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a  b  s  t  r  a  c  t

Fabrication  of 3D  scaffold  to mimic  the  nanofibrous  structure  of  the  nature  extracellular  matrix  (ECM)
with  appropriate  mechanical  properties  and  excellent  biocompatibility,  remain  an  important  technical
challenge  in  tissue  engineering.  The  present  study  reports  the  strategy  to  fabricate  a 3D  nanofibrous  scaf-
fold with  similar  structure  to collagen  in  ECM  by  combining  electrospinning  and  freeze-drying  technique.
With  the  technique  reported  here,  a nanofibrous  structure  scaffold  with  hydrophilic  and  superabsorbent
eywords:
lectrospinning
caffold
anofiber
issue engineering
uperelastic

properties  can  be  readily  prepared  by Gelatin  and  Polylactic  acid (PLA).  In wet  state  the  scaffold  also
shows  a super-elastic  property,  which  could  bear  a compressive  strain  as high  as  80%  and  recovers  its
original  shape  afterwards.  Moreover,  after 6  days  of culture,  L-929  cells  grow,  proliferate  and  infiltrated
into  the scaffold.  The  results  suggest  that  this  3D  nanofibrous  scaffold  would  be promising  for  varied  field
of tissue  engineering  application.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Scaffold plays a critical role in tissue engineering, as it provides
echanical support and offers a proper microenvironment for cells

rowth. An ideal scaffold should mimic  not only the organized
tructure but also the physiological function of a normal tissue,
hich is essential for successful tissue repair [1]. In recent decades,
any researchers have focused their attention on creating ideal

caffold for usage in tissue regeneration. The main obstacle of tissue
ngineering is the design of porous 3D scaffolds that can mimic  the
tructure and biological functions of the nature extracellular matrix
ECM), for providing mechanical support, and regulating cellular

hysiological activities [2]. Scaffolds began to be fabricated with
anofibrous features, as the main protein of the ECM (collagen) reg-
lates cell behavior through its nanofibrous architecture [1,3]. To

∗ Corresponding author at: College of Chemistry, Chemical Engineering and
iotechnology, Donghua University, Shanghai 201620, China.

E-mail address: xmm@dhu.edu.cn (X. Mo).
1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.colsurfb.2016.02.050
927-7765/© 2016 Elsevier B.V. All rights reserved.
get 3D porous scaffold, various fabrication approaches have been
explored such as microembossing [4], fiber felts, solvent casting
and particulate leaching, fiber bonding, and 3D printing etc. [5–7].
However, it is still difficult using the above mentioned technique to
fabricate an ideal scaffold with the appropriate nanofibrous archi-
tecture [8].

Currently, there are mainly three major approaches to pro-
duce nanofibrous scaffolds: self-assembly [9–13], phase separation
[14–18], and electrospinning [19–23]. Nanofibrous scaffold fabri-
cated by self-assembly can be constructed in situ which is useful
for clinical settings [24]. However, most self-assembled scaffolds
reported were made from gels which lack mechanical strength
and not appropriate for structural tissues [1]. Phase separation
is a simple and versatile technique to create 3D scaffold as it is
simple to control the shape of the scaffold base on the formed
mold, and easy for cells entrapped. However, only few materials
such as PLA [14] and gelatin [25] could be fabricated into nanofi-

brous scaffold by thermally induced phase separation. Gelatin [25]
can form nanofibrous scaffold by phase separation, but it lack
mechanical strength. Compared with other nanofiber fabrication,
eletrospinning is regarded as versatile and superior approach for

dx.doi.org/10.1016/j.colsurfb.2016.02.050
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.02.050&domain=pdf
mailto:xmm@dhu.edu.cn
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abricating uniform ultrafine fibers in a continuous process. Elec-
rospun nanofibers are structurally similar to collagen in ECM. The
caffold constructed by electrospinning has many advantages such
s controlling of porosity, fiber size, and morphology. However,
lectrospinning fabrication technique most commonly produces
elatively 2D mats and the construction of scalable and controllable
ssembly of nanofibers for 3D structure is still a major challenge [8].

