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ARTICLE INFO ABSTRACT

Biodegradable polyesters have been widely used as rigid biomedical apparatus because of high mechanical
properties but few flexible implants. Herein, we report a flexible poly(lactide-co-glycolide) (PLGA) scaffold using
a rapid in situ formation system based on phase separation by solvent exchange deposition modeling (SEDM),
which was different from traditional 3D printing of fused deposition modeling (FDM). The FDM printed product
was rigidity, its Young's modulus was approximate 2.6 times higher than that of SEDM printed sample. In
addition, the thickness of the solidified ink would not shrink during the SEDM printing process, its surface had
nano-/micro pores in favor of protein immobilization and cell adhesion. Then a flexible bilayered scaffold with
nano-/microstructure was constructed combing SEDM with electrospinning technology for skin substitute,
wherein the SEDM printed sample acted as a sub-layer for cell and tissue ingrowth, the densely packed elec-
trospun nanofibers served as an upper-layer improving the sub-layer's tensile strength by 57.07% and preventing
from bacteria as physical barrier. Ultimately, the bilayered scaffold immobilized epidermal growth factor (EGF)
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by a bioorthogonal approach was successfully applied to facilitate full-thickness wound healing of rats.

1. Introduction

Skin consists of epidermis, dermis, and hypodermis and is the lar-
gest organ of our body, accounting for 15% of an adult's body weight.
The skin is the first barrier for defending against external invasion. Thus
it is vital to promote fast and reliable skin regeneration after skin injury
[1]. In the case of insufficient autograft resources and immunologic
rejection of allografts and xenografts, skin substitutes developed
through tissue engineering help in treating the patients with full-
thickness injuries, especially those with large burn areas [2-4]. Al-
though researchers have mimicked real skin in many aspects, including
structure and functionality, there is still no perfect skin substitute be-
cause of the complex progress of wound healing (inflammation, gran-
ulation tissue formation, and remodeling) [1,5].

The structure and topography of a scaffold can affect cell behaviors
such as adhesion, proliferation, and differentiation [6,7]. To simulate
the extracellular matrix (ECM) of native tissue, biomimetic scaffolds
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with nano- and micro-structures have been developed [8]. In 2008,
Park et al. first described nano-/microstructure prepared by a combi-
nation of electrospinning and FDM 3D printing [9-12]. The combina-
tion of the two processing methods had overcame the limitation of the
nonwoven membranes prepared by traditional electrospinning and
composed of densely packed nano fibers, which only allow cells to grow
and migrate on their surface, not to infiltrate the inner part of the
electrospun scaffolds [13]. The 3D printed scaffold can provide enough
room for the growth of cells and granulation tissue [12,14]. But there is
few report about how to construct a scaffold which is suitable for skin
repair using this combining technology.

However, the stiffness of the materials can influence cell behaviors
and should mimic that of native tissue [15,16]. The traditional FDM 3D
printed rigid product is not suitable for skin substitutes. Additionally,
the high temperature and viscosity of the FDM procedure might cause
the thermal degradation of polymers. Hydrogel can be as the ink of
direct-write 3D printed to prepare soft materials and mimic ECMs,
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Fig. 1. The photographs of (A) the 3D printer for SEDM. (B) The SEDM sample (left) and FDM (right) scaffold. (C) The exhibition of elastic and flexible SEDM

scaffold. (D) The upper-layer (left) and sub-layer (right) of the SEDM/E scaffold.

which may have poor strength [17]. Moreover, the hydrogel as printing
ink should have temperature sensitivity, cross-linkable property or
thixotropic behavior to maintain the shape of the ink and solidified in
specific modeling environment. Cell laden hydrogels can be also printed
by direct-write 3D printing. But cells in hydrogels can hardly secrete
enough ECM and migrate easily to form cell-cell junctions [18].
Therefore, it is necessary to develop a simple 3D printing process to
prepare flexible biodegradable polyesters with suitable strength and
topography for cell and tissue growth.

