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Abstract: Tissue engineering technology provides a promising approach for cartilage repair, and in this strategy, scaf-
folds play a pivotal role in directing cartilage regeneration. Fish collagen (FC) is currently considered an alternative 
source of mammalian collagen (MC) for tissue engineering due to its excellent biocompatibility, suitable biodegrad-
ability, inert immunogenicity, rich sources, low price and lack of risk for the transmission of zoonosis. Here, we fab-
ricated three types of electrospun nanofibrous membranes composed of FC and polycaprolactone (PCL) with three 
different FC/PCL ratios (9/1, 7/3, 5/5) and investigated the feasibility of using the membranes with chondrocytes 
in cartilage regeneration. Our results demonstrated that increases in the FC content were associated with improve-
ments in biodegradability, absorption, and cell adhesion capacity, but weaker mechanical properties. In addition, 
all three nanofibrous membranes showed satisfactory biocompatibility as evidenced by supporting chondrocyte 
proliferation and cartilage formation in vitro. Furthermore, all three membranes seeded with chondrocytes formed 
mature cartilage-like tissue after 8 weeks of in vivo culture, but satisfactory homogeneous cartilage regeneration 
was only achieved with the F9P1 group. The current results demonstrated that the electrospun FC/PCL membrane 
is a promising scaffold for cartilage regeneration and that the F9P1 group might represent a relatively suitable ratio. 
The research models established in the current study provide detailed information for the regeneration of cartilage 
and other tissue based on electrospun FC/PCL membranes.
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Introduction

The repair of cartilage defects poses a great 
challenge in clinical treatment due to the av- 
ascular, aneural, and alymphatic structure of 
cartilage tissue. Tissue engineering, a newly 
developed tissue-regenerating technique that 
involves the use of cells and biodegradable  
scaffolds, provides a promising approach for 
the repair and functional reconstruction of car-
tilage defects [1]. Mammal-derived collagen 
(MC), which is mainly sourced from bovine ten-
don and porcine skin, is a commonly used sc- 
affold for cartilage tissue engineering [2-4]. 
However, the application of MC is restricted by 
zoonosis, religious issues, immunogenicity, and 
high cost [4]. Fish collagen (FC) has recently 

been considered an alternative source of MC 
due to its excellent biocompatibility, suitable bi- 
odegradability, inert immunogenicity, rich sour- 
ces, low price, and lack of risk for the trans- 
mission of zoonosis [5].

Electrospinning is a simple and economical 
method for producing a connected and porous 
nanofibrous membrane that mimics the extr- 
acellular matrix (ECM) both structurally and 
mechanically [4]. Furthermore, an electrospun 
membrane is hopefully able to simultaneously 
meet all the requirements of an ideal scaffold: 
mechanical barrier, degradation rate, chondro-
genesis and clinical maneuverability [6]. Many 
studies have indicated that FC-based electr- 
ospun scaffolds have wide applicability in the 
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engineering of tissues or organs, such as peri-
odontal tissue [3], skin [7] and bone regenera-
tion [2]. However, whether FC-based electros-
pun scaffolds could be used to engineer car- 
tilage remains uninvestigated.

In the current study, we fabricated electros- 
pun FC/polycaprolactone (FC/PCL) nanofibrous 
membranes produced with three different ra- 
tios (9/1, 7/3, and 5/5) of these compounds. 
These nanofibrous membranes were then ch- 
aracterized by analyzing their morphological 
structure, mechanical strength, biodegradabi- 
lity, absorption and cell adhesion capacity, as 
well as biocompatibility. In addition, these FC/
PCL nanofibrous membranes were employed 
for cartilage engineering in vitro and in vivo, 
and we further examined the influences of the 
FC/PCL ratio on cartilage regeneration.