In addition, there are several requirements in the design of scaf-
old for tissue engineering such as mechanical properties, porosity,
ore size, and hydrophilic, etc. [5,26,27]. Scaffold should have the
echanical strength needed for implantation and the appropriate

trength that can influence the biostability of implants [5]. It is also
hown that the porosity and pore size of supporting 3D scaffold are
mportant for tissue regeneration [27]. Large surface area favors
ell attachment and growth. In addition, highly porous scaffolds
re desirable for diffusion of nutrients and waste products from
he implant [5,8]. Hydrophilic is also an important factor which
an influence the 3D scaffold for implantation as hydrophilic scaf-
old will enhance cell growth and proliferation [26]. Therefore, a
anofibers 3D scaffold with the appropriate mechanical integrity,
ore size, and hydrophilic property will provide a great potential

or tissue engineering.
Recently, novel pathways of fabricating nanofibrous scaffolds

ave been reported in literature. By electrospinning and freeze-
rying technique, Polyacrylonitrile (PAN) [28] was fabricated

nto nanofiber-assembled cellular aerogels with super-recyclable
ompressibility and multifunctionality. Similarly, Poly(MA-co-
MA-co-MABP) [29] was also fabricated into scaffold for tissue

ngineering. Though using combined electrospinning and freeze-
rying to construct a nanofibrous scaffold is considered to be

nnovative and novel. However, PAN and Poly(MA-co-MMA-co-
ABP) were hydrophobic and non-biodegradable. Hydrophilic and

iodegradable materials are better choice for many tissue engineer-
ng applications. In this paper we report a robust methodology for
reating superelastic scaffold with cellular structure that consists
f nanofibers. Gelatin and PLA were chosen as materials since they
ere all widely used biomaterials for various biomedical appli-

ations. Firstly, gelatin/PLA nanofibers membranes were prepared
y electrospinning; secondly, nanofibers membranes were cut into
mall pieces and were dispersed in tert-butanol by homogenizer;
hirdly, the dispersions were frozen and freeze dried. Finally the
caffold was crosslinked by glutaraldehyde and washed by water.
ubsequently a superelastic, superabsorbent and 3D nanofiber-
ssembled cellular scaffold was fabricated. The scaffold serves as
n ECM template and offers a proper microenvironment for cells
rowth and proliferation.

. Materials and methods

.1. Materials
Gelatin was purchased from MP  Biomedicals, LLC. PLLA was
rovided by Medprin Regenerative Medical Technologies Co., Ltd.
lutaraldehyde and tert-butanol were purchased from Sinopharm

Fig. 1. Schematic illustration of t
iointerfaces 142 (2016) 165–172

Chemical Reagent Co., Ltd. L-929 cell lines were supplied by Insti-
tute of Biochemistry and Cell Biology (the Chinese Academy of
Sciences, Shanghai, China). All other chemicals were of analytical
grades and commercially available.

2.2. Fabrication of gelatin/PLA nanofibers

Gelatin/PLA nanofibers were prepared by electrospinning.
Briefly, 1.2 g gelatin and 0.8 g PLA were separately dissolved in
10 mL  1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), then the precur-
sor solution was  prepared by blending 10 mL gelatin solution and
3 mL  PLA solution. The mass ratio of PLA and gelatin was 1:5. The
solution was  loaded into a syringe capped with a 9-G metal nee-
dle with a controllable fed rate of 5 mL per hour. A high voltage of
15 kv was applied to the need trip. The resultant nanofibers were
deposited onto aluminum foil, the spinneret-collector distance was
15 cm.