Biodegradable polyesters thereof without biological activity are
usually used in skin tissue engineering [1]. Hence, growth factors play
an important role in this field. EGF can stimulate keratinocytes to
proliferate and migrate promoting the wound healing [19,20]. There-
fore, exogenous of EGF is necessary to accelerate wound healing while
its activity should be maintained. Nevertheless, it has poor stability and
rapid degradation in physiological environments leading to their low
efficiency in vivo. If the applied dose is increased to maintain its ac-
tivity, not only the cost but also the risk of cancer will increase [21,22].
Chemical binding growth factor may change the surface of a material
and incur high costs, and physical adsorption is a low efficiency method
[23]. To overcome these challenges, a suitable immobilization method
should be chose to control its delivery.

Herein, we used a rapid in situ formation system based on solvent
exchange deposition modeling (SEDM) 3D printing technology to fab-
ricate a micro sized, flexible PLGA scaffold. In the process, PLGA of N-
methyl pyrrolidone (NMP) solution was directly printed in ethanol so-
lution at room temperature. The different flexibility and surface prop-
erty between the SEDM and FDM scaffolds were investigated. To ex-
plore its applicability as a skin substitute, we combined SEDM with
electrospinning technology constructing a flexible bilayered scaffold
with nano-/micro structure. And EGF was immobilized on the scaffolds
by recombinant DNA technology and tyrosinase treatment as our pre-
vious study described [24]. Fluorescence imaging method, Fourier
transformation infrared spectroscopy (FT-IR) and X-ray photoelectron
spectroscopy (XPS) was employed to evaluate the delivery process of
EGF. In vitro and in vivo experiments were performed to evaluate the
bilayered skin substitute.

2. Materials and methods
2.1. Synthesis of PLGA

PLGA (LA/GA = 75:25) with a mass average molecular weight of
150,000 was synthesized by the ring opening copolymerization of t-
lactide and glycolide (Jinan Daigang Biomaterial Co., Ltd., China) using
stannous octoate (Sn(Oct), (Sigma Aldrich, USA) as catalyst [25].

2.2. SEDM 3D printing

A 3D printer (Bio-Fabrication Plus, Ubbiotech, China) for SEDM 3D
printing as shown in Fig. 1A, and SolidWorks system were employed to
prepare the sub-layer of the bilayered skin substitute. The synthetic
PLGA was dissolved in N-Methyl pyrrolidone (NMP, Aladdin) with 40%
(w/v) concentration as a printing ink. The printable property of PLGA
dissolved in different solvent with the same concentration was also
investigated as Fig. S3 shown. The inks were then solidified on a filter
paper adsorbed ethanol solution. The applied pressure of nitrogen (N5)
on the PLGA solution and the nozzle extrusion speed were matched to
achieve homogeneous linear fibers during the printing process. All
printing parameters are listed in Table 1. The printing process is ex-
hibited in Movie S1. Then the printed scaffolds were immersed into a
50% concentration ethanol solution for 48 h and vacuum freeze-dried
to remove the organic solvent. The synthetic PLGA as above description
was fed into a heating syringe for FDM 3D printing using 400 um nozzle
as control group [26]. Photographs of the scaffolds prepared by the
SEDM and FDM are shown in Fig. 1B.

2.3. Fabrication of the bilayered scaffold

SEDM printed PLGA as sub-layer of the bilayered scaffold was fixed
on the aluminum foil for receiving electrospun (E) PLGA nanofibers as
upper-layer of the bilayered scaffold as shown in Fig. 1D. The synthe-
sized PLGA was dissolved in hexafluoroisopropanol (HFIP) (Energy
Chemical, China) at 10% (w/v) concentration as electrospun solution.
The distance of the needle (20 gauge) tip to the collector was
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Table 1
SEDM 3D printing parameters.
Parameter Value
PLGA concentration (w/v) 40%
Extrusion pressure (MPa) 0.4
Nozzle diameter (um) 400
Printing speed (mm/s) 72
Printing temperature (°C) 20
Ethanol bath dimension (cm®) 18 x 18 x 1.2
Distance between nozzle to reservoir (mm) 2

maintained at 12 cm. 17 kV of voltage and 1 mL/h of flow rate was
applied.