Materials and methods

Animals

Tilapia was provided by the Shanghai Fisheries 
Research Institute (Shanghai, China). New Zea- 
land white rabbits aged 2 months were pur-
chased from Shanghai Jiagan Experimental 
Animal Raising Farm (Shanghai, China), and 
nude mice aged 6 weeks were purchased from 
Shanghai Slaccas Experimental Animal Ltd 
(Shanghai, China). All protocols used for the 
animal experiments were approved by the Ani- 
mal Care and Experiment Committee of Wei- 
fang Medical University (Shandong, China).

Preparation of FC powder

After cleaning, the tilapia scales were treated 
with 30% HCl solution for 3 h and then washed 
with distilled water. The material was then pre-
heated at 60°C for 3 h in distilled water and, 
enzymatically hydrolyzed with 0.1-0.3% com-
plex protease at 60°C for 6 h. The FC powder 
used in the subsequent experiments was then 
obtained after filtration and drying.

Preparation of different electrospun FC/PCL 
membranes

PCL (MW = 80,000) was purchased from Al- 
drich. A series of FC/PCL membranes with 
FC:PCL weight ratios of 9:1, 7:3 and 5:5 (F9P1, 
F7P3, and F5P5, respectively) were prepared 
through electrospinning. Briefly, FC and PCL at 

different weight ratios were dissolved in hexa-
fluoroisopropanol to prepare a 12% w/v solu-
tion and magnetically stirred for 24 h. The so- 
lution was then placed in a 1 mL syringe equi- 
pped with a 27-gauge needle and dispersed by 
a syringe pump at a feeding rate of 0.4 mL/h 
under 45-55% humidity at a temperature of 
21-22°C. An electrospinning voltage of 9 kV  
DC was applied to the needle using a high- 
voltage power supply (TXR1020N30-30, Tesla- 
man, Dalian, China). The distance between the 
tip of the syringe and the collector was 8 cm. 
The resultant electrospun membranes were 
collected on aluminum foil (200 mm × 200 
mm) mounted on the surface of an adjustab- 
le lab jack. The prepared electrospun FC/PCL 
membranes were dried in a vacuum oven for 1 
week at room temperature to remove all resi- 
dual solvent before subsequent uses [4].

Characteristic analysis of the membranes

Mechanical analysis: The mechanical proper-
ties of the three membranes were determined 
using a tabletop uniaxial material testing ma- 
chine (H5K-S, Hounsfield, United Kingdom) eq- 
uipped with a 10-N load cell. Rectangle-shaped 
specimens (50 mm × 10 mm × 0.10-0.20 mm) 
were stretched at a constant cross-head speed 
of 10 mm/min. The tensile strength, strain at 
break, and Young’s modulus of all the groups 
were analyzed and calculated according to the 
stress-strain curve [8].

Scanning electron microscopy (SEM): The th- 
ree membrane types, F9P1, F7P3, and F5P5, 
were sputter-coated with gold for 50 s to in- 
crease their conductivity, and the samples 
were then examined by SEM (JEOL-6380LV, Ja- 
pan).

In vitro degradation: Several wafer-shaped F9- 
P1, F7P3, and F5P5 samples were suspended 
in PBS containing 0.6 mg/mL collagenase (pH 
7.4) in a shaking water bath at 37°C for 4  
days. The samples were regularly washed with 
deionized water and dried every day. The de- 
gree of degradation was determined by the  
dry-weight change and the statistical signifi-
cance of the differences among the groups  
was determined by one-way analysis of va- 
riance.

Hydrophilicity evaluation: The hydrophilicity 
was evaluated by analyzing the contact angles 
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of water droplets on the F9P1, F7P3, and F5P5 
membranes. Deionized water (0.5 mL) was au- 
tomatically dropped onto the surface of the flat 
membranes. The contact angle at the fourth 
second was measured using a video-enabled 
Goniometer (VCA-optima, AST, Inc.) and calcu-
lated automatically [8, 9].

