that injury
triggers a swarming-like collective cell migration of fascia
fibroblasts that progressively contracts the skin and form
scars.®” To reduce excessive scarring in wound healing,
some researchers used polymer meshes as a wound dress-
ing to treat wound.*' In this study, we added a plastic clip
between the 3D-printed PLCL scaffold with/without
MFUS and the wound edge skin to block the upper layer
skin cell migration. It is well known that skin wounds gen-
erally heal by scarring, a fibrotic process mediated by the
Engrailed-1 (Enl) fibroblast lineage. Scar tissues differ
from the normal healthy skin in three ways: (i) They lack
hair follicles, sebaceous glands, and other dermal append-
ages; (i) They contain dense, parallel extracellular matrix
fibers rather than the “basket-weave” pattern of uninjured
skin; and (iii) as a result of this altered matrix structure;
they lack the flexibility and strength of the normal skin.
However, little is known about the cellular and molecular
mechanisms blocking a regenerative healing response in
postnatal skin, or whether these mechanisms can be
bypassed by modulating specific fibroblast lineages. A
successful scar therapy would address these three differ-
ences by promoting re-growth of dermal appendages, rees-
tablishment of normal matrix ultra-structure, and
restoration of mechanical robustness.

Recent studies have shown that Engrailed-1 (EN-1) and
Neurofibromin (Nfl) play an important role in wounded
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skin healing.?® When the EN-1 concentration was

increased, the skin wound was healed by scar tissue. The
basic function of neurofibromin protein is modulation of
the RAS protein activity necessary for regulation of cell
proliferation and differentiation.?’ It has been reported that
neurofibromin is required for skeletal muscle develop-
ment.? Our results showed that low levels of Engrailed-1
and high levels of neurofibromin were expressed in the
wound areas treated with PLCL + Col + MFUS. High lev-
els of EN-1 and low levels of neurofibromin were found in
the wound area without treatment, indicating the scar tis-
sue formation.

This study provides an efficacious approach for large
full thickness skin wound treatment by using a tissue engi-
neering skin consisted of MFUS-containing 3D-printed
PLCL scaffold and collagen gel. This new tissue engineer-
ing skin can enhance large functional full thickness skin
regeneration with minimal scar formation.

Conclusion

In this study, the effect of tissue engineering skin consisted
of MFUS-containing 3D-printed PLCL scaffold with col-
lagen gel on large full-thickness skin regeneration has
been investigated. The MFUS was harvested from the rat
tail skin and used to treat rat large full thickness dorsal skin
defect. The MFUS grown in a mimicking skin microenvi-
ronment provided by 3D-printed PLCL scaffold and col-
lagen gel has formed a functional full-thickness skin. This
MFUS-containing tissue engineering skin promotes large
full thickness skin regeneration by inducing the skin fibro-
blast migration, enhancing blood vessel, and full skin lay-
ers construction. This MFUS-PLCL-collagen tissue
engineering skin may be applied in clinics to treat large,
deep, full thickness skin wound regeneration.

Experimental section/methods

Preparation of PLCL scaffold by 3D-printing
technique

The PLCL pellets were obtained commercially (Daigang
Biomaterials Inc., Jinan, Shandong, China). The 3D-printed
PLCL scaffold was printed using a 3D-bioprinter as shown
in Figure 1(a) (SIA 3D-Bioprinter Pro; Shenyang,
Liaoning, China). The PLCL pellets were added into the
heating box and melted at 150°C. Then, PLCL liquid was
squeezed from the nozzle along the X- and Y-axis accord-
ing to the designed moving track and model parameters
controlled by the computer-aided design software. After
one layer was printed, the nozzle was raised to a specific
height along the Z-axis and the process was repeated for
three times, then the nozzle was turned 90° and printed
another three layers until the scaffold was printed (right
drawn picture in Figure 1(b)). The printing speed was
3 mm/s, and the nozzle diameter was 200 pm. In particular,

the scaffold designed in this article used the [0 0 0 90 90
90], trajectory planning path when printing (the same
printing path was used for every three layers), which can
form micro-holes with 1.8 mm high and 1.2mm X 1.2mm
square in the up-site-holes for MFUS loading and
0.6mm X 1.2mm X 1.2mm in wall-side-holes to facilitate
cell migration (Figure 1(b)).

Morphology and structure of 3D-printed PLCL
scaffold

The morphology and structure of 3D-printed PLCL scaf-
fold were determined by digital optical camera (Nikon
D3100, Nikon Corporation) and scanning electron micros-
copy (SEM; Zeiss, German). For SEM testing, the
3D-printed PLCL scaffold was dried at room temperature
overnight and sputter coated with gold and tested by SEM
with an accelerating voltage of 20kV in SE mode. The
pore size was determined by Image J software and the
average pore size was calculated using six samples.

Mechanical property of 3D-printed PLCL
scaffold

The mechanical property of 3D-printed PLCL scaffold
was tested by an electronic universal testing machine as
shown in Figure 2(a) and analyzed by integrated testing
software (Instron, Norwood, MA, USA). The size of the
testing samples was 20 X 20 X 2mm? (n=8) as shown in
Figure 2(d). The rat dorsal skin tissue samples were also
tested using the same protocol (n=8) as shown in Figure
2(c). The elastic properties of the 3D-printed PLCL scaf-
fold were also determined using our developed equipment
as shown in Figure 2(h).

