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ABSTRACT: Electrospun nanofibers have been used for various biomedical applications. However, electrospinning commonly
produces two-dimensional (2D) membranes, which limits the application of nanofibers for the 3D tissue engineering scaffold. In
the present study, a porous 3D scaffold (3DS-1) based on electrospun gelatin/PLA nanofibers has been prepared for cartilage
tissue regeneration. To further improve the repairing effect of cartilage, a modified scaffold (3DS-2) cross-linked with hyaluronic
acid (HA) was also successfully fabricated. The nanofibrous structure, water absorption, and compressive mechanical properties
of 3D scaffold were studied. Chondrocytes were cultured on 3D scaffold, and their viability and morphology were examined. 3D
scaffolds were also subjected to an in vivo cartilage regeneration study on rabbits using an articular cartilage injury model. The
results indicated that 3DS-1 and 3DS-2 exhibited superabsorbent property and excellent cytocompatibility. Both these scaffolds
present elastic property in the wet state. An in vivo study showed that 3DS-2 could enhance the repair of cartilage. The present
3D nanofibrous scaffold (3DS-2) would be promising for cartilage tissue engineering application.
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1. INTRODUCTION

In recent years, electrospinning nanofibers have gained
widespread interest for tissue engineering application. Electro-
spinning is regarded as a simple approach for creating
nanofibrous networks which can mimic the structure of an
extracellular matrix (ECM). A variety of tissue engineering
scaffolds based on electrospun nanofibers have been
developed.1−3 The advantages of an electrospun nanofiber

scaffold are remarkable such as high porosity and high surface-

to-volume ratio, which is beneficial for cell communication, cell

adhesion, and nutrient transport.2,4 Tissue engineering provides

a potential approach for the regeneration of cartilage, and many
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scaffolds based on electrospun nanofibers have been created for
cartilage repair.5 Shin et al. fabricated electrospun poly(DL-
lactide-co-glycolide) (PLGA) nanofiber and investigated its
potential to be used for cartilage reconstruction.6 Chen et al.
modified the surface of electrospun poly(lactic acid) (PLLA)
nanofibers with gelatin by plasma treatment, and the results
indicated that modified PLA nanofibers could enhance
proliferation and differentiation of rabbit articular chondro-
cytes.7 Shields et al. created a cartilage scaffold with type
collagen II and showed that an electrospun collagen scaffold
produced a suitable environment for chondrocyte growth.8

Various scaffolds have been produced for cartilage tissue
engineering by electrospun nanofibers. However, most electro-
spun nanofibrous scaffolds were not suitable for 3D cartilage
regeneration because of the low thickness and small pore size of
nanofiber membranes. Fabricating a 3D nanofibrous scaffold
rather than the conventional 2D membrane is still a major
challenge.9 Significant efforts have been invested for producing
a 3D nanofibrous scaffold. There were several approaches to
preparing an electrospinning 3D nanofibrous scaffold, such as
multilayering electropinning,9−11 liquid-assisted collection,12,13

template-assisted collection,14,15 adding porogen,16 self-assem-
bly,17−19 and postprocessing,20 etc. Each technology has
different advantages, but the disadvantages and limitations
also existed. Multilayering electropinning and liquid-assisted
collection were time-consuming processes; template-assisted
collection generally needs a specific collector or complex
technique; porogen such as salt needs to be washed away; self-
assembly may require a specific condition (e.g., the solution
viscosity, collector, electrostatic field) for preparing the 3D
scaffold.9 Exploring a novel method to fabricate 3D nanofibrous
scaffolds with desired shape, pore size, and mechanical property
is necessary for cartilage tissue engineering.
To fabricate 3D nanofibrous and mechanically stable

scaffolds, novel and feasible approaches were presented by
some research groups. Lavielle et al.21 and Wittmer et al.22

combined electrosprayed microparticles with electrospinning
nanofibers to fabricate a composited 3D scaffold, which
presents hierarchical porous structure. However, the concern
was that PEG particles in the composited scaffold would
dissolve in aqueous solution, and PLA particles which were
smaller than 10 μm in diameter might enter into cells by
phagocytosis.23 Recently, Ding,24,25 Greiner,26 and Fong27

