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ABSTRACT: Electrospinning is a technique for creating
continuous nanofibrous networks that can architecturally be
similar to the structure of extracellular matrix (ECM).
However, the shrinkage of electrospun mats is unfavorable
for the triggering of cell adhesion and further growth. In this
work, electrospun PLGA nanofiber assemblies are utilized to
create a scaffold. Aided by a polypropylene auxiliary supporter,
the scaffold is able to maintain long-term integrity without
dimensional shrinkage. This scaffold is also able to suspend in
cell culture medium; hence, keratinocyte cells seeded on the
scaffold are exposed to air as required in skin tissue
engineering. Experiments also show that human skin keratinocytes can proliferate on the scaffold and infiltrate into the scaffold.
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1. INTRODUCTION

Skin represents approximately one-tenth of the body mass and
is necessary for animal survival.1−3 It serves several important
functions, including as a physical barrier to the external
environment, thermal regulation, and retention of normal
hydration.4,5 In the past decades, many skin substitutes, such as
xenografts, autografts, and allografts, have been used to treat
burns or other skin defects.6−8 However, because of factors,
such as immune response, these skin substitutes are not yet able
to fully meet the requirements of skin recovery.9 Hence, tissue
engineering has been under intense development and has
shown significant promise in creating skin tissue substi-
tutes.10−13

One challenge in tissue engineering is the design of
reproducible three-dimensional (3D) scaffolds that can mimic
the structure and biological functions of the natural extracellular
matrix (ECM), for guiding cellular migrationproviding
mechanical support, and regulating cellular activities.14

Compared to other methods for the fabrication of nanofibrous
scaffolds, such as meltblowing,15 drawing,16 phase-separation17

and self-assembly,18 electrospinning is a versatile technique for
producing tissue engineering scaffolds with individual fiber
diameters ranging from a few nanometers to hundreds of
nanometers.19,20 Furthermore, it also enables the production of
nanofibers from a wide variety of materials including polymers,
composites, metals, oxides, semiconductors and ceramics.21

Electrospun nanofibers are structurally similar to collagen in
ECM. In addition, the high surface area and highly porous
structure of fibrous mats make them suitable for culturing cells
and tissues. However, dimensional shrinkage and distortion of
the electrospun scaffolds restrict the initial adhesion and further
growth of cells.22−27 For instance, PLGA electrospun scaffolds
have accepted biocompatibility and biodegradability, and have
excellent fiber-forming properties. However, they shrink almost
by 80% when immersed in cell culture medium at 37 °C for 2
h.28 The significant change in dimension and porosity is
unfavorable for cells to infiltrate into the scaffold structures.29

To tackle the scaffold shrinkage issue, Jin et al. proposed the
blending of PDLLA and poly(ethylene glycol) (PEG) with
different PEG contents to form scaffolds via electrospinning.30

Although the shrinkage issue was partially overcome by tuning
different blending proportions, this approach is not widely
applicable to other biomaterials.31 Zhou et al. reported the use
of a copper grid as the collector to obtain nest-like nanofibrous
PLGA scaffolds and prevent the fibers from contracting into the
center part.32 Compared to ∼80% shrinkage in traditional
PLGA scaffolds, dimensional shrinkage was still 53%. To
prevent scaffold shrinkage and fiber morphology changes,
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fibrous scaffolds can be fixed to CellCrown plastic rings. As
immobilized firmly on a rigid body, the scaffold can maintain its
original structure during cell culture.33 However, culture
medium level must be carefully maintained to ensure that
cells on the scaffold properly contact culture medium at all
time, which is a time-consuming task.
In this work, widely used biodegradable polyester PLGA34−36

was electrospun to form nanofibrous mats. To alleviate
dimensional shrinkage, the mat was fixed onto an auxiliary
ring made of polypropylene (PP) with a thickness of 0.2 mm to
form a complete scaffold. Since the density of PP is lower than
that of water, the scaffold floats on cell-culture medium. As a
result, cells seeded on the scaffold obtain nutrients through the
porous mat and are exposed to air throughout culturing. Thus,
it serves as an ECM template for cell adhesion and tissue
development and mimics the human epidermal tissue forming
environment.

