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Abstract: The skin is the largest human organ, and defects in the skin with a diameter greater than 4 cm do not heal 
without treatment. Allogeneic skin transplantation has been used to allow wound healing, but many grafts do not survive 
after implantation, due to multiple complications in the procedure. In the present study, the vascularization of three-
dimensional (3D) printed full-thickness skin grafts was investigated. Dermal-epithelial grafts were transplanted into a 
nude mouse model to evaluate integration with the host tissue and the extent of wound healing. To create microvessels in 
the skin grafts, a bilayer structure consisting of human dermal fibroblasts, keratinocytes, and microvascular endothelial 
cells was designed and fabricated using an extruded 3D printer. Human dermal fibroblasts and human microvascular 
endothelial cells were mixed with gelatin-sodium alginate composite hydrogel as the dermis, and human keratinocytes 
were mixed with gel as the epithelium. Confocal imaging allowed visualization of the location of the cells in the double-
layer skin grafts. A full-thickness wound was created on the backs of nude mice and then covered with a double-layer 
skin graft. Various groups of mice were tested. Animals were euthanized and tissue samples collected after specified 
time points. Compared with the control group, wound contraction improved by approximately 10%. Histological 
analysis demonstrated that the new skin had an appearance similar to that of normal skin and with a significant degree 
of angiogenesis. The results of the immunohistochemical analysis demonstrated that the transplanted cells survived and 
participated in the healing process.
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1 Introduction

As the largest human organ, skin[1] protects the 
body from poisons, pathogens, microorganisms, 
and other invaders. It can also regulate homeostasis 
of body fluids, regulate body temperature, immune 
monitoring, and self-healing, in addition to, 
physiological functions such as external sensory 
stimulation. Human skin consists of epidermis 
and dermis[2]. The epidermis is the outermost 
layer of the skin, of which 90 – 95% of cells 
are keratinocytes. The dermis lies between the 

epidermis and subcutaneous tissue, consisting 
principally of fibroblasts[3].

At present, large-area skin defects and chronic 
skin injury remain major problems in clinics[4]. 
Autologous skin transplantation is limited by 
donor insufficiency, and allografts suffer immune 
rejection. Tissue-engineered skin is an effective 
solution[5]. It can be used not only as a skin 
substitute in the clinic but also as an infiltration and 
screening model for basic research. Great progress 
has been made in the study of tissue-engineered 
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skin[6-11]. A variety of commercial tissue-engineered 
skins have been used clinically[12]. However, the 
majority of these products are designed for timely 
coverage and to promote wound healing, being 
unable to satisfy every function of the skin. An 
ideal tissue-engineered skin would exhibit no 
toxicity or immune rejection, have normal color, 
include accessory structures, vessels, and nerves, 
while demonstrating flexibility and appropriate 
mechanical strength, and able to exchange 
material and energy[13-15]. Vascularization of tissue-
engineered implants is a key issue that restricts the 
development of tissue-engineered skin products[16]. 
At present, tissue-engineered skin has no vascular 
structure, its nutritional supply principally relies 
on osmosis, and hence the thickness is limited. The 
epidermis is unable to receive sufficient nutrients 
quickly when the skin thickness is >1 mm, causing 
partial exfoliation and necrosis of the epidermis.

In the present study, a 3D-printed artificial 
skin was fabricated which included vascular 
features and through a series of in vitro tests, 
the cell-hydrogel hybrid material printed by an 
extrusion printing process was evaluated. The 
rate of survival of keratinocytes, fibroblasts, 
and endothelial cells was found to be >90%. In 
addition, the bilayer skin construct was evaluated 
in vivo by detecting the integration of bilayer skin 
transplantation with host tissue in a nude mouse 
model. Nude mice are appropriate in the study of 
wound healing because they do not suffer immune 
rejection. In this experiment, a full-thickness 
wound was created on the back of nude mice. 
The degree of wound healing contraction rate of 
mice was close to 90%[9], significantly different 
from that of human wounds. However, the nude 
mouse model exhibited the ability to support the 
engineered skin transplantation, in addition to 
allowing measurement of the structural differences 
between transplanted and normal skin following 
wound healing. Wound contraction is a part of the 
normal healing process, but when it is too large, 
it may lead to dysfunction or esthetic problems in 
the wounds of patients. The purpose of this study 
was to compare the in vivo response of a number of 
tissue-engineered skin grafts with different cellular 
components to non-transplanted skin grafts and to 

demonstrate that the tissue-engineered skin graft 
with vascular endothelial cells is significantly 
better in wound healing.