2.4. Preparation of DOPA-EGF and its immobilization on the scaffolds

3,4-Dihydroxyphenethylamine (DOPA) is a protein containing both
amine and catechol functional groups secreted by mussels. It has ex-
cellent underwater adhesion property can bind on a wide spectrum of
materials [27]. However, DOPA is a non-canonical amino acid, leading
to it cannot be directly incorporated into a protein using conventional
protein-engineering (recombinant DNA) techniques. Thus, DOPA was
incorporated at the specific site of EGF protein using the bioorthogonal
approach reported in our previous work without disturbing its tertiary
structure, and its activity was maintained [24]. The EGF loading me-
chanism is shown as Fig. S1. Briefly, a pentapeptide tag (Tyr-Lys-Tyr-
Lys-Tyr) residue was incorporated at the C-terminus of EGF by re-
combinant DNA technology. Then, the Tyr-Lys-Tyr-Lys-Tyr residues
(500 ng/mL, 2 mL) were converted into DOPA-Lys-DOPA-Lys-DOPA by
tyrosine hydroxylase (10 U/uL, 4 uL) (Sigma Aldrich, USA) in PBS so-
lution with ascorbic acid (5 mg/mL, 1 mL) at pH 7.0-7.5 for 2 h in a 6-
well plate (Corning Costar, US). Then the pH was adjusted to 8.0-8.5
and the samples were immersed into the solution for 16 h. The physical
adsorption of EGF (500 ng/mL, 2 mL) was as a control group.

2.5. Characterization of the bilayered scaffolds

2.5.1. Scanning electron microscopy

The microstructures on the surface of the samples (SEDM, FDM, and
SEDM /E) were observed by field emission scanning electron micro-
scope (FE-SEM, Germany, Zeiss, Gemini 2). Their brittle-fractured
surface, obtained through freezing in liquid N, and quickly breaking
off, was also been observed. The applied voltage was 1 kV.

2.5.2. Nitrogen adsorption

The textural properties of the scaffolds prepared by SEDM and FDM
3D printing were confirmed by a nitrogen (N,) adsorption/desorption
experiment using a Quantachrome® ASiQwin™ instrument at 77.3 K.
The Brunauer-Emmett-Teller (BET) equation was used to calculate the
surface areas of the samples. The relative pressure (P/Py) of the N,
adsorption and desorption isotherms ranged from 0.1 to 1.0. The
Barrett-Joyner-Halenda (BJH) model was employed to calculate the
pore size distribution.

2.5.3. Bovine serum albumin (BSA) adsorption

To confirm the different surface property of SEDM and FDM, protein
adsorption assay was performed. BSA (Bio Froxx, Germany) was chosen
as a model protein because its isoelectric point at pH 4.6 is close to that
of EGF. The scaffolds were cut into circular samples with 0.8 cm dia-
meter and immersed in 100 pg/mL BSA solution at 37 °C under
150 rpm. The medium was collected at different time points from 5 min
to 360 min for testing and then replaced by fresh PBS solution. The
amounts of BSA adsorbed by the scaffolds were calculated through the
decrease in BSA concentration of the medium using a BCA kit.
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2.5.4. Mechanical properties

The tensile strength of the samples (E, SEDM, FDM, SEDM /E, and
FDM/E) was tested by an Instron 5869 machine at a crosshead speed of
5 mm/min. The samples were cut into dumbbell shapes with dimen-
sions of 15 x 2.5 x 0.29 mm?. Five specimens of each group were
tested.

2.5.5. Bacterial penetration

The samples (gauze, E, SEDM, and SEDM/E) were sterilized before
test and cut into 10 mm diameter discs. Escherichia coli (E. coli) was
cultured in lysogeny broth (LB) under 150 rpm shaking at 37 °C over-
night. The bacteria suspension was diluted to 1 x 10® colony forming
units (CFU)/mL, and 50 pl bacterial suspension was dropped onto the
center of the samples. After the samples incubated at 37 °C for 24 h, the
images of the bacterial growth was captured. Then the agar beneath the
samples was cut into small pieces and immersed in 2 mL PBS with
shaking by an ultrasonic cleaner to separate the cells from the agar. The
OD value of the cell solution was recorded by a full wavelength mi-
croplate reader (Infinite M200, TECAN) [28]. Gauze was used as a
positive control. Three duplicates of each group were performed.