In vitro protein adsorption test: The total am- 
ount of protein adsorbed in the membranes 
was determined using a modified bicinchoninic 
acid protein test as described previously [9, 
10]. The amount of adsorbed protein on the 
scaffolds was measured using a BCA protein 
assay kit (Beyotime, China), and the statistical 
significance of the differences among the gr- 
oups was determined by one-way analysis of 
variance.

Isolation and culture of chondrocytes: The 
auricular cartilage samples harvested from 
New Zealand white rabbits were minced into 
approximately 1.0-mm3 pieces and digested for 
8 h with 0.15% type II collagenase (Gibco) in 
Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) at 37°C. The isolated chondrocytes we- 
re cultured in DMEM supplemented with 10% 
fetal bovine serum (FBS, Gibco) and 1% peni- 
cillin-streptomycin (Gibco) at 37°C under an 
atmosphere containing 5% CO2. Chondrocytes 
at passage two (P2) were used for the in vitro 
and in vivo cartilage evaluations [11].

Cell proliferation assay: To evaluate the bio-
compatibility of the three membranes, chon-
drocytes were seeded onto the membranes at 
a density of 5 × 104 cells/cm2 in DMEM with 
10% FBS and then cultured at 37°C with 5% 
CO2 for 7 days. After in vitro cultured for 1, 4, 
and 7 days, the viability of chondrocytes in the 
membranes was determined through a Live & 
Dead Cell Viability Assay (Invitrogen, USA) and 
subsequent examination using a confocal mi- 
croscope (Nikon, A1RMP, Japan). The viable 
cells were analyzed using Cell Counting Kit-8 
(CCK-8; Dojindo, Japan) according to the manu-
facturer’s instructions. The optical density (OD) 
was measured at 450 nm, and the mean value 
derived from five wells was calculated [12].  
The statistical significance of the differences 
among the groups was determined by one-way 
analysis of variance.

Adherence rate: After 24 h of incubation, the 
chondrocyte-membrane constructs generated 

as described above were gently rinsed with 
PBS to remove dead cells. The rinsing solu- 
tion and cells remaining in the culture dish we- 
re collected and counted, and the result was 
designated N. The cell seeding efficiencies of 
the scaffolds were calculated based on the  
following formula: (total cell number-N)/total 
cell number × 100% [13]. The statistical signifi-
cance of the differences among the groups was 
determined by one-way analysis of variance.

Preparation of chondrocyte-membrane con-
structs: Chondrocyte-FC/PCL membrane con-
structs were prepared using a sandwich model 
as previously reported [12]. Briefly, one piece  
of FC/PCL membrane was placed in a culture 
dish, and seeded with 5 mL of a chondrocyte 
suspension with 100 × 106 cells/mL. Another 
FC/PCL membrane was then stacked on top of 
the layer and seeded with the same number of 
cells. A chondrocyte-FC/PCL membrane sand-
wich was eventually achieved after stacking 
three layers of the FC/PCL membranes. The 
constructs were maintained in the culture dish 
for 1 h, and DMEM with 10% FBS was then  
gently added to cover the constructs. The  
constructs were incubated at 37°C in 5% CO2. 
The medium was exchanged every 3 days. Af- 
ter 2 weeks of in vitro culture, the constructs 
were either maintained in culture for another 2 
weeks or subcutaneously implanted into nude 
mice for 8 weeks.

In vivo implantation: After the induction of 
anesthesia thorough the administration of 0.3 
mL of 1% pentobarbital sodium, nude mice un- 
derwent aseptic preparation on their back, the 
skin was incised, and the subcutaneous tissue 
was separated to form a pocket. The constructs 
were then placed directly into the pocket, the 
incision was closed, and the animals were 
allowed to recover from anesthesia.

Gross views: The three types of electrospun 
membranes were trimmed to a wafer shape (8 
mm in diameter) for photograph. The in vivo 
samples were carefully stripped to remove the 
surrounding fibrous tissue and information on 
their appearance, such as color, texture, and 
elasticity, was recorded.