2 Materials and methods

2.1 Construction of 3D printed bilayer skin graft

2.1.1 Cell culture and hydrogel preparation

Normal human dermal fibroblasts (NHDFs), human 
dermal microvascular endothelial cells (HMVECs), 
and normal human epidermal keratinocytes (NHEKs) 
were purchased from American type culture 
collection (ATCC), and maintained and subcultured 
in accordance with the supplier’s protocol. NHDFs 
were maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) and 1% antibiotic/antimycotic 
solution, HMVEC in Roswell Park Memorial 
Institute (RPMI) 1640 medium supplemented with 
10% FBS, and 1% antibiotic/antimycotic solution 
and NHEKs in Iscove’s Modified Dulbecco’s 
Medium (IMDM) supplemented with 10% FBS, 
and 1% antibiotic/antimycotic solution. Cells were 
incubated at 37°C in 5% CO2.

Sodium alginate (Sigma-Aldrich) and gelatin 
(Sigma-Aldrich) were dissolved in deionized water, 
heated in a water bath at 37°C, and then stirred with 
a magnetic stirrer at 80 rpm for 24 h. The gelatin-
sodium alginate composite hydrogel solution with 
4% (w/v) sodium alginate concentration and 10% 
(w/v) gelatin concentration was prepared.

2.1.2 Cytotoxicity assay

The hydrogel constructs created in this study 
were composed of 10% gelatin and 4% sodium 
alginate. The constructs were placed in DMEM 
at a 1:10 volume ratio so as to prepare extracts 
and cultured at 37°C for 24 h[17]. An improved cell 
counting kit-8 (CCK-8) cytotoxicity assay (Dojin, 
Japan) was used to determine cell activity, in 
accordance with the manufacturer’s instructions. 
NHDFs were plated into the wells of a 96-well 
plate at a density of 5000 cells per well. Hydrogel 
extracts were added and incubated with the cells 
in a humidified atmosphere containing 5% CO2 
at 37°C for 24  h, 48  h, and 72  h. Cells without 
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hydrogel extract constituted the control. 10 μl 
CCK-8 solutions were added to each well of the 
plate and incubated at 37°C for 4 h. Absorbance 
at a wavelength of 450  nm was measured using 
a microplate reader. All results are presented as 
optical density (OD) values minus the absorbance 
of blank wells. The distribution of cells was 
observed using fluorescence microscopy.

2.1.3 3D bioprinter

A custom-built extruded 3D printing equipment 
consisted of a control system, a mechanism for 
motion, and feed and nozzle systems (Figure 1). 
The main body of the equipment was placed on 
an ultra-clean platform. The mechanism providing 
motion comprised a gantry with four spindles able 
to move independently in the Z direction. The 
effective printing range was 100 × 100 × 100 mm, 
with a repeatable precision of 0.05 mm. The feed 
system was a pneumatic pump.

2.1.4 Live and dead assay

NHDFs were mixed with 10% gelatin and 4% 
sodium alginate composite hydrogel solution at a 

cell density of 1 × 106 cells/ml. The combination 
of cells and hydrogel was used to print the 3D 
structure, which was then cultured in a CO2 
incubator at 5% CO2, 37°C[18], and evaluated using 
live and dead staining of the cells on days 1, 4, 
and 7. Cell growth was observed using a Laser 
Confocal Microscope (Nikon A1). Live cells 
appeared green and dead cells red.

2.1.5 Bioprinting of 3D printed bilayer skin graft

NHEKs and a mixture of NHDFs and HMVECs 
which ratio was 1:1 were separately mixed with 
10% gelatin and 4% sodium alginate composite 
hydrogel solution at each cell density of 1 × 
106 cells/ml. A layer of NHEK-hydrogel mixture 
measuring 20 × 20 × 0.5 mm was printed under 
the printing pressure 0.15 MPA and move speed 
15 mm/s in 25°C, representing the epidermal layer 
of the full-thickness skin, and an additional layer 
20 × 20 × 0.5 mm was printed using the mixture 
of NHDFs, HMVECs, and hydrogel as the dermal 
layer of full-thickness skin (Figure 2).