2.6. Binding ability of DOPA-EGF

The spectra of the functional groups on the scaffolds were recorded
by using FT-IR (Perkin Elmer 580B IR, USA) with a wavenumber range
of 4000-500 cm~! to confirm the SEDM/E scaffolds successfully
binding of EGF (500 ng/mL). The chemical states of elements on the
scaffolds were measured using XPS (Shimadzu/Kratos, Ltd., Japan).

A fluorescence imaging method was employed to investigate the
binding efficiency of DOPA-EGF [29]. The scaffolds (E, SEDM and
SEDM/E) were loaded with 500 pg/mL EGF using DOPA adhesion and
physical absorption, respectively. The blank scaffolds were selected as
control groups. The samples were washed using PBS 3 X 5 min, and
then incubated with rabbit anti mouse EGF antibody (1:500 dilution) at
4 °C overnight. After washing 3 X 5 min with PBS, the scaffolds were
incubated with a secondary Alexa Fluor 488 labelled goat-anti-rabbit
IgG (1:500 dilution) antibody for 1 h at room temperature. The optical
data were obtained using a fluorescence imaging device (CRi Maestro).

2.7. Invitro cell experiments

2.7.1. Cell culture

NIH 3T3 fibroblasts were cultured in medium composed of
Dulbecco's modified Eagle's medium (DMEM, Gibco), 10% fetal bovine
serum (Gibco), 10 mM HEPES (Sigma), 100 U/mL penicillin (Sigma)
and 63 U/mL streptomycin (Sigma) at 37 °C and in a 5.0% CO, in-
cubator. The medium was changed every 2 days.

2.7.2. Cell morphology and proliferation

The NIH 3 T3 cells were seeded on the scaffolds (E, SEDM, FDM, and
SEDM/E with a diameter of 34 mm) at a density of 6 X 10%/well in 6-
well culture plates. For the SEDM/E group, the electrospun nanofibers
were placed at the bottom of the culture plates and the SEDM printed
scaffold was on the top. To observe the morphology of the cells and
their distribution on the samples, live cells were stained with propidium
iodide (PI)/calcein AM (Sigma, China) after incubation for 1 day and
3 days, respectively. Briefly, the samples were washed 3 times using
PBS at regular time intervals. Then, the dual fluorescence PI and calcein
were added and incubated for 10 min at 37 °C. Then, the scaffolds were
washed several times with PBS, and observed using a fluorescence
microscope (Nikon TU-2000, Japan). To further confirm the distribu-
tion of NIH3T3 cells on different samples at day 3, their visualized fi-
lamentous actin (F-actin) and nuclei (DAPI) were counterstained as
previously described [30].

NIH 3 T3 cells were seeded on the scaffolds (diameter = 6 mm) at a
density of 2 x 10%/well in 96-well culture plates (Corning Costar, US)
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and cultured for 1 and 3 days to evaluate cell proliferation using a cell
count kit-8 (CCK-8, Dojindo, Japan). At each time point, 30 pL CCK-8
solution was added to the wells, and the samples were incubated for 2 h
at 37 °C. Then, 100 pL of the reaction solution was transferred to a new
96-well plate. The full wavelength microplate reader was used to
measure the samples' optical density (OD) values at 450 nm. Each group
had four duplicates.

2.8. In vivo wound healing and histology analysis

The full-thickness excisional model was employed to evaluate the
applicability of the bilayered scaffold as shown in Fig. 8C. Four male
Sprague-Dawley (SD) rats in total with an average weight of 220-250 g
were purchased from Jilin University. All the animal experiment pro-
cedures and protocols were in accordance with “The National Regula-
tion of China for Care and Use of Laboratory Animals” promulgated by
the National Science and Technology Commission of China, on No-
vember 14, 1988 as Decree No. 2. Protocol and approved by the
Committee of Jilin University Institutional Animal Care and Use. The
rats were anesthetized, and their dorsal surface was shaved and ster-
ilized. Then, four full-thickness round wounds (diameter = 16 mm)
were created on each rat. Then the blank scaffold and the scaffolds
loaded with EGF and DOPA-EGF were implanted in the wound for
21 days to evaluate their ability of promoting skin regeneration. A si-
licone splint was sutured onto each wound margin to fix the scaffold.
Post operation of the rats was maintained separately during the whole
experiment. Each group had four duplicates.