have, respectively, reported 3D nanofiber-assembled cellular
aerogels or scaffolds by combining electrospinning and freeze-
drying techniques. The methods provided by them were
similar: nanofiber membranes were first cut into small pieces,
and then the pieces of nanofibers were frozen and freeze-dried
to obtain a 3D nanofibrous structure. This process of
fabricating a scaffold reported by them was efficient and had
some advantages: (1) the scaffold was assembled by nanofibers
with cellular structure, which might be favorable for cell
proliferation and infiltration; (2) the scaffold presented good
reversible compressibility, and proper and stable mechanics was
important for the tissue engineering scaffold; (3) desire and
diverse shapes could be obtained; (4) the method was relatively
easy, and any complex devices were not required. Ding et al.
fabricated nanofiber-assembled aerogels, which exhibited super-
elasticity and multifunctionality,25 but the polyacrylonitrile
(PAN) was not a biocompatible material, which was not
suitable for tissue engineering. Greiner et al. produced high
porous polymer sponges with short electrospun fibers, which
was an attempt to mimic the design principle of nature

sponges.26 However, the sponge was made of poly(MA-co-
MMA-co-MABP), which was nondegradable and had limi-
tations for tissue engineering application.27 Biocompatible
materials would be a better choice for tissue engineering
scaffold. Fong et al. reported an electrospun PCL 3D
nanofibrous scaffold for bone tissue engineering, which
possessed interconnected and hierarchically structured pores.
The PCL scaffold was prepared by thermally induced self-
agglomeration followed by freeze-drying and could promote
BMP-2 induced osteogenic differentiation of mBMSCs.27

However, there also existed some problems on this scaffold:
(1) for preparing short nanofibers, electrospun PCL mats were
put in liquid nitrogen and grinded in a mortar, which is not a
convenient operation and suitable for mass production; (2) this
scaffold was prepared by synthetic (PCL) that would exhibit
hydrophobic property and lack cell recognition.4 It is desirable
to fabricate a scaffold with biocompatible and biodegradable
materials. Composite polymer combined by natural and
synthetic polymers was a commonly used material for the
tissue engineering scaffold, which could possess a bioactive
surface and mechanical properties.4 In our previous study, a 3D
nanofibrous scaffold made of gelatin and PLA was prepared for
tissue engineering, which presented superabsorbent proper-
ties.28 To cross-link gelatin and obtain stable bonded elastic
fibrous networks, glutaraldehyde was used as cross-linking
agent. However, the glutaraldehyde is toxic, and it may release
into the host due to the biodegradation of scaffold.29

Herein, we reported a 3D scaffold based on electrospun
gelatin/PLA nanofibers, which was fabricated by a convenient
method. For the first time, we developed a process to cross-link
gelatin/PLA nanofibrous scaffold (3DS-1), which was heated
by high temperature and followed by water treatment (heat and
water). The resulting scaffold (3DS-1) exhibits hierarchical
cellular structure and superabsorbent property. In the wet state,
3DS-1 could bear a compressive strain as high as 60% and
recovers its original shape after the stress released. An in vitro
study showed that 3DS-1 could enhance the growth and
proliferation of chondrocytes. In order to investigate the
cartilage repair capacity of 3DS-1 in vivo, cartilage defects were
created in the rabbit. The in vivo study showed that the
cartilage repair capacity of 3DS-1 was limited. To further
improve the repair and regeneration capacity, 3D scaffold was
modified by hyaluronic acid (HA), which was found natively in
cartilage tissue. The modified scaffold (3DS-2) also exhibited
cellular structure and superabsorbent property. Moreover, 3DS-
2 presented greater compressive strength than 3DS-1. An in
vivo study indicated that 3DS-2 could enhance repair cartilage
defects in rabbit. 3DS-2 might be promising for cartilage tissue
engineering application.

2. MATERIALS AND METHODS
2.1. Materials. Type A gelatin was purchased from MP

Biomedicals, LLC. PLLA was a gift provided by Medprin Regenerative
Medical Technologies (Guangzhou, China). Hyaluronic acid (sodium
salt) was purchased from Bloomage Freda Biopharm Co., Ltd. The
DMEM/F12 (1:1, Hyclone), fetal bovine serum (FBS, Gibico), and
trypsin (hyclone) were purchased from Yuanzhi Biotechnology Co.,
Ltd. Live&Dead viability assay kit was purchased from KeyGEN
BioTECH Corp., Ltd. All other chemicals were of analytical grades and
were used without further purification.