The printed skin grafts were cultured in vitro 
for 1  day before transplantation. The coculture 

Figure  1. The extruded three-dimensional printing equipment consists of control, motion, feed, and 
nozzle systems. The main body of the equipment was placed on an ultra-clean platform.
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medium used in vitro was the mixed solution of 
DMEM: IMDM:RPMI = 1:1:1.

2.2 Characterization of the in vitro 3D printed 
bilayer skin graft

NHEKs were labeled with cell Tracker™ Blue 
7-amino-4-chloromethylcoumarin dye, in 
accordance with the manufacturer’s protocol. 
Briefly, the culture medium was removed and 
pre-warmed cell Tracker Blue (5 μM of blue 
dye in 2  ml of serum free media) added and 
incubated for 15  min at 37°C[19]. The dye was 
then removed and the cells incubated with fresh 
culture medium at 37°C for 30 min. The medium 
was again removed and the cells washed with 
phosphate-buffered solution (PBS) labeled cells 
pass the dye to daughter cells but not adjacent 
cells. NHDFs were labeled with cell Tracker™ 
Green 5-chloromethylfluorescein diacetate dye 
and HMVECs with cell Tracker™ Red CMTPX 
dye. The labeling procedure was the same in each 
case.

2.3 Characterization of the in vivo 3D printed 
bilayer skin graft

2.3.1 Animal surgery

Thirty-two male nude mice were purchased from the 
SPF Animal Room, Experimental Animal Center 
of Xi’an Jiaotong University. All experiments had 
been approved by the Institutional Animal Care 
and Use Committee of the Ethics Committee of 
Xi’an Jiaotong University Health Science Center, 
China. Surgical procedures and post-operative 

animal care used sterilized instruments and 
the procedures were strictly sterile. Mice were 
anesthetized with ketamine (40–90  mg/kg) and 
xylazine (5–10 mg/kg) by intraperitoneal injection 
before surgery. The region for skin grafting was 
sterilized with iodophor and 75% ethanol. A full-
thickness skin incision, 20 × 20 mm, approximately 
1 mm deep, was created on the backs of the nude 
mice with ophthalmic scissors[20]. The wounds 
represented approximately 30–40% of the back 
of each animal. An aseptic gauze pad was used 
to halt bleeding of the wound and prevent blood 
loss exceeding 10–15% of total animal blood 
volume during surgery. All animals were divided 
into four groups of eight nude mice each. The 
printed skin graft was placed within wound so that 
it completely filled the defect in the experimental 
group of nude mice. The wound was not grafted 
in the control group. Tegaderm (3M, London, ON, 
Canada, http://www.3m.com) was placed over the 
wound to protect the wound site and maintain a 
moist environment[21] (Figure  3). After surgery, 
the animals were placed in an aseptic Individual 
ventilated cage (IVC) containing sterile surgical 
gauze. The Tegaderm was in place for 8 – 10 days 
to ensure that the printed skin had grafted to the 
tissues of the mice. During this period, infection 
and the dressings were monitored at least twice per 
day. The mice were monitored until the experiment 
had completed, at which time the animals 
were euthanized and tissue samples collected. 
Tissues were fixed in 4% paraformaldehyde 
and then analyzed histologically and with 
immunohistochemistry.

Figure 2. (A) Schematic diagram of transplantable printed skin. The top layer consisted of keratinocytes 
and gel and the bottom layer fibroblasts, microvascular endothelial cells and gel. (B) A macroscopic 
image of the printed skin graft.

A B
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2.3.2 Wound contraction

Mice were photographed on the day of surgery and 
at the end of the experiment. A ruler was placed next 
to the wound to ensure wounds matched the graft 
size. The area of the wound at each time point was 
measured using ImageJ software[22]. The percentage 
of wound contraction was defined as follows:

wound contraction = (1 − wound area at end 
point/wound area at surgery) × 100%[23].