The excisional wound changes were captured on days 0, 7, 14 and
21. The wound size was recorded at different time intervals. Wound
closure rate was calculated using the following formula [31]:

Wound closure rate (%) = (Ayg — Ap)/Ag X 100%.

where A, represents the initial wound size, and A, represents post
operation of the wound size at day n = 7, 14 and 21. The silicone
splints were removed as the wound began to scab.

Every two rats were sacrificed on days 14 and 21, respectively. The
wound section tissues were collected, fixed in 4% formaldehyde PBS
solution at 4 °C and embedded in paraffin. The sections were cut into
5 pm thicknesses for staining with hematoxylin —eosin (H&E) and
Masson's trichrome as routine protocols.

2.9. Statistical analysis

All results were expressed as the means + standard deviation (SD)
of at least three duplicates. Variance analysis (ANOVA one-way, Origin
8.5) followed by Tukey method was used for the statistical analysis. A
value of P* < 0.05 was identified as statistically significant.

3. Results
3.1. Surface properties

SEM images (Fig. 2A-G) showed the microstructure of the surface
and cross-section of the samples (SEDM, FDM, and SEDM/E). The sur-
face of the SEDM sample (Fig. 2A) had pores with different sizes and
rough surface due to the solvent exchange, which might be better for
cell adhesion and growth. In contrast, the surface of the FDM group
(Fig. 2B) had no pores and was smooth. Electrospun nanofibers stacked
on the SEDM fibers to construct a bilayered structure with nano- and
microstructures (Fig. 2C-D). The sub-layer (Fig. 2C) was micro sized
SEDM 3D printed strut, and the upper-layer (Fig. 2D) was nanofibers.
The brittle-fractured surface of the SEDM group (Fig. 2E) was also
rough and had pores. In contrast, the surface was smooth for the FDM
group (Fig. 2F). Observation of the brittle-fractured surface of the
SEDM/E group (Fig. 2G) confirmed that the electrospun meshes were
stacked tightly on the SEDM scaffolds.
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However, some micro- (pore diameter < 2 nm) or mesopores
(2 nm < pore diameter < 10 nm) might not be observed by SEM,
because they might be covered by some macropores (pore dia-
meter > 10 nm) [32]. Thus, we employed N, adsorption to detect the
micro- or mesopores on the surface of SEDM. The N, adsorption/des-
orption isotherms of the scaffolds (SEDM and FDM) are shown in
Fig. 2H. The curve of the SEDM group can be identified as a type V
isotherm, and its hysteresis loop belongs to type H3 [33,34]. The N,
adsorption results of the SEDM scaffold indicated that its surface had
also micro- and mesopores. The average pore diameter, BET surface
area and pore volume are exhibited in Table 2. The curve of the FDM
group showed type II isotherms (Fig. 2H), indicating its surface was
smooth in accord with the SEM results (Fig. 2B).

The time-adsorption curves of the model protein (BSA) on SEDM
and FDM at pH 7.4 were shown in Fig. 2I. After soaking in BSA for
30 min, they both reached equilibrium adsorption. The SEDM group
had adsorbed 134.98 ug of BSA, which was higher than that (109.19 pg)
of the FDM group. This further proved that the surface of SEDM scaffold
with nano-/micro pores was beneficial for protein adsorption.

3.2. Mechanical properties

The tensile strength of the electrospun nanofibers was 3.80 MPa
about 2.30 and 3.53 times higher than that 1.65 (MPa) of the SEDM
groups and that (1.08 MPa) of FDM groups (Fig. 3A), respectively. After
electrospun nanofibers stacking on the 3D printed scaffolds, the
strength of the SEDM and FDM groups were reinforced by 57.07% and
106.51% and reached to 2.59 MPa and 2.22 MPa, respectively. The
stress —strain curve (Fig. 3B) revealed that the SEDM scaffolds ex-
hibited the ductile fracture at the stress yield point. And the curves of
the FDM samples exhibited brittle fracture, indicating that the SEDM
scaffold exhibited better elasticity and flexibility than the FDM group.
The FDM sample showed much higher Young's modulus (174.50 MPa)
than that (66.10 MPa) of the SEDM sample (Fig. 3C), further revealing
its rigidity and hardly deformation. The elastic and flexible properties
of the SEDM scaffold were also shown in Fig. 1C and Movie S2. Fur-
thermore, the flexible of SEDM printed sample was influenced by the
printed layers as Fig. S4. When 8 or more layers were printed, the yield
platform of the stress-strain curve deceased indicating the toughness
reduced. The warpage also occurred with the printed layers increased.