Histological and immunohistochemical analy-
ses

The regenerated cartilage was harvested and 
subjected to histological and immunohisto-
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chemical analyses as described previously 
[14]. Hematoxylin and eosin (HE) and safran- 
in-O staining was performed to evaluate the 
histological structure and glycosaminoglycan 
(GAG) deposition, respectively. The expression 
of collagen II was detected using a rabbit poly-
clonal antibody against collagen II (ab34712, 
1:100, Abcam, Cambridge, UK), followed by a 
horseradish peroxidase-conjugated anti-rabbit 
antibody (1:100, Dako, Denmark). Both anti-
bodies were diluted in PBS and then colorized 
with diaminobenzidine tetrahydrochloride (DAB, 
Dako).

Biomechanical analyses

To evaluate the mechanical properties of engi-
neered cartilage, Young’s modulus was detect-
ed and analyzed using a constant compressive 
strain rate obtained from a biomechanical an- 
alyzer (Instron-5542, Canton, MA, USA) [15]. 
The statistical significance of the differences 
among the groups was determined by one-way 
analysis of variance.

Biochemical analyses

The specimens were digested in papain solu-
tion (Sigma-Aldrich) at 65°C. The sulfated gly-
cosaminoglycan (GAG) content of engineered 
cartilage in subcutaneous sites and, in native 
rabbit auricular cartilage was quantified using 
the Alcian Blue method [15, 16]. Genomic DNA 
was recovered in elution buffer after ethanol 
extraction and column adsorption. The DNA 
content was detected using a nucleic acid pro-
tein quantitation detector (Nanodrop 2000). 
Each sample was analyzed three times. The 
content of total collagen in the different groups 
was quantified using a hydroxyproline assay. 
The samples were prepared by alkaline hydro- 
lysis, and free hydroxyproline hydrolysates we- 
re assayed according to previously described 
methods [17]. The statistical significance of  
the differences among the groups was deter-
mined by one-way analysis of variance.

Statistical analysis

All quantitative data are presented as the me- 
ans ± standard deviations, and the statistical 
significance of the differences among the gr- 
oups was determined by one-way analysis of 
variance. The data were analyzed using Gra- 
phPad Prism 5.0, and a p value < 0.05 was  
considered to indicate statistical significance.

Results

Characteristic analysis of electrospun mem-
branes

The influence of the FC/PCL ratio on the basic 
properties of the electrospun membranes was 
first investigated. According to the current 
results, all the groups presented similar gross 
views and microstructures (Figure 1A) des- 
pite the differences in their FC/PCL ratio. Ne- 
vertheless, the changes in the FC/PCL ratio 
had an obvious influence on the mechanical 
properties of the membranes, as demonstrat-
ed by the findings that the stress-strain curves 
in the different groups presented quite differ-
ent profiles (Figure 1B-E). The mechanical 
strength of the scaffolds, such as the tensile 
strength (Figure 1C) and Young’s modulus (Fi- 
gure 1D), increased significantly with decreas-
es in the FC content, whereas the opposite 
trend was found for the strain at break (Figure 
1E). All these results indicated that the me- 
chanical properties of the membrane were  
substantially improved by the incorporation of 
PCL.

Biodegradability is an important factor for 
designing scaffolds that will be used in carti-
lage tissue engineering. Our results revealed 
that the degradation rates of the F9P1, F7P3 
and F5P5 groups were 92.8 ± 4.1%, 77.4 ± 
5.2% and 53.2 ± 4.7%, respectively (Figure 
2A), which indicated that the biodegradabi- 
lity decreased with increases in the PCL con- 
tent.