2.3. Fabrication of 3D nanofiber-assembled cellular scaffold

1 g, 2 g, 3 g, and 4 g gelatin/PLA nanofibers membranes were
separately cut into small pieces (1 cm × 1 cm), and were dispersed
in 100 mL  tert-butanol by homogenizing the mixture for 15 min
at 12,000 rpm using an IKA T18 homogenizing. Then the uniform
nanofibers dispersions were poured into mould, frozen in −80 ◦C
for 2 h, and then freeze dried for 24 h to obtain the unstable scaffold
[28]. Glutaraldehyde was added into ethanol (the concentration of
glutaraldehyde was 5%) as crosslinker. The unstable scaffolds were
crosslinked by glutaraldehyde for 10 min. By controlling the con-
centration of nanofibers dispersions, different density of scaffolds
could be obtained. Four scaffolds (3DS) were prepared. 3DS-1, 3DS-
2, 3DS-3, and 3DS-4 were respectively fabricated by 1 g, 2 g, 3 g, and
4 g gelatin/PLA nanofibers dispersions. To improve the biocompat-
ibility of crosslinked scaffold, it was immersed in 5% solution of
l-glutamic acid in 0.5 M HCl for 48 h [30]. Finally, the scaffolds were
washed by water 5 times before use.

2.4. Characterization

2.4.1. Morphology of nanofibers
Electrospun nanofibers were sputter coated with gold, and their

morphologies were observed by scanning electron microscopy
(SEM, Hitachi TM-1000, Japan) at an accelerating voltage of 5 kV.
Visualization software Image-J (National Institutes of Health, USA)
was used to measure the diameters of electrospun nanofibers.
Average nanofiber diameters and diameter distributions were
determined by measuring at least 100 random fibers from the SEM

micrographs. Homogenized nanofibers were dispersed in ethanol
and observed by optical microscope. Fibers length distribution of
the homogenized short nanofibers was calculated by measuring at
least 50 random fibers from the optical microscope micrographs.

he process for 3D scaffold.
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Fig. 2. Structure of nanofibers and short nanofibers. (a) SEM image of electrospun nanofibers. (b) Optical microscope image of the homogenized short nanofibers. (c) Diameter
distribution of electrospun nanofibers. (d) Fibers length distribution of the homogenized short nanofibers.
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Fig. 3. (a) The digital camera of 3D scaffold (3DS-4), (b–d) 

.4.2. Densities and pore size of 3D scaffold
The densities (�) of 3D scaffold were calculated by the following

quation [29]:

 = m/v = (4m)/(�d2h) (1)

here m and v were the weight and volume of the scaffold, d and
 were the diameter and height of the scaffold.

The pore sizes were measured from SEM image. The average
alue of densities was obtained from three parallel samples.

.4.3. Water absorption capacity
The water absorption capacity of 3D scaffolds was tested follow-

ng the reported method [31]. Firstly, 3D scaffolds were weighted
nd recorded as the dry weight. Secondly, 3D scaffolds were placed
n tubes containing distilled water, and were removed after 5, 15,
0, 60, and 120 min. The wet 3D scaffolds were placed on a paper
owel, and the excess water was allowed to drain off. The 3D scaf-
olds were then weighed and measured as wet weight. The water

bsorption percentage (w) of the 3D scaffolds was then calculated
ith the following equations:

 = (w1–w0)/w0 × 100% (2)
ages of 3D scaffold (3DS-4) with different magnification.

w0 and w1 were the weight of dry and wet 3D scaffolds, respec-
tively. The average value was  obtained from three parallel samples.

2.4.4. Mechanical properties
Compression tests were carried out by Instron 5969 testing sys-

tem with a 500-N loaded sensor. The compression strain-stress
curves with compression strain (60% and 80%) were measured at
strain rate of 5 mm/min  at room temperature. A 100 cycle loading-
unloading fatigue test was performed by measuring compression
strain (� = 60%) at a compressing speed of 30 mm/min. Cylinder-
shaped scaffolds with height of 10 mm and diameter of 9 mm were
used for the tests. It should be noted that the mechanical properties
were tested in wet state.