3.3. Bacterial penetration

There was enough space for cell and tissue ingrowth between the
SEDM 3D printed strut, it also easily invaded by bacteria. However, the
densely packed electrospun nanofibers as physical barrier can prevent
from the bacteria. As shown in Fig. 4, the OD value of the SEDM group
was highest at 0.95, the gauze followed at 0.59. And the bacterial cells
surrounded the SEDM and gauze, indicating they can easily penetrate
the micro sized structure. The E and SEDM/E groups had lower OD
value at 0.26 and 0.12, respectively, demonstrating the bacteria can
hardly penetrate the electrospun nanofibers.

3.4. Growth factor binding assay

Fig. 5A showed the FT-IR spectra results. For EGF and DOPA-EGF
group, the band from 3600-3000 cm ™' and 1680 to 1590 cm ™' was
attribute to N—H stretching vibration, C=0 bending and C—N
stretching vibrations of amide groups [35-37], which belonged to
amide group of protein, indicating that EGF was successfully im-
mobilized on the surface of the samples. Moreover, the XPS results
showed EGF group (Fig. 5B) had a new peak of N1s at 400 eV, and the
DOPA-EGF group had a double peak of N1s at 399 eV and 403 eV due to
the incorporation of the amino group of dopamine. The quantitative
analysis results of XPS data were listed in Table 3. The surface of the
DOPA-EGF group had more N element (4.05%) than the EGF group
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Table 2
The surface area Sppr, pore volume V, and BJH adsorption average pore dia-
meter.

Sper (m?/g) V,, (em®/g) Dy (nm)
SEDM 25.30 0.04 5.00
FDM 0.00 0.01 0.00

(2.93%), indicating that the amount of DOPA-EGF was higher than
physically adsorbed EGF, which was also proved by static water contact
angle result in Fig. S6.

We had further quantified the immobilized amounts of EGF and
DOPA-EGF groups on the samples using the immunofluorescence assay
(Fig. 5C and D). The results showed that the fluorescence signal of the
DOPA-EGF group was stronger than that of the EGF group, indicating
that binding amount of DOPA-EGF group was higher than that of EGF
group due to the excellent adhesion properties of the catechol of DOPA
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(The average fluorescence signal of blank groups cannot be detected).

Table 3
Elemental mole percent calculated from XPS Spectra for the surface of SEDM/E
scaffolds.

C (%) O (%) N (%) S (%)
Blank 76.02 23.98 0 0
EGF 85.55 11.53 2.93 0
DOPA-EGF 64.75 28.01 4.05 0.19

through quinone covalent coupling to the materials.

3.5. Cell adhesion and proliferation

We chose NIH 3 T3 fibroblasts in this study due to the fibroblasts of

the substantial presence in the granulation tissue during wound healing
[38]. The morphology and distribution of NIH 3 T3 fibroblasts on dif-
ferent scaffolds were exhibited as the results of the live cell staining
(Fig. 6A), F-actin and nuclei staining (Fig. 6B). The cells only grown on
the surface of electrospun nanofibers without into their inner parts. For
the SEDM and FDM groups, the cells only grew on the strut of the
scaffolds but could not migrate from one strut to another due to the
large gap. The amounts of the cells on the SEDM/E scaffolds were most
and their distribution was more reasonable because of the cells adhe-
sion and growth on both nanofibers and micro sized 3D printed strut.
The nano fibrous membranes acted as an upper-layer substrate for cell
adhesion and migration, and the SEDM scaffolds provided enough room
for cell ingrowth. The scaffold architecture containing nano-, micro-,
and macroscales are more suitable for tissue engineering [7,12,39].
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Fig. 6. (A) Live cell staining images: The morphology and distribution of the NIH3T3 fibroblast cells on the E, SEDM, FDM, SEDM/E scaffolds loaded with EGF using
physical adsorption and DOPA adhesion at day 1 and 3. Scale bar = 500 pm. (B) F-actin (red) and nuclei (blue) images of the NIH3T3 fibroblast cells on the E, SEDM,
SEDM/E scaffolds at day 3. Scale bar = 200 pm. (C) NIH3T3 cells proliferation on the E, SEDM, FDM, SEDM/E scaffolds at day 1 and 3. (* indicates significant
differences, p < 0.05, n = 4). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Furthermore, the DOPA-EGF group had the most live cells in each
processing method.