2.2. Preparation of Electrospun Gelatin/PLA Nanofibers. The
preparation of the electrospun gelatin/PLA nanofibers had been
described in our previous study.28 Gelatin and PLA were all dissolved
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), and the total concen-
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tration of polymer was 11% (W/V). The mass ratio of gelatin and PLA
was 5:1. The applied voltage, the electrospinning distance, and the
flow rate were controlled at 15 kV, 10 cm, and 5 mL/h, respectively.
The obtained gelatin/PLA nanofiber membranes were placed in
vacuum for storage.
2.3. Preparation of 3DS-1 and 3DS-2. First, heat-treated scaffold

was prepared by following three steps: (1) electrospun gelatin/PLA
nanofiber membranes were cut into small pieces (1 cm × 1 cm); (2)
the pieces of nanofiber membranes were dispersed in tert-butanol by
homogenizing with IKA T18 homogenizer; the revolving speed was
10 000 rpm, and the stirring time was 30 min; (3) the uniform
nanofiber dispersions were poured into the cell culture plate, frozen in
−20 °C for 0.5 h and freeze-dried for 24 h, and then the dried 3D
scaffold was heated at 190 °C for 2 h in air. Second, 3DS-1 and 3DS-2
were prepared with heat-treated scaffolds by different treatments,
respectively. For preparing 3DS-1, heat-treated scaffold was immersed
in water for 2 h, and then the wet scaffold was frozen in −80 °C for 2 h
and freeze-dried for 48 h. For preparing 3DS-2, heat-treated scaffold
was cross-linked with 50 mL of solution containing 1% HA, 30 mM N-
[3-(dimethylamino)propyl]-N′-ethylcarbodiimide hydrochloride
(EDC), 8 mM N-hydroxysuccinimide (NHS), and 50 mM MES
buffer for 2 h.30 The scaffold was subsequently washed with distilled
water to remove free HA and salt, frozen in −80 °C for 2 h, and then
freeze-dried for 48 h.
2.4. Characterization. 2.4.1. Fourier Transform Infrared Spec-

troscopy. Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) of scaffolds were obtained using a
Nicolet-670 FTIR spectrometer. All spectra were recorded at a
wavelength range of 1000 to 4000 cm−1.
2.4.2. Morphology and Density of the 3D Scaffold. The surface

morphology of the scaffold was observed by scanning electron
microscopy (SEM, Hitachi TM-1000, Japan) at an accelerating voltage
of 15 kV.
The densities (ρ) of the 3D scaffold were calculated using the

following equation26

ρ π= =m v m d h/ (4 )/( )2 (1)

Here, m, v, d, and h stand for mass, volume, diameter, and height of the
scaffold, respectively.
2.4.3. Water Absorption Capacity of the 3D Scaffold. Water

absorption capacity tests were conducted following the reported
method.31 Each dry weight of scaffolds was weighted and recorded
(wd). The scaffold was put into distilled water and removed after 2.5,
10, 30, 60, and 120 min. The superficial water of scaffold was gently
blotted on a filter paper. Then the wet weight of 3D scaffolds was

weighted and recorded (ww). The water absorption capacity (w) of the
3D scaffolds was calculated using the following equations

= − ×w w w w( )/ 100%w d d (2)

wd and ww were the weight of dry and wet 3D scaffolds, respectively.
2.4.4. Compressive Mechanical Properties of the 3D Scaffold.

Compressive mechanical properties of the 3D scaffold were carried out
by compression testing machine with a 200 N loaded sensor. Six
samples with diameters of 13 mm and height of 14 mm were used for
mechanical property study. The first four samples were un-cross-linked
scaffold (un-cross-link), scaffold heated at 120 °C for 2 h (120 °C 2 h),
160 °C for 2 h (160 °C 2 h), and 190 °C for 2 h (190 °C 2 h) in air,
respectively. The other samples were 3DS-1 and 3DS-2. The
compression strain−stress curves of 3DS-1 and 3DS-2 in the wet
state with compression strain (ε = 60%) were measured at a strain rate
of 10 mm/min.