2.3.3 Histology

Tissue samples were harvested at specified times, 
including the regenerated and contracted skin. The 
tissue samples were embedded in paraffin wax and 
cut into 6 μm-thick slices with a microtome then 
stained with hematoxylin and eosin (H&E)[24]. The 
samples were sealed with a glass coverslip and 
the growth and scar formation of the regenerated 
skin evaluated by light microscopy, including 
the formation of microvessels and other skin 
accessories, and epidermal differentiation. The 
thickness of the regenerated skin, including the 
epidermis and dermis, was measured through 
cross-sectional staining.

2.3.4 Immunohistochemistry

Tissue sections for immunohistochemistry (IHC) 
were dewaxed in xylene and hydrated in a decreasing 
gradient of ethanol concentrations (100%, 95%, 
70%, 50%, and 0%). Samples were boiled for 
15 min in an antigen retrieval solution consisting 

of 10 mM sodium citrate, 0.05% polysorbate 20, 
pH 6.0, cooled for 30 min and washed with 1 × PBS 
to recover the antigens. The tissue samples were 
placed in 100 μl normal goat serum and incubated 
at room temperature for 1 h. An appropriate primary 
antibody (CD31 YM6277 Immunoway, and CK10 
YM6622 Immunoway) diluted in PBS (1: 500) was 
added to each sample and incubated overnight at 
4°C. The samples were washed 5 times with PBS 
for 5 min each to remove unbound antibody. The 
samples were incubated with a secondary antibody 
diluted in PBS (1: 500) for 30 min. The samples 
were washed in accordance with previously 
published procedures[25] then incubated with DAB. 
The samples were mounted with neutral chewing 
gum and covered with a coverslip. Finally, staining 
was observed using a light microscope.

2.4 Statistical analysis

All quantitative data were calculated as arithmetic 
means and standard deviations. A student’s t-test was 
used to compare the skin transplantation samples 
and control groups at the different time periods. 
P < 0.05 was considered statistically significant.

3 Results

3.1 Cytotoxicity assay

Cytotoxicity evaluation was conducted using a 
CCK-8 assay to directly determine the effect of 
the gelatin-alginate composite on the activity 
of NHDF cells. As shown in Figure  4, there 

Figure 3. The surgical procedure involved establishing a full-thickness skin wound and transplantation. 
(A) Marking of the wound incision lines; (B) establishment of a full-thickness skin wound; 
(C) placement of the printed skin graft; (D) covering by Tegaderm.

A B C D
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was no significant difference in OD between 
the experimental and control groups, indicating 
that the extract had no inhibitory effect on cell 
growth (P < 0.05). Relative growth rate (RGR) 
was calculated according to the measured OD 
value. The RGR was between 92.0% and 98.3%, 
indicating that cytotoxicity was Grade 0 or 1, which 
is conventionally considered as noncytotoxic.

3.2 Live and dead assay

Confocal microscopy was used to scan cell printed 
constructs over approximately 1250 × 1250 × 
300 μm. The results in Figure  5 demonstrate 
that the human dermal fibroblasts grew well and 
were evenly distributed within the gelatin-alginate 
composite hydrogel. The cell survival rate was 
maintained at >90% by day 7, indicating that the 
composite hydrogel fulfilled the demands required 
of a material for printing cells.

3.3 Cell tracking and observation

The results of fluorescent cell tracking are 
presented in Figure  6. Keratinocytes labeled in 

blue were located on the top layer of the double-
layered skin-printed graft, and microvascular 
endothelial cells and fibroblasts labeled red and 
green, respectively, were evenly distributed on the 
bottom layer of a double layer skin graft. In vitro 
culture and observation continued until 7  days 
after printing. It was observed that the double-
layer skin graft maintained normal skin structure, 
with no apparent microangiogenesis observed, 
probably due to the lack of the required conditions, 
such as the inclusion of growth factors in the in 
vitro culture conditions.