NIH 3 T3 cell proliferation was shown in Fig. 6C. For the same
protein loading method, the cell proliferation at day 1 and 3 of the
SEDM group was higher than that of FDM group, indicating the rough
surface of SEDM printed scaffold was beneficial for cell growth than the
smooth surface of FDM printed scaffold. The SEDM/E samples with
nano-/micro structure had the highest cell proliferation, indicating this
complicated topography promoted the cell proliferation, which was in
accordance with the results of Fig. 6A and B. Moreover, the DOPA-EGF
group in each processing method had higher cell proliferation than EGF
and PBS groups due to the high immobilization of EGF on the samples,
which was further confirmed by the relative gene expression (as shown
in Fig. S7).

3.6. In vivo wound healing assessment and histology analysis

The observation of wound closure progress, the calculation of
wound closure rates and the full-thickness excisional model were shown
in Fig. 7A-C. The wound closure rate at day 7 of the DOPA-EGF group
(40.63%) was faster than that of control (31.25%), blank (33.50%) and
EGF (37.50%) groups. The SEDM/E scaffolds loaded with DOPA-EGF
exhibited the strongest ability to promote wound healing; their closure
rate reached 84.38% at day 14 and 98.88% at day 21. The closure rate
of EGF group followed with 75.00% and 89.63% at days 14 and 21,
respectively. Their closure rates were both much higher than those of
the blank and control groups.

The H&E and Masson's trichrome results were shown in Fig. 8A-B.
The H&E staining images can show the inflammatory response, gran-
ulation tissue and re-epithelialization of the wound histology sections.

A

Healthy granulation formation can transport nutrients and growth
factor during epidermal regeneration, which is important for wound
healing. Then the granulation was gradually replaced by collagen fibers
during the wound healing [40]. Hair follicles and thick epidermis can
be observed in the DOPA-EGF group at day 14 as H&E staining images
shown (Fig. 8A). Finally, well-developed homogeneous and continuous
dermis of the DOPA-EGF group can be seen at day 21 (as indicated by
the dark arrow), indicating that re-epithelialization of the DOPA-EGF
was better than other groups. Collagen deposition in the dermis of the
wound tissue was observed (Fig. 8B). At day 14, the DOPA-EGF group
exhibited the highest collagen deposition, indicated by blue color in-
tensity (where the blue is deeper, the collagen deposition is higher).
The collagen deposition of the DOPA-EGF group exhibited dense
packing and a regular orientation at day 21, unlike other groups' loose
packing and irregular arrangement. These results revealed that the
SEDM/E scaffolds binding DOPA-EGF could effectively promote wound
healing.

4. Discussion

Biodegradable polyesters, such as PLGA, with high molecular
usually were subjected to FDM 3D printing for high mechanical prop-
erties of medical application. The major aim of this work was to develop
a 3D printing process for preparing elastic and flexible PLGA. The SEM,
N, adsorption results and BSA adsorption analysis (Fig. 2A, B, H and I)
revealed different surface properties between SEDM and FDM groups.
The same nozzle was used in SEDM and FDM process, but the shrinkage
happened during FDM printing process as Fig. 2B shown, because the
sharp melt-to-solid transition [16]. However, the solidified ink did not
shrink during the SEDM process due to the suitable solvent exchange
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Fig. 7. (A) Observation of wound closure (B) wound closure rate treated with nothing (control), the blank SEDM/E scaffold, and the SEDM/E scaffold loaded with
EGF using physical adsorption and DOPA adhesion at day 7, 14, and 21. (C) Photographs of the excisional wound model. (* indicates significant differences between
Blank, EGF and DOPA-EGF groups at days 14 and 21, p < .05, n = 5, scale bar = 5 mm).
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Fig. 8. Images of (A) H&E staining (magnification: 200 x), scale bar = 100 um, and (B) Masson's trichrome staining (magnification: 400 x ), scale bar = 50 pm
(brown), at day 14 and 21 post-operation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

time. If we directly printed the ink into a coagulation reservoir instead
of on a filter paper, the printed strut may still seriously shrink as lit-
erature reported [41]. The tensile strength results (Fig. 3A-C) revealed
that the SEDM sample exhibited toughness and had higher tensile
strength than rigid and brittle FDM sample due to the high temperature
that may lead to thermal degradation of partial PLGA in the heating
syringe as DSC results shown (Fig. S5).