2.4.5. Cell proliferation on scaffold
L-929 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) (Gibco) which contain 10% FBS, 100 �g/mL strep-
tomycin and 100 U/mL penicillin. Cells were incubated at 37 ◦C in

a humidified atmosphere containing 5% CO2. Before cell seeding,
the scaffold was  immersed in 75% ethanol for 3 h and washed by
phosphate-buffered saline (PBS) four times. 200 �L L-929 cells sus-
pension with a cell number of 1 × 104 were seeded into different
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ig. 4. Water absorption property of the scaffolds. (a) Macroscopic demonstration o
n  water, and remove water after compressed by external force. (b) Water absorptio
t  different compression cycles.

caffold (3DS-2, 3DS-3, and 3DS-4). 12 h after seeding, the scaffolds
ere transferred into a 96-well plate to remove the unattached

ells. The proliferation of cell on the scaffold was evaluated with
TT  assay after 1, 3, and 6 days of culture. Briefly, the cells were

ncubated in MTT  solution at 37 ◦C for 4 h, the MTT  solution was
eplaced with 200 �L dimethyl sulfoxide (DMSO) and the whole
late was shaken for 30 min. The absorbance was  measured at
92 nm with a microplate reader.

The morphologies of L-929 cells seeded on scaffolds after 6 days
ere studied by SEM. The cell-seeded scaffolds were subsequently
ashed with PBS and fixed with 4% paraformaldehyde in PBS buffer

or 2 h at 4 ◦C. After that, the fixed samples were dehydrated in
n ascending series of ethanol for 8 min  each and dried in a vac-
um. Consequently the scaffolds were gold sputtered and observed
nder SEM.

.4.6. Cell infiltration
Cell infiltration studies on the 3D scaffolds were performed

sing paraffin embedding hematoxylin-eosin (H&E) staining [32].
fter 3 and 6 days post-seeding, cell scaffolds were removed from
edia, washed with PBS and fixed in 4% paraformaldehyde for

0 min  at 4 ◦C. Cross sections of the cells scaffolds constructs were
btained after dehydration, clarification, infiltration and paraf-
n embedding. The specimens were then stained with H&E and
bserved under an optical microscope.

.5. Statistical analysis
All experiments were conducted at least three times. Statis-
ically significant differences were obtained by comparing data
sing one-way ANOVA. The criteria for statistical significance were
p < 0.05.
eversible water uptake and extrusion. The scaffold would absorb water after placed
 of the scaffolds at different absorption time. (c) Water absorption ratio of scaffolds

3. Results and discussions

3.1. The preparation of scaffold

Fig. 1 illustrates the pathway for fabricating 3D scaffold. The
challenge was  how the nanofibers can be assembled into 3D
scaffold with open-cell cellular architecture with the appropri-
ate elastic interconnectivity [28]. To address these issues, the
first step was  breaking the originally lamellar deposited nanofiber
membranes into homogeneously nanofiber dispersions. Then a
high-speed homogenizer was  used to break the closely packed and
entangled electrospun nanofibers into short nanofibers. To make
nanofibers assemble into 3D scaffold, nanofibers were homoge-
nized in tert-butanol to form well dispersed nanofiber despersions
and then freeze dried into an unstable scaffold. To make nanofibers
form elastic interconnected networks rather than simply stack
together, the unstable scaffold were crosslinked by glutaraldehyde
to give a 3D scaffold, with stable bonded elastic fibrous networks
and a cellular architecture.

3.2. Structure of nanofiber

Smooth structure of gelatin/PLA nanofibers could be observed
as shown in Fig. 2a, the diameter of the nanofibers range from
179 nm to 2166 nm,  and the average diameter was about 1114 nm
(Fig. 2c). The dispersity of homogenized nanofibers were suspended
in ethanol and observed by optical microscope. As shown in Fig. 2b,
the short cut nanofibers were well dispersed. Moreover, Fig. 2d
illustrates the fibers length ranged primarily from 4 �m to 600 �m,

with an average length of 86 �m which were shorter than elec-
trospun nanofibers before homogenized (10 mm),  which indicated
that closely packed and entangled electrospun nanofibers had been
broken and homogenized by high-speed homogenizer.
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F ) SEM image of the nanofiber structure by changing the compressive deformation. (b)
C sing cycles (� = 60% and 80%). (c) Compressive stress–strain curves of the scaffold under
d

3

7
o
s
s
u
a
d
s
s
3
o
S

3

s
w
w
a
s
t
s
a
8

ig. 5. Compressive mechanical property of the scaffold in wet state (3DS-4). (a
ompressive stress-strain curves of the scaffold under two  compressing and relea
ifferent cycles in the compressive fatigue test (� = 60%).