2. MATERIALS AND METHODS
2.1. Materials. Poly(lactic-co-glycolic acid, MW = 40 000)

with a ratio of 50:50 was purchased from JiNan DaiGang
Biomaterial Co.. Tetrahydrofuran (THF) and dimethylforma-
mide (DMF) used as solvent were purchased from Shanghai
Liming Industrial and Trade Co. Ethyl alcohol was provided by
Shanghai Haohua Chemical Co.. Human skin keratinocytes and
culture solution were obtained from the Institute of Clinical
Immunology in the First Affiliated Hospital of Soochow
University.
2.2. Preparation of PLGA Nanofibers by Electro-

spinning. An electrospinning apparatus built in house was
constructed using a high voltage power supplier (Tianjindong-
wen, China), a syringe pump (Cole Parmer, USA), a syringe
with a stainless steel blunt-ended needle (inner diameter: 110
μm), and a custom-made rotating mandrel-type collector
(Tongliweina Nanotechnology Co., Ltd., 150−6000 rpm)
(see Figure S1 in Supporting Information). PLGA solutions
with concentrations of 0.2%, 0.3%, 0.4%, 0.5% (wt/vol) were
prepared by dissolving block copolymer in a solvent mixture of
THF and DMF with a weight ratio of 3:1 and stirred for 24 h at
room temperature. The polymer solution was then loaded into
a 5 mL plastic syringe and mounted on the syringe pump. For
electrospinning, a stainless steel needle with an inner diameter
of 0.6 mm was connected to a high voltage power supply that
was operated at 15 kV. The distance between the needle tip and
the collector was 20 cm. The solution was extruded out of the
syringe at a constant flow rate of 0.8 mL/h.
2.3. Characterization of Electrospun Nanofibers.

2.3.1. Morphology of Nanofibers. After electrospinning, each
sample was randomly cut at different locations on the
electrospun nanofiber assemblies. The sample surfaces were
coated with gold using a sputtering system (Sputter Coater E-
1045, Hitachi, Japan) before SEM imaging (S4800, Hitachi,
Japan). SEM images were analyzed by using ImageTool-3.4 to
determine morphological appearance, average diameter, and
orientations of electrospun nanofibers.
2.3.2. Pore Size and Porosity of Scaffold. Pore size and size

distribution of the nanofiber assemblies were also evaluated by
using ImageTool-3.4. Porosity of the electrospun nanofiber
scaffolds were determined according to a method reported
previously.37 Briefly, rectangular samples were cut from the
electrospun nanofiber structures, and their length, width and
thickness were measured using a micrometer to calculate
volume (V). The weight (m) of the samples was measured by

an analytical balance. The density (ρi) of each sample was
calculated from its volume (Vi) and weight (mi). Porosity (ε)
was determined from the average density (ρ) of the samples
and the standard density of PLGA (ρ0 = 1.145g/ml) according
to38

ε ρ
ρ

= − ×
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟1 100
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2.4. Nanofiber Scaffolds Suspending in Culture
Medium. 2.4.1. Fabrication of Nanofiber Scaffolds. As
illustrated in Figure 1, the nanofiber assemblies after electro-

spinning were opened longitudinally and cut into circular
membranes with a diameter of 20 mm. An auxiliary plastic ring
made of polypropylene (PP) paper (thickness = 0.2 mm; outer
diameter = 20 mm; inner diameter = 18 mm) was heat sealed
with the circular PLGA nanofiber membrane (temperature = 80
°C; force = 0.2 N). Since the melting point of PLGA and PP
are approximately 60 and 170 °C respectively, the PLGA
membrane fuse onto the PP ring to form a complete scaffold.

2.4.2. Floating Test. The scaffolds were washed three times
(2 min per time) with 70% ethanol. The scaffold was then
soaked into sterilized phosphate buffered saline (pH 7.2, PBS)
and incubated at 37 °C. The PBS solution was not changed
throughout the 15-day floating test period.

2.4.3. Shrinkage Evaluation. Suspending scaffolds along
with PLGA membranes (without auxiliary rings) were placed in
closed containers filled with 5 mL of PBS (pH 7.4) and
incubated at 37 °C for 1 day. They were subsequently freeze-
dried. The area (S) of the dried samples was measured and
compared to their initial area (S0). The shrinkage percentage
was calculated according to

ω = − ×
⎛
⎝⎜

⎞
⎠⎟

S
S

1 100
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2.5. Cells and Cell Culture. Human skin keratinocytes
(HSK) were taken from human foreskins derived from donors
who underwent surgery. Briefly, HSK cells were extracted from
epidermis and seeded in conditional skin culture medium
containing epidermal growth factors. The cells grew into
colonies after 1 week. When they proliferated at approximately
70% confluency, the cells were trypsin digested for 5 min. Cells
(1 × 104) were seeded on each film, and scaffolds with cells
were placed in a 6-well culture plate with 2 mL of medium per
well and incubated at 37 °C under 5% CO2. Culturing medium
was changed every 2 days.