Nanostructure can enhance initial cell attachment and cell pro-
liferation [10,42]. Therefore, a bilayered scaffold was constructed
combining SEDM 3D printing with electrospinning to explore its po-
tential as skin substitute. The micro-sized pore between the SEDM 3D
printed strut can contribute to cell proliferation and tissue regeneration
[28,43,44]. This nano-/microstructure make their respective ad-
vantages complementary to each other. The tensile strength of SEDM

sample can be enhanced by electrospun nanofibers (Fig. 3A-B). The
nanofibers can be also used as a physical barrier to prevent from bac-
teria (Fig. 4).

A EGF derivative was prepared by a green and high efficient ap-
proach as our previous study described [24]. The FT-IR (Fig. 5A) results
showed the successful immobilization of EGF. The XPS (Fig. 5B),
fluorescence imaging (Fig. 5C-D) and water contact angle (Fig. S6)
results revealed the excellent binding property of DOPA-EGF [45].

Live cells staining (Fig. 6A) and fluorescent staining (Fig. 6B) results
revealed the NIH3T3 cell spread on the nanofibers and micro sized strut
of the bilayered scaffold, whose topography was more beneficial to cell
proliferation and ingrowth. Cell proliferation plays an important role in
the wound healing process [46], its result (Fig. 6C) indicated that the
SEDM group with rough surface was more suitable for cell growth than
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the smooth surface of the FDM group. Cell proliferation of DOPA-EGF
group was the best due to the high binding amounts of EGF.

In vivo experiment was used to further verify the applicability of the
bilayered scaffolds on wound healing. The SEDM/E samples loaded
with DOPA-EGF can effectively promote full-thickness excisional
wound healing (Figs. 7-8). But 16 mm is a large wound for the rat.
Marques et al. [47] created a 12 mm diameter full-thickness excision,
while there was still an obvious scab (approximate 5 mm) in their
control group at day 21. Fathima et al. [48] used a 2 cm® X 2 cm? of
excisional wound model, the control group also not closed after
16 days. The normal healing period should be during 18-20 days.
However, Qu et al. [5] create only an 8 mm diameter of full-thickness
round wounds, their control group has not still totally healed at day 21.
Because they use an excisional wound splinting model [49] in that a
splinting ring tightly adheres to the skin around the wound, preventing
wound closure caused by skin contraction. Similarly, we also used a
splint to fix the scaffold on the wound, which may influence the wound
healing speed of the rat, although we took them out at day 3 when the
wound had begun to scab. This is the reason that we can see the scar at
day 21 in the four experiment groups. Furthermore, PLGA is a synthetic
biocompatible polyester, but it still can cause some inflammatory re-
sponse of the rat during its degradation period, which may also effect
the wound closure rate of the rat.

Therefore, the degradation property of the bilayered scaffold during
the wound healing also need be further investigated in the future work.
It may be a solution to decrease inflammatory response in vivo that
alginate or other hydrogel was coated on the synthetic polymer.

5. Conclusions

In this article, we present a novel 3D printing method, which was
easy to handle, to prepare a flexible PLGA scaffold at room temperature.
The results of tensile strength indicated that the sample prepared by
SEDM method exhibited toughness rather than rigid like the sample
prepared by FDM. The surface of SEDM scaffold was rough and had
pores in favor of protein adsorption and cell growth. Notably, a bi-
layered scaffold with nano-/micro structure prepared by SEDM 3D
printing and electrospinning technology and immobilized DOPA-EGF
by the bioorthogonal approaches have effectively promoted the wound
healing of the rats. It can be suggested that this bilayered scaffold is a
potential candidate for wound care applications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2020.110942.
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