.3. Structure and densities of nanofibrous scaffold

The densities of 3DS-1, 3DS-2, 3DS-3, and 3DS-4 were
6.6 mg/cm3, 105.3 mg/cm3, 131.1 mg/cm3, and 138.8 mg/cm3. An
bvious cellular architecture could be observed from SEM images of
caffold (3DS-4) as shown in Fig. 3b–d. Various shapes of pore in the
caffold were observed, like circular, elliptical, triangle, and irreg-
lar shape (Fig. 3b). The diameter of pore was also non-uniform,
s shown in Fig. 3b, the major pores with about 100–500 �m in
iameter could be attributed to the formation of crystals of frozen
olvent formed in the freeze-drying process. As shown in Fig. 3d,
maller pores with the size of 20 �m were observed in the scaffold.
DS can mimic  the structure of nature ECM, and the SEM pictures
f nature ECM, 3DS-1, 3DS-2, 3DS-3, and 3DS-4 can be found in
upplementary information.

.4. Water absorption study

As collagen nanofiber networks in nature tissue, the 3D scaffold
howed superabsorbent property. The 3D scaffold would absorb
ater quickly after placed in water, and remove most absorbed
ater after compressed by external force. The scaffold would

bsorb water again after placed in water, which showed reversible
orption and desorption water property (Fig. 4a). It was observed

hat water absorbed was completed in less than 5 min  after the
caffold placed in water (Fig. 4b). Generally, the water absorption
mount of the scaffolds depends on their densities and ranged from
00% to 2200%, which indicated that pores filling was the mecha-
Fig. 6. L-929 cells proliferation test on 3D scaffold (Gelatin/PLA nanofiber, 3DS-2,
3DS-3, and 3DS-4). Error bars represent the mean ± SD (n = 3, *indicates statistically
significant difference, p < 0.05).

nism for water absorption. However, the water absorption of our
scaffold was different from other superabsorbent and 3D nanofiber-
assembled cellular scaffold reported in literature [28,29], which
were fabricated by hydrophobicity polymer and showed oil absorp-
tion and hydrophobic property. It indicated that the hydrophilic

gelatin was important for water absorption property. Reversible
sorption and desorption of water was observed (Fig. 4c), the pro-
cedure was repeated several times, and there was  no loss for water
absorption capacity.
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Fig. 7. SEM images of L-929 cells cultured on the 3D scaffolds 3D scaffolds 3DS-2 (a, d), 3DS-3 (b, e) and 3DS-4 (c, f) after 6 days.
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ig. 8. HE-stained histology images of L-929 cells infiltration into the 3D scaffolds 3

.5. Compressive mechanical property

The scaffold structure would change by pressure (Fig. 5a).
ig. 5b shows the compressive stress-strain curves of the scaffold
n wet state (� = 60% and 80%), which indicated that the outstand-
ng mechanical property was achieved. The scaffold could bear a
ompressive strain as high as 80% and could recover their orig-
nal shape after the stress was released. Moreover, the scaffolds

ere subjected to a cyclic compression test with 100 loading-
nloading fatigue cycles with 60% strain, which also exhibited
xcellent cycling performance as shown in Fig. 5c. After 100 cyclic
ompressions, no significant decrease in the strength was  observed
or the scaffold.