2.4.5. Cell Viability in the 3D Scaffold. Rat chondrocytes were
cultured in DMEM/F12 (1:1) which contains 10% FBS, 100 μg/mL
of streptomycin, and 100 U/mL of 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 about 3 h for
sterilization. 200 μL of cell suspension with a cell number of 2 × 104

was seeded on 3DS-1 and 3DS-2. The viability of encapsulated cells
was determined using Live & Dead cell viability assays after 3 and 7
days of culture.

For cell morphology study, cells were seeded and cultured on
scaffolds for 3 and 7 days. The morphology of cells was observed by
SEM. The cell-seeded scaffolds were fixed with 4% paraformaldehyde
for 1 h at 4 °C, followed by dehydration with gradient ethanol
solution. Then the ethanol in the scaffold was replaced by tert-butanol,
and the scaffolds were freeze dried at −60 °C for 24 h in vacuum.
Afterward, the samples were gold sputtered and observed by SEM at
the accelerating voltage of 15 kV.

2.4.6. Animal Implantation, Histological Evaluation, and
Immunohistochemical Staining Evaluation. All of the animals
were obtained from Shanghai Jiao Tong University and treated
according to the standard guidelines approved by Shanghai Jiao Tong
University Ethics Committee. Healthy male New Zealand white
rabbits weighing 2.5−3 kg were used in this study. An osteochondral
defect of 3 mm diameter and 4 mm depth was created in the trochlear
groove of the right leg using trephine bur. The rabbits were randomly
divided into three groups: the 3DS-1 and 3DS-2 group, defects were
implanted with scaffolds; control group, defects were untreated. The
rabbits were sacrificed at 12 weeks after surgery.

The harvested histological specimens were fixed in 4% paraformal-
dehyde for 1 week, decalcified in 10% ethylenediaminetetraacetate

Figure 1. Schematic illustration for 3D scaffold preparation.
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dihydrate (EDTA) solution for 3 weeks, embedded in paraffin, cut into
sections 7 μm thick, then stained with hematoxylin and eosin (HE) for
morphological evaluation and stained with Safranin O and fast green
for glycosaminoglycan (GAG) distribution. Immunohistochemical
staining of repaired cartilage was also performed to detect type
collagen II and aggrecan deposition. Histological and immunohis-
tochemical staining observation was examined using a light micro-
scope.32

2.4.7. Statistical Analysis. All the data were conducted at least in
triplicate. Statistical analysis was performed by one-way ANOVA using
Origin 8.0. The criteria for statistical significance were *p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Preparation of 3D Scaffolds. The schematic of 3D

scaffold fabrication was illustrated in Figure 1. The preparation
process could be generally divided into three steps: (1)
electrospinning; (2) freeze-drying; (3) cross-linking. The
fabrication approach was convenient and effective, which was
suitable for mass production.
Cross-linking of the scaffold is necessary and important to

form a stable morphology and interconnected networks. To
retain the original gelatin nanofiber morphology, chemical
agents were used for cross-linking.29,33 Glutaraldehyde or
EDC/NHS was a commonly used cross-linking agent for
obtaining a stable electrospun gelatin nanofiber. In this study,
glutaraldehyde was rejected due to its toxicity. EDC was a
relatively low cytotoxic compound; however, un-cross-linked
scaffold would collapse after being immersed in water or EDC/
NHS solution because gelatin would dissolve in water. In our
study, it was found that heat treatment (190 °C) could retain
the stability of the scaffold. When the heat-treated scaffold was
immersed in water or EDC/NHS solution, it could be observed
that the shape of the scaffold was kept as shown in Figure 1.
That is because physical treatment such as dehydration could
cross-link gelatin and make gelatin insoluble.34 Scaffolds cross-
linked by heat with different temperature were also prepared,
which could be seen in the Supporting Information (Figure

S1). The scaffolds which were heated at 120 or 160 °C would
be out-of-shape when they were immersed in water. However,
when the scaffold which was heated at 190 °C was put into
water, no deformation was observed. It indicated that heat
treatment at 190 °C was effective to the cross-link scaffold. The
mechanical property of the heat-treated scaffold was poor, and
cross-linking the heat-treated scaffold was also necessary to
obtain a scaffold with proper mechanics. Water or EDC/NHS
treatment was an effective process to cross-link the heat-treated
scaffold. When the heat-treated scaffold absorbed water, the
nanofibers would stick together, which lead to an enhanced
mechanical property of the scaffold. When the heat-treated
scaffold was cross-linked with HA in EDC/NHS solution, more
cross-linking sites could be formed, and the compressive
strength of the scaffold was also enhanced. The wet 3DS-1 and
3DS-2 were prepared as shown in Figure 1. In addition, cross-
linking could prolong the degradation time of the scaffold
(Figure S2, Supporting Information). Both 3DS-1 and 3DS-2
present a slow rate of degradation in vitro, and the un-cross-
linked scaffold only retained about 20% mass after one month
of degradation.