Figure 1. Schematic illustrating steps for constructing suspending
nanofiber scaffolds.
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2.6. Characterization of Cell Behavior on Suspending
Scaffolds. SEM was used to quantify HSK morphologies on
nanofiber scaffolds. Briefly, samples were harvested on days 1,
3, and 5 after seeding, washed with PBS twice to remove
residual culture solution and nonattached cells, and then fixed
with 4% glutaraldehyde for 2 h at 4 °C. Fixed samples were
washed repeatedly with PBS to remove glutaraldehyde and then
air-dried overnight. Dry cellular constructs were sputter coated
with gold and imaged under SEM. Then, cell covering areas on
the electrospun scaffolds were determined by measuring cell
contours in SEM images.
2.7. Statistical Analysis. The values were expressed as

means ± standard deviation (SD). Whenever appropriate, two-
tailed Student’s t test was used to discern the statistical
difference between groups. A probability value (p) of less than
0.05 was considered to be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Electrospun Nanofiber Assemblies. The concen-
tration of electrospinning solution played an important role to
the electrospining dynamics and nanofiber morphology. For a
concentration lower than 0.3 g/mL, a high number of beads
were formed (Figure 2a and d). This phenomenon is attributed
to the viscosity of the solution which was too low to form fibers
with uniform morphologies. When concentration was in-
creased, spinnability of PLGA was enhanced. When PLGA
concentration reached 0.3 g/mL, homogeneous fibers were
formed (Figure 2b and e). When the content of PLGA was
further increased, fiber uniformity became more obvious
(Figure 2c and f).
In the meanwhile, the diameter of the electrospun nanofibers

also increased with higher PLGA concentrations. As
summarized in Figure 2g−i, for a concentration of 0.2 g/mL
(Figure 2g), the mean fiber diameter was approximately 300
nm. For concentrations of 0.3 g/mL (Figure 2h) and 0.4 g/mL
(Figure 2i), the average fiber diameters were 400 and 600 nm,
respectively. When the concentration reached a critical value
(0.5 g/mL in our experiments), surface tension became too
strong to overcome, and no PLGA nanofibers formed.

3.2. Pore Size and Porosity of Nanofiber Assemblies.
Nanofibrous scaffolds used for tissue engineering including skin
reconstitution should be made porous for cells to infiltrate into
the scaffold and proliferate. The porous structure is also
required for ensuring sufficient gas and nutrient exchange for
tissue regeneration.39 Structural pore properties were assessed
for the electrospinning-constructed scaffolds with different
PLGA concentrations. The very fine nanofibers form highly
porous assemblies, providing large surface areas and space for
cell adhesion and migration. As summarized in Table 1, the

average pore size of the PLGA nanofibrous assemblies with 0.2
g/mL concentration was 3 μm. Larger pore sizes were obtained
at higher PLGA concentrations. At the concentration of 0.3 g/
mL, average pore size of the nanofibrous assembly reached 8
μm.
Scaffold porosity suitable for cellular penetration is typically

in the range of 60−90%.40 Thus, we selected the electrospun
nanofibrous assemblies with a PLGA concentration of 0.3 g/
mL for cell experiments. Within this scaffold porosity range,
average pore sizes differed significantly in previous studies,
ranging from 5−1510 to 132.7 μm14 for fibroblast growth. The
average pore sizes of our electrospun scaffolds for HSK cell
growth were 8 μm; however, the optimized selection of pore
sizes requires further investigation.

3.3. Shrinkage Behavior. During electrospinning, polymer
solution is subjected to a high electric field. This process results
in a high degree of alignment and orientation of polymer chains
in the nanofiber assembly but also induces inner stress.30 When
immerged into solvent at a temperature higher than 35 °C,
macromolecular chains can rapidly relax, which undesirably

Figure 2. (a, d, g) Nanofibers formed when PLGA concentration of 0.2 g/mL was used. (b, e, h) Nanofibers formed when PLGA concentration of
0.3 g/mL was used. (c, f, i) Nanofibers formed when PLGA concentration of 0.4 g/mL was used.