Preparing 3D scaffold by electrospun nanofibers still face a chal-
enge, most of products reported in literature were cotton-like

anofibers deposits, which showed poor mechanical property and
o elastic resilience [28]. Electrospun gelatin nanofibers and its
omposite nanofibers had been widely researched for tissue engi-
eering application. However, most of reported nanofibrous gelatin
 (a, d), 3DS-3 (b, e) and 3DS-4 (c, f) at culture time of 3 days (a–c) and 6 days (d–f).

scaffolds were 2-dimensional sheets [33–35]. Liu et al. fabricated
gelatin nanofibers scaffold by thermally induced phase separation
[25,36], but the elastic property of that scaffold was unknown.
Our scaffold showed outstanding compressive mechanical prop-
erties. Freeze-drying technique make nanofibers be 3D structure
and crosslink step make them be a scaffold with elastic property.
Before crosslink, the nanofibers were just contact with each other,
and hence the mechanical property of scaffold was weak. How-
ever, nanofibers with strong bonding were formed after crosslink
[37]. The formation of molecular crosslink between gelatin fibers by
glutaraldehyde was  a key factor in the preparation of this scaffold.
Moreover, the density of scaffold could influence the mechanical
property, the compressive stress of scaffold was  enhanced with the
density was  increased (Supplementary information (Fig. 2)).
3.6. Cell proliferation

Cell proliferation and biocompatibility of the composite scaf-
fold was  evaluated using MTT  assay (Fig. 6). MTT  assay was  carried
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ut on days 1, 3, and 6 respectively after cell seeding. During this
ulture period, the cells proliferation was significant. MTT  reading
ndicated that the number of cells on scaffold (3DS-2, 3DS-3, and
DS-4) increased much more than those on gelatin/PLA nanofibers.
elatin and PLA were all biocompatible polymer and efficient for
ells growth. On the other side, the scaffold provided enough three
imensional spaces with porous structure for cells proliferation and
igration. It indicated that the 3D scaffold showed ideal biocom-

atibility and provided desired microenvironment for cells growth
nd proliferation. However, no significant difference on prolifera-
ion was found among 3DS-2, 3DS-3, and 3DS-4, respectively.

The L-929 cells morphology and attachment on the 3D scaffolds
fter 6 days culture were observed by SEM. As shown in Fig. 7,
rstly, cells attached and spread on the surface of scaffold, and the
maller pores in the network could facilitated cell infiltration into
he scaffolds. Secondly, the cells adhered on the nanofibers and pro-
iferated along the nanofibrous network, with a normal phenotypic
nd elongated morphology, indicating that nanofibers features can
ignificantly influence the proliferation of cells.

.7. Cell infiltration

To evaluate cell infiltration in the 3D scaffolds, the cell-seeded
caffold was examined by the HE-staining (Fig. 8). As expected that
caffold could enhance cell infiltration, as confirmed by the HE-
tained images. After 6 days of culture, cells were found not only
n the surface of scaffolds, but also deep inside them. L-929 cells
ad migrated to a depth of approximately 463 �m,  450 �m,  and
63 �m in the 3DS-2 (Fig. 8d), 3DS-3 (Fig. 8e), and 3DS-4 (Fig. 8f),
espectively. Cells in the 3DS-2 and 3DS-3 cells had almost moved
rom one side of scaffold to the other side. This phenomenon was
ttributed to the large pores and the high degree of porosity of the
caffold that positively enhanced cell infiltration. Previous studies
38,39] had indicated that the ability of cells to move through lay-
rs of electrospun nanofibers membranes was limited, due to the
ense packing of nanofibers and the relatively small pore size. How-
ver, these limitations could be overcome through the use of the
D scaffold. The nanofibers would provide spaces for cell growth,
nd the large pore sizes could benefit cells migration throughout
he scaffold.

. Conclusions

In this study, we successfully fabricated a 3D scaffold by com-
ined the electrospining and freeze-drying technique. The scaffold
resented porous structure and good water absorption capacity.
oreover, in wet state, the scaffold showed super recyclable com-

ressibility and the cells seeded on it showed normal phenotypic
orphology and excellent proliferation, suggesting that the scaf-

old has excellent biocompatibility. The nanofibers-based scaffold
ay  have great potential for various tissue engineering applica-

ions.
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