3.2. ATR-FTIR. Figure 2a showed the schematic diagram for
a cross-linkng 3D scaffold. Heat treatment could decrease the
number of free acidic and basic residues on gelatin and make
gelatin insoluble.35 Interchain cross-linking and amide for-
mation could be formed on gelatin by dehydration.34,35 The
absorption intensity peak at 1213 cm−1 assigned to the C−N
stretching vibration band was weak and became more intense
after heat treatment and heat and water treatment (Figure 2b).
As shown in Figure 2c, for pure HA, the peak at 1045 cm−1 was
attributed to C−O−C strethching in HA. The peak at 1090
cm−1 was assigned to the C−O stretching. A slight increasing of
absorption intensity peak at 1045 and 1090 cm−1 in the spectra
of cross-linked scaffold could be observed. EDC could react
with rich carboxyl groups in HA to form an activated
intermediate acid anhydride, which might react with the

Figure 2. Cross-linking of 3D scaffold and ATR-FTIR analysis. (a) Schematic showing the cross-linking steps. (b) ATR-FTIR spectra of un-cross-
linked sample, heat-treated sample, and 3DS-1. (c) ATR-FTIR spectra of HA and 3DS-2 (before and after cross-linked with HA in EDC/NHS
solution).
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amino group of gelatin to form an amide linkage.36 However,
no obvious new absorption peak was observed in the spectra of
3DS-2 because the absorption peaks assigned to the newly
formed function group highly overlap those of the amide group
and ester group in gelatin and HA.36,37

3.3. Morphology and Density of 3D Scaffolds. Figure 3
showed the SEM images of different 3D scaffolds. It was clearly
observed that the scaffolds were constituted of electrospun
nanofibers. Various shapes of pores were randomly distributed
in the scaffolds. There was no significant difference between
Figure 3a and Figure 3b, indicating the morphology of gelatin/

PLA nanofibers which had high content of gelatin (83.3%) was
not damaged by heat treatment. However, the nanofiber
morphology in Figure 3c was different from that in Figure 3a
and Figure 3b, and nanofibers seemed to stick together. The
reason might be that electrospun gelatin/PLA nanofibers
exhibited swelling behavior after water absorption. The
nanofiber morphology in 3DS-2 modified by HA (Figure 3d)
seemed similar to those in 3DS-1. All scaffolds (Figure 3e,
Figure 3f, Figure 3g, and Figure 3h) presented fibrous structure,
which was similar to that in natural ECM. Moreover, it would
be beneficial for nutrition supply and cell migration. The

Figure 3. SEM images of 3D scaffolds. Un-cross-linked sample (a, e), heat-treated sample (b, f), 3DS-1 (c, g), and 3DS-2 (d, h).

Figure 4. Water absorption property. Photographs showing the scaffold shape recovery after water absorption (3DS-2). (a), (b), and (c) showed
rectangular scaffold; (d), (e), and (f) showed quinquangular scaffold. (g) Water absorption rate of the 3DS-1 and 3DS-2. (h) Reversibility of water
absorption (3DS-1).
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densities of 3DS-1 and 3DS-2 were 94.8 and 103 mg/cm−3,
respectively. The density of 3DS-2 was higher than 3DS-1, and
the reason might be that HA was added in the scaffold after
being cross-linked.
3.4. Water Absorption Capacity. Wettability of bio-