3.4 Wound contraction

The wound contraction results are displayed in 
Figure 7. Compared with the size of the wound 
on the day of surgery, the contraction rate due to 
the printed skin grafting group (Figure 7A) was 
79 ± 6% at 4  weeks. In the blank (Figure  7D) 
and control groups (Figure  7B and C), wound 
contraction was larger than that in the printed skin 
graft group. After 4 weeks, the wound contraction 
rate in controls with no endothelial cells was 81 
± 10%, 85 ± 7% in the acellular controls, and 90 
± 5% in the blank group. One week after surgery, 
there was no significant difference in wound 
contraction between the printed skin grafting 
group and two control groups which were no 
endothelial cells and no cells, but the wound area 
gradually decreased with time. Four weeks after 
surgery, the wound contraction rate in the printed 
skin grafting group was significantly lower than 
that in the blank group and cell-free control group 
(P < 0.05). There was no significant difference 
in wound contraction between the printed skin 
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Figure 4. CCK-8 cytotoxicity assay used to assess 
the cytotoxicity of the hydrogel over 24 h, 48 h, 
and 72 h on NHDFs.

Figure 5. Three-dimensional images of printed cells after live/dead staining. A, B, and C represent cells 
1, 4, and 7 days after printing, respectively. Green staining indicates cell survival. Sample dimensions 
were 1265 μm (length) × 1265 μm (width) × 305 μm (height).
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transplantation group and the control group 
without endothelial cells.

3.5 Histology

H&E staining of the different groups  4  weeks 
after surgery is displayed in Figure 8. Histological 
analysis demonstrated that the printed skin graft 
group correctly contained all the graft components, 
with epidermal and dermal structures that were 
intact. Growth of the printed skin graft group 
was significantly better than those of the control 
groups. First, there was significant angiogenesis 
in the dermis, while there were barely any 
microvessels in the other groups. Second, the 
epidermal layer thickness of this group was also 
significantly greater than the others, a difference 
that was significant.

3.6 Immunohistochemistry

Immunohistochemical staining of CD31 4 weeks 
after surgery is shown in Figure 9. These results 
further confirm the histological observations that 
the printed skin graft group not only exhibited 

significant angiogenesis but also that the 
microvascular-derived cells that were derived 
from the printed microvascular endothelial cells, 
confirming that the printed skin graft was capable 
of growing efficiently and promoting its integration 
with the mouse tissues and regeneration of blood 
vessels. Figure 10 displays immunohistochemical 
staining of Cytokeratin 10(CK10) 4  weeks after 
surgery. CK10 identifies the spinous layer of 
the epidermis and represents one of its major 
components. Epidermal growth of the printed skin 
grafting group was significantly greater than those 
of the control group, with a spinous layer that was 
significantly thickened.

4 Discussion

The principal purpose of this study was to evaluate 
the capability of printed skin transplantation to act 
as a full-thickness skin graft in a full-thickness 
skin defect model in nude mice. Bioprinting as 
a highly automated, advanced manufacturing 
technology[7], has potential to build tissue-
engineered skin with pigment[26] and sweat glands 

Figure 6. Fluorescent cell tracking in the double skin grafts on the (A) day 1 and (B) day 7 after 
printing, respectively. Keratinocytes are labeled blue, microvascular endothelial cells red, and 
fibroblasts green.

A B

Figure 7. Gross observation of the mice after 4 weeks. A represents the printed skin graft, B is the control 
group without endothelial cells, C is the control group with no cells, and D is the blank group.

A B C D
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regeneration[27]. Furthermore, to solve the problems 
of cell survival and differentiation within the grafts, 

prevascularization of the scaffold has become a 
potential strategy[28]. Here, we use direct writing 

Figure 8: H&E staining of (A) the printed skin graft group with three types of cell; (B) the control group 
without endothelial cells; (C) the acellular control group; and (D) the blank group.

A B

C D

Figure  9. A  and C represent the printed skin graft group, at ×100 and ×400, respectively. B  and D 
represent the control group, at ×100 and ×400, respectively. Because there was no significant difference 
between the three control groups, only one set is displayed. The microvessels marked as brown in A and 
C can be clearly seen, while visible in B and D only sparsely.
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(DW) technology to make a prevascularized skin 
grafts. First, we developed a composite hydrogel 
material suitable for printing and transplanting, 
namely, 10% gelatin and 4% sodium alginate[29]. 
Gelatin has excellent biocompatibility but is 
difficult to print directly at a temperature suitable for 
cells, while sodium alginate has good performance 
for printing, but cells can survive within it, they 
do not function physiologically. We discovered a 
ratio for the hybrid material that fulfilled both print 
performance and biocompatibility. The cytotoxicity 
test results demonstrated good biocompatibility of 
the composite. In addition, after printing, rather 
than cross-linking the sodium alginate with calcium 
ions, an innovative step was to cross-link the 
gelatin with only the transglutaminase[29], causing 
the construct to gradually lose sodium alginate 
later during culture. In addition, the porosity of the 
construct increased, allowing greater cell growth 
and function.