Table 1. Characteristics of Electrospun Nanofiber
Assemblies

concentration (g/mL) pore size (μm) porosity (%)

0.2 3 ± 0.2 20
0.3 8 ± 0.5 72
0.4 7 ± 0.3 78
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causes dimensional shrinkage of the PLGA fibrous assembly.
Figure 3a and b shows an original and shrunken fibrous

assembly after incubating in PBS at 37 °C for 24 h. Shrinkage
from its initial size was more than 75%. Similar shrinkage
behavior was also reported in other studies.28 In contrast, for a
PLGA scaffold consisting of a nanofiber assembly fused on a PP
ring, no observable shrinkage occurred because of the enhanced
mechanical property. Figure 3c and d shows an original scaffold
and the same scaffold after incubation in PBS at 37 °C for 24 h.

3.4. Suspended Scaffolds. Polypropylene (PP) is
mechanically strong, chemically stable, and biocompatible. It
has a density of 0.91 g/cm3 enabling the scaffold to suspend in
cell culture medium. The use of a PP ring as auxiliary support
serves two purposes: (1) to make the overall nanofiber scaffold
suspend in liquid, which is necessary for skin cells to be
exposed to air during growth, and (2) to prevent nanofiber
assemblies from shrinking and maintain long-term membrane
integrity. In our experiments, the fibrous membrane was
initially suspended on PBS surface (see Figure S2 in Supporting
Information). However, the membrane sunk to the bottom of
the beaker after a few hours due to dimensional shrinkage and
increased density. For scaffolds consisting of nanoriber
assembies fused on a PP ring, the scaffold remained suspended
on PBS surface throughout the 15-day testing period.

3.5. Cell Growth on PLGA Nanofiber Scaffolds. Cell
morphology on the PLGA scaffolds was studied via SEM
imaging (see Figure S3 in Supporting Information). Figure 4a
and b shows HSK growth on a representative nanofibrous
scaffold at day 1 and day 5. The scaffold was formed with a
PLGA concentration of 0.3 g/mL. As summarized in Figure 4c,
HSKs only reached a confluency of approximately 8% at day 1.
This was becaue of the low HSK seeding density used in this
work in order to observe cell proliferation over a 5-day period.
At days 3 and 5, the confluency of HSKs increased to 22% and
to 53%, respectively.
In this process, it was observed that there were cells

infiltrating into the nanofibrous assembly, and the cells
gradually join to cove the scaffold surface. To investigate the
behavior of cell infiltration into the nanofibrous scaffold,
hematoxylin, and eosin staining was conducted and cross
sections were prepared. Figure 4d shows typical HSK cell

Figure 3. Shrinkage test of fibrous membranes. (a, b) Nanofibrous
assembly before and after incubation in PBS at 37 °C for 24 h. (c)
Scaffold formed by fusing a nanofibrous assembly on a PP ring. (d)
The same scaffold after incubation in PBS at 37 °C for 24 h.

Figure 4. SEM images of HSK cells grown on PLGA scaffold after incubation for (a) 1 and (b) 5 days. Arrows indicate HSK cells. (c) Cell covering
area over 5-day growth period. (d) Cross section of the scaffold with cells infiltrating into the fibrous mats.
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penetration into the scaffold and their distributions inside the
fibrous scaffold. During cell growth, the suspending PLGA
scaffolds provided a three-dimensional nanofibrous host
environment for skin cells to adhere, infiltrate, and proliferate.

4. CONCLUSION
Skin tissue engineering scaffolds were constructed by electro-
spinning of PLGA nanofibers. With the auxiliary support from a
polypropylene (PP) ring, the electrospun PLGA mat is able to
maintain its initial shape and size without drastic dimensional
shrinkage in cell culture medium. The scaffold is also able to
stay suspended on the surface of cell culture medium, necessary
for skin cells to be exposed to air during growth to form human
epidermal tissue. Nanofiber sizes and scaffold porosities with
different PLGA concentrations were quantified. Human skin
keratinocytes were cultured on the scaffold. Cell proliferation
and infiltration were observed.
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