materials was one of the most important factors for cell growth,
and the hydrophilic scaffold was suitable for cell adhesion.38 In
addition, higher water absorption of the scaffold would benefit
cartilage regeneration because water content in cartilage was
important for maintaining the resiliency and lubrication of
joints.39 In this study, water absorption property of the scaffold
was detected as shown in Figure 4, which presented excellent
absorbent property. 3DS-2 was fabricated into a rectangular
shape (Figure 4a), and after absorbed water, the wet scaffold
showed elastic property and could be folded into “M” shape;
the scaffold could keep “M” shape (Figure 4b) by freeze-drying,
and the M-shaped scaffold would be almost recovery
rectangular shape (Figure 4c) after being immersed in water
for 30 min. 3DS-2 was also fabricated into pentacle shape
(Figure 4d) and absorbed water, and it was folded into a new
model (Figure 4e) and freeze-dried. The folding scaffold could
recover pentacle shape (Figure 4f) after absorbing water again.
3DS-1 and 3DS-2 exhibited similar water absorption behavior

which was shown in Figure 4g, and both these scaffolds could
achieve the maximum water absorption (1300%) in less than 5
min as soon as they came in contact with the water. Moreover,
as shown in Figure 4h, by compressing the 3DS-1 with
compressive strain of 50%, most absorbed water would be
removed, and after the compressive force was released, the
scaffold would absorb water and recover its original shape again
when immersed in water. The above process was as a cycle, and
the scaffold still retained its water absorption capacity after six
cycles were repeated.
The excellent absorbent property of the 3D scaffold would be

attributed to the hydrophilic property of gelatin and cellular
pores of scaffold. The interconnected and porous structure was
a beneficial scaffold for absorbing and retaining water. The
scaffold could “remember” its original shape after absorbing
water, and the reason was that water could infiltrate into the
scaffold rapidly and force the folded zone open. The water
absorption behavior of the scaffold would be beneficial for
biomedical applications; for example, the shape of the cartilage
defect might vary, and the scaffold could be fabricated into the
needed shape as damaged tissue and could be folded into a
small piece which was convenient to implant into the body.

Figure 5. Compressive mechanical properties of different 3D scaffolds. Compressive stress−strain curves (a) and Young’s modulus (b) of the
scaffold cross-linked at different temperature. Compressive stress−strain curves (c) and Young’s modulus (d) of the heat-treated sample, 3DS-1, and
3DS-2. (e) Photographs of the 3DS-2 under a compressing and releasing cycle. (f) Compressive stress−strain curves of the 3DS-1 and 3DS-2 under
compressing and releasing cycles (ε = 60%). The samples in (a), (b), (c), and (d) were tested in the dry state, and samples in (e) and (f) were tested
in the wet state.
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Then the deformed scaffold would absorb joint fluid and fill the
damaged tissue.
3.5. Compressive Mechanical Properties of 3D

Scaffolds. To investigate the effect of heating temperature
on the compressive mechanical property, scaffolds were heated
in air at 120 °C, 160 °C, and 190 °C for 2 h, respectively. From
stress−strain curves in Figure 5a, it could be observed that the
scaffold which was heated at 190 °C showed the highest
compressive strength than 120 °C, 160 °C, and un-cross-linked
sample. As shown in Figure 5b, the Young’s modulus of un-
cross-linked, 120 °C, 160 °C, and 190 °C samples was 42.9
KPa, 53.6 KPa, 66.3 KPa, and 127.1 KPa, respectively. The
Young’s modulus was increased with the increase of heating
temperature. High temperature could cross-link gelatin by
dehydration, which increased the compressive strength of the
scaffold. Comparing the compressive stress−strain curve of the
heat-treated sample and 3DS-1 (Figure 5c), 3DS-1 exhibited

higher strength. The Young’s modulus of 3DS-1 was 992.2 KPa
(Figure 5d), which was significantly higher than that of the
heat-treated sample. The results indicated that heat and water
treatment were an effective procedure for the cross-linking
scaffold. The reason might be that nanofibers could stick
together after absorbing water, as shown in the SEM images
(Figure 3c and Figure 3g). Moreover, the Young’s modulus of
3DS-2 was 1389 KPa (Figure 5d), which showed a higher
mechanical strength compared to 3DS-1. The results indicated
that a scaffold cross-linked with HA could enhance its
compressive strength. That might be the reason that 3DS-2
possessed more cross-linked sites and higher density.
3DS-1 and 3DS-2 also exhibited elastic property in the wet

state. These two scaffolds could support 60% compressive
strain and recover its initial shape after the compressing force
was released (Figure 5e). Figure 5f showed the compressive
stress−strain curves of the 3DS-1 and 3DS-2 with 60% strain,

Figure 6. Cell viability assays and cell morphology on scaffolds. Fluorescence micrographs of chondrocytes seeded on 3DS-1 (a and c) and 3DS-2 (b
and d) for 3 days (a and b) and 7days (c and d). Live and dead cells dyed green and red, respectively. SEM images of chondrocytes cultured on 3DS-
1 (e and g) and 3DS-2 (f and h) for 3 days (e and f) and 7 days (g and h).