Before performing the animal experiments, 
we conducted a series of in vitro experiments to 
observe the performance of the printed skin grafts. 
A live and dead assay demonstrated that the cells 

survived well in the material. Fluorescence cell 
tracking indicated that the double-layer skin graft 
cultured in vitro was able to maintain the printed 
skin structure over time, with the epidermal and 
dermal layers clearly demarcated and fibroblasts 
and microvascular endothelial cells evenly 
distributed on the bottom layer. However, due 
to the limitations of the culture conditions, only 
nutrients derived from the culture medium were 
present in vitro, quite different from normal 
physiological conditions and so no microvascular 
formation was observed. As the duration of 
culture continued, the graft gradually degraded, 
suggesting that this hybrid hydrogel was an ideal 
scaffold material[30].

Wound contraction is a normal part of the 
healing process[31], which depends on the age of the 
animal, wound size, and many other parameters[32]. 
Typically, observed wound contraction in human 
adults is between 20% and 40%, compared with 
approximately 90% in other mammals such as 
mice[33]. Excessive wound contraction leads to 
joint contracture, local dysfunction, and esthetic 
problems[34]. In this study, we found that printing 

Figure 10. Immunohistochemical staining of CK10. A and C represent the printed skin graft group with 
HMVECs. B and D represent the control group without HMVECS.
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skin grafts on full-thickness wounds in nude 
mice improved the degree of wound shrinkage. 
Wound contraction in the cell groups (printed skin 
transplantation group and non-endothelial control 
group) improved to varying degrees compared with 
the other two groups (cell-free control and blank 
control groups). However, we did not observe a 
decrease in wound contraction over time, due to 
tissue remodeling into normal tissue. The possible 
reason is that the post-operative observation time 
was not long enough, but we believe that printing 
double-layer skin grafts would effectively improve 
wound contraction in long-term applications.

Histological observations showed that the skin 
grafts formed epidermal and dermal layers 14 days 
after surgery, and microvessels are formed, mainly 
due to the microvascular endothelial cells within 
the printed skin grafts. In addition, due to the in vivo 
environment providing appropriate stimulation, 
unlike the in vitro environment, such as the presence 
of relevant growth factors, the printed cells in 
the skin graft underwent functional phenotypic 
remodeling. We can be certain that the printed 
microvascular endothelial cells were involved in 
the formation of the microvessels during tissue 
regeneration, but mouse cells may also participate 
in the repair process through migration or other 
mechanisms. The majority of other studies have 
used collagen or other materials as extracellular 
matrix[35]. Sodium alginate and gelatin were used in 
the present study. The good healing response of the 
animal model and results of histology establish that 
the use of this hybrid material can achieve excellent 
results, forming tissue similar to physiological 
tissue. Microvessel is one of the most important 
skin appendages[36]. No other appendages such as 
hair follicles[37], sweat glands,[38] or nerves were 
observed in this study. We speculate that generation 
of these appendages may require inclusion of 
additional components or cells in the printed skin 
graft. A design that is more rational and closer to the 
physiological tissue is also required.

5 Conclusions

A gelatin-alginate composite mixed with three 
skin-specific cell types was manufactured using 

direct writing (DW) technology and implanted 
for the repair of damaged skin on the back of 
mice in this study. The DW cell-printing process 
developed by our lab achieved more than a 90% 
cell survival rate for all three skin-specific cell 
types and facilitated the manufacture of a bilayer 
structure which integrated with host tissue within 
a wound. Animal experimental results indicate 
that the composite constructs with or without 
cells can assist skin wound healing, but constructs 
with cells had the clear advantage of microvessels 
regeneration. Four weeks after surgery, the 
constructs containing cells had an approximately 
10% increase in wound contraction compared 
to the other groups, promoting microvessels and 
skin tissue regeneration, as demonstrated by 
histological and immunohistochemical analysis.
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