Rat large full-thickness skin wound healing
model

Sprague Dawley (SD) rats (300400 g body weight, male,
Smonths old) were used as an animal model to test the
effect of tissue engineering skin consisted of MFUS with
3D-printed PLCL scaffold and collagen gel on large full-
thickness skin wound healing. The use of all animals for
this study has been approved by the IACUC (Institutional
Animal Care and Use Committee) of General Hospital of
Northern Theater Command.

The surgery was operated under anesthesia by the intra-
peritoneal injection of ketamine (125 mg/kg body weight)
and xylazine (10mg/kg body weight). The hair was
removed from the surgery areas using hair clipper, and the
surgery area skin was cleaned with 7.5% of providone-
iodine and 70% of alcohol. The MFUS was harvested from
the rat tail along the direction of hair follicles using an
electric micro-puncher (Figure 3(a)). Each MFUS con-
tained one to three hair follicles was implanted into
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3D-printed PLCL scaffold and the 3% collagen gel were
filled into the gaps between the MFUS and 3D-printed
PLCL scaffold to prepare the tissue engineering skin
(PLCL + Col + MFUS).

The collagen type I extracted from bovine Achilles ten-
don was purchased from Tianjin Shiji Kangtai Biomedical
Engineering Co., Ltd. (Tianjin, China), and collagen gel
was prepared by dissolving 0.3 g freeze-dried collagen tab-
let with 10ml of 1% acetic acid to make a 3% collagen
solution. The collagen solution was placed in a refrigerator
at 4°C until use.

Four large full-thickness skin wounds (30 mm diame-
ter/'wound) were created in the back of each rat. The
wound was treated either with tissue engineering skin
(PLCL + Col + MFUS), or with 3D-printed scaffold and
collagen gel (PLCL + Col), or with traditional micro skin
grafting (Micro skin), or without treatment (Normal heal-
ing). To avoid the healing differences caused by different
skin location, four treatments were randomly distributed
in four back wounds. To protect the wounds from the
infection and contraction healing, each treated wound was
fixed with a double-layer annular plastic clip (inner diam-
eter is 20mm, outer diameter is 35mm, side depth is
5Smm) with side grooving and covered with ventilation
holes-containing 0.5mm thickness of polyphenylene
sulfide (PPS) film. The wound surface was exposed to air
at day-7 post-surgery by removing the annular plastic clip
and the PPS film. The rats were treated for 60 days. Three
rats were sacrificed at each time point, and the skin regen-
eration at the wound areas were examined by histochemi-
cal staining and immunostaining.

Histochemical analysis by H&E staining on rat
wounded skin tissue sections

The harvested rat skin tissue samples were fixed with 4%
paraformaldehyde at room temperature for 5h, embedded
in paraffin, and cut into longitudinal and cross sections
with a thickness of 5um. To visualize skin tissue struc-
tures, the tissue sections were examined with hematoxylin
and eosin (H&E) staining according to the standard proto-
col, and stained skin sections were examined under light
microscopy (Nikon eclipse, TE2000-U).

Degradation testing of PLCL scaffold in vivo
by H&E staining on rat wounded skin tissue
sections

The harvested rat wounded skin tissue samples were col-
lected at different time points and fixed with 4% para-
formaldehyde at room temperature for 5h, embedded in
paraffin, and cross sectioned into 5 um sections. To visu-
alize skin tissue structures, the tissue sections were
examined with hematoxylin and eosin (H&E) staining
according to the standard protocol, and stained skin sec-
tions were examined under light microscopy (Nikon

eclipse, TE2000-U). The diameter of the micro-fiber in
the scaffold was calculated by the SPOT software.

Immunostaining on rat skin tissue sections

The rat skin tissue samples collected from the wound area
were mounted in OCT embedding compound and frozen
at —80°C. The tissue block was cut into horizontal and
cross sections with 5 um thickness by a cryostat. The tis-
sue sections were incubated either with mouse anti-CD34
antibody (1:350, Abcam, Cambridge, MA) and rabbit
anti-CD31 antibody (1:350, Abcam, Cambridge, MA), or
mouse  anti-Engrailed-lantibody  (1:350,  Abcam,
Cambridge, MA) and rabbit anti-neurofibromin antibody
(1:350, Abcam, Cambridge, MA) overnight at 4°C. In the
next morning, the sections were washed three times in
PBS for 5 min before being incubated for 2 h at room tem-
perature with FITC-conjugated goat anti-mouse IgG sec-
ondary antibody (1:500, ThermoFisher Scientific,
Waltham, MA) for CD34 and engrailied-1 testing, and
Cy3-conjugated goat anti-rabbit IgG second antibody
(1:500, Millipore Sigma, Burlington, MA) for CD31 and
neurofibromin testing. Slides were washed with PBS for
three times, counterstained with 4',6-diamidino-2-phe-
nylindole (DAPI; 1 pg/ml, Sigma, St. Louis, MO) nuclear
stain, and photographed by a fluorescence microscope
(Nikon eclipse, TE2000-U).

Statistical analysis

Each experiment was performed at least three times, and
representative data were reported. Data are expressed as
means * standard deviations (SD). Statistical analyses
were performed via student’s #-test using Excel software
and Prism 7. Statistical significance was defined by the
value of p <0.05.
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