Figure 7. Macroscopic images (a, d, and g) of the cartilage joints from three groups at 12 weeks after surgery. Histological analysis of cartilage defect
area from three groups at 12 weeks after surgery, stained with Safranin O-fast green (b, e, and h) and H&E (c, f, and i). Arrows and dotted lines
indicated the defect sites. OC: original cartilage tissue. RC: repaired cartilage tissue.
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which all showed a highly nonlinear and closed hysteresis. It
was clearly observed that the compressive stress (ε = 60%) of
3DS-2 was significantly higher than that of 3DS-1, which were
23.8 and 6.5 KPa, repectively. During the loading process, there
were two states that could be observed, a linear elastic regime at
ε < 40% and a sharp stress-increasing regime at ε > 40%.24

After absorbing water, the water could be removed by
compressing the scaffold. When the compressive force was
released, the scaffold would absorb the surrounding water due
to the excellent water absorption capacity. That might be the
reason for the elastic property of the wet scaffold.
3.6. Cell Viability and Cell Morphology on the 3D

Scaffold. In order to investigate the cell viability of the 3D
scaffold, chondrocytes were cultured on 3DS-1 and 3S-2 for 3
days and 7 days. The cell viability was tested by live and dead
assay, which could be found in Figure 6a, Figure 6b, Figure 6c,
and Figure 6d. It could be found that live cells (green) grew
much more than dead cells (red). After 7 days of culture, live
cells on the 3D scaffold linked closely, and only a few dead cells
could be observed (Figure 6b and Figure 6d). Cells seeded on
3DS-1 and 3DS-2 presented similar cell viability. The results
indicated that the scaffold was noncytotoxic, and cells were able
to adhere and proliferate on it. Moreover, this also proved that
the cytocompatibility of gelatin and PLA was not destroyed by
cross-linking with high temperature. This suggested that both
3DS-1 and 3DS-2 might be suitable for cartilage regeneration.

Cell adhesion and proliferation property of scaffold were
evaluated by SEM (Figure 6e, Figure 6f, Figure 6g, and Figure
6h). Chondrocytes were also cultured on 3DS-1 and 3DS-2 for
3 days and 7 days. Cells cultured on these two scaffolds all
exhibited good morphology. Cells were able to adhere on the
surface of the 3D scaffold and proliferated along the nanofibers.
Cells had almost contacted each other and formed a cell sheet
(Figure 6g and Figure 6h). The results of cell morphology and
cell viability all suggested that the 3DS-1 and 3DS-2 possessed
excellent biocompatibility.

3.7. Histological and Immunohistochemical Evalua-
tion. After 12 weeks of implantation, gross appearance revealed
that the defect in the nontreated group was not filled, whereas
filling of the defect was observed in the 3DS-1 and 3DS-2 group
(Figure 7a, Figure 7d, and Figure 7g). In the nontreated group,
an obvious defect still existed, and an obvious boundary
between the defect and normal tissue could be observed. The
nontreated samples stained with Safranin O-fast green (Figure
7b) showed that the defects were not filled overall. Figure 7c
showed that the defects were only covered with loose fibrous
tissue. However, the defect in 3DS-1 became smaller (Figure
7d) and was filled with dense fibrous tissue (Figure 7e and
Figure 7f). Compared with the nontreated group and the 3DS-
1 group, the 3DS-2 group exhibited the best cartilaginous
regeneration. The defect in the 3DS-2 group was filled with
uniform cartilage-like tissue with a flat surface and the defect
(Figure 7g). The regenerated cartilage tissue (red color) was

Figure 8. Histological analysis of cartilage defect area from three groups at 6 weeks (a−f) and 12 weeks (g−l) after surgery, stained with H&E. The
defect was marked with black arrows in images (a−c, g−i). OC: original cartilage tissue. RC: repaired cartilage tissue.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b06825
ACS Appl. Mater. Interfaces 2016, 8, 24415−24425

24422

http://dx.doi.org/10.1021/acsami.6b06825


well integrated with original cartilage tissue (OC) which could
be observed in Figure 7h. As shown in Figure 7e, Figure 7f,
Figure 7h, and Figure 7i, cells were observed in the whole
repaired area (3DS-1 and 3DS-2), and the defects in the 3DS-2
group were almost covered with regenerated cartilage tissue
and chondrocytes.
For the nontreated group, at 6 weeks and 12 weeks after

transplantation, only thin fibrous tissue in the joint surface of
the defect could be observed as shown by H&E staining
(Figure 8a, Figure 8d, Figure 8g, and Figure 8j)), and almost no

staining (red) with Safranin O-fast green was observed (Figure
9a, Figure 9d, Figure 9g, and Figure 9j), indicating no GAG
deposition. In the 3DS-1 group, at 6 weeks after trans-
plantation, loose fibrous tissue was filled with the defect (Figure
8b and Figure 8e), and the fibrous tissue became more dense at
12 weeks (Figure 8h, Figure 8k, Figure 9h, and Figure 9k). No
staining (red) with Safranin O-fast green in the defect was
found at 6 weeks (Figure 9b and Figure 9e), but only a little
staining (red) was observed at 12 weeks (Figure 9h). In the
3DS-2 group, a mixture of fibrous tissue and cartilage-like tissue

Figure 9. Histological analysis of cartilage defect area from three groups at 6 weeks (a−f) and 12 weeks (g−l) after surgery, stained with Safranin O-
fast green. The defect was marked with black arrows in images (a−c, g−i). OC: original cartilage tissue. RC: repaired cartilage tissue.

Figure 10. Immunohistochemical analysis of cartilage defect area from three groups at 12 weeks after surgery. Type collagen II
immunohistochemical staining images (a−c) and aggrecan immunohistochemical staining images (d−f).
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was covered on the surface of defect at 6 weeks (Figure 8c and
Figure 8f), and the staining with Safranin O-fast green showed a
few GAG formed (Figure 9c and Figure 9f), indicting the
partial cartilage formation. However, the defect was mainly
repaired with thicker cartilage-like tissue at 12 weeks (Figure 8i
and Figure 8l). Light staining (red) with Safranin O-fast green
was observed (Figure 9i and Figure 9l) in the defect, which was
similar to the normal surrounding cartilage tissue. In addition,
immunohistochemical staining of the cartilage defect area
showed that type collagen II and aggrecan deposition (brown
color) were not strongly detected in the nontreated group
(Figure. 10a and Figure 10d) and 3DS-1(Figure 10b and Figure
10e). However, intense type collagen II (Figure 10c) and
aggrecan (Figure 10f) deposition were detected in 3DS-2,
indicating the good production of ECM and the cartilage repair.
Duo to the limited capacity for self-repair of cartilage, it is

still a clinical challenge for cartilage regeneration.40 Cartilage
tissue engineering provides a promising way to repair the
damaged articular cartilage. In this present study, a nanofibrous
scaffold (3DS-1) was prepared for cartilage regeneration. Figure
9 (h and k) showed little GAG formed after 3DS-1 was
implanted in the defect for 12 weeks, and the results in vivo
indicated that the repairing effect of 3DS-1 was limited.
However, the 3DS-2 group showed thicker new cartilage and
significant deposition of type collagen II and aggrecan, which
indicated 3DS-2 would promote the regeneration and
remodeling of the cartilage defect. HA is a native component
of ECM in cartilage, which might the reason why the HA-based
scaffold presents better repairing effect of cartilage.

4. CONCLUSION

In conclusion, two different 3D nanofibrous scaffolds were
successfully fabricated. We explored a method to prepare 3DS-1
without using a toxic cross-linking agent. The mechanics of
3DS-1 could be enhanced by heat and water treatment. 3DS-1
possessed porous and nanofibrous structure, which could
mimic the structure of natural ECM; in addition, it presented
superabsorbent property and could improve the growth of
chondrocytes in vitro. Compared with 3DS-1, 3DS-2 exhibited
similar structure and water absorption property but higher
compressive strength. Moreover, 3DS-2 could significantly
repair the cartilage defect in rabbits. This nanofibrous scaffold
might have potential for cartilage tissue engineering.
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