The hydrophilicity of the membranes was eva- 
luated by testing the water contact angle. The 
water contact angles at the fourth second 
obtained for the F9P1, F7P3, and F5P5 mem-
branes were 28.2 ± 2.3%, 30.0 ± 2.6% and 
45.4 ± 2.5%, respectively (Figure 2B). This re- 
sult indicated that the hydrophilicity was sig- 
nificantly increased with increases in the FC 
content. Moreover, the protein absorption in- 
dex values also tended to significantly increase 
with increases in the FC content (Figure 2C), 
which indicated that FC enhanced the adsor- 
ption capacity and might positively affect cell 
attachment. Collectively, these results indicat-
ed that the high PCL content was favorable for 
the mechanical strength of FC/PCL membran- 
es but unfavorable for their hydrophilicity.



Fish collagen/polycaprolactone nanofiber for cartilage regeneration

3758	 Am J Transl Res 2020;12(7):3754-3766

Figure 1. Morphological and mechanical analyses of three different FC/PCL membranes. Gross view and SEM im-
ages of the membranes indicated that all the groups presented similar macro- and microstructures (A). The stress-
strain curves of the different groups at the wet state showed quite different profiles in (B). Increases in the PCL 
content of the membranes led to concomitant increases in the tensile strength (C) and Young’s modulus (D) but 
decreases in the strain at break (E). *P < 0.05.
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numbers of chondrocytes (Figure 3A). Notice- 
ably, the cell viability assays also showed that 
chondrocytes grew well on all three membran- 
es and exhibited significant proliferation over 
time, and very few dead cells were observed at 
any of the investigated time points, which was 
further confirmed by cytotoxicity analysis (Fi- 
gure 3C). Collectively, these results indicated 
that all FC/PCL membranes presented satis-
factory biocompatibility and that the F9P1 gr- 
oup exhibited the most superior chondrocyte 
adherence capacity.

In vitro cartilage formation

Despite their above-described promising poten-
tial, whether FC/PCL membranes are suitable 
for in vitro cartilage formation remains uncer-
tain. The feasibility of cartilage regeneration 
was then explored in vitro using a sandwich 
model of FC/PCL membranes seeded with ch- 
ondrocytes. After 4 weeks of culture, histologi-
cal examinations showed the formation of pre-
liminary cartilage-like tissue, which displayed 
typical lacunae structures (Figure 4A1-C1) and 
cartilage-specific ECM deposition, as evidenc- 
ed by positive staining for GAG (Figure 4A2-C2) 
and type collagen II (Figure 4A3-C3). Abundant 
undegraded membranes were observed in all 
three groups, and the remaining scaffolds pre-
sented a continuous, approximately parallel 
zonal distribution (Figure 4). Notably, the thick-
ness of the neocartilage layer presented a sig-
nificantly increasing trend with increases in the 
FC content, which is consistent with the results 
obtained for the cell adherence rate. These 
results indicated that all the FC/PCL mem-
branes were suitable for in vitro cartilage for-
mation whereas the F9P1 group exhibited the 
most promising potential for robust cartilage 
regeneration.

In vivo cartilage regeneration

Cartilage regeneration in vivo is the most 
important criterion for determining whether an 
electrospun membrane can be used for carti-
lage engineering. The different membranes 
were constructed into a 3D patch structure 
using a classical sandwich model [17]. All the 
samples basically maintained their cylindrical 
shapes and formed cartilage-like tissue within 
8 weeks after in vivo implantation (Figure 5A1-
C1). Histological analyses revealed that all the 
samples displayed cartilage-specific ECM 

Figure 2. Increasing in the FC content resulted in 
increases in the degradation rate (A), water contact 
angles (B) and protein adsorption capacity (C) of the 
membranes. *P < 0.05.

Evaluation of the biocompatibility of the mem-
branes

Biocompatibility, which includes the cell adher-
ence rate, cell viability, and cytotoxicity, is an 
important aspect for evaluating whether a FC/
PCL membrane is suitable for tissue regenera-
tion. The current results revealed that the cell 
adherence rate tended to significantly increase 
with increase in the FC content (Figure 3B). Cell 
viability assays further confirmed that mem-
branes with higher FC content displayed higher 



Fish collagen/polycaprolactone nanofiber for cartilage regeneration

3760	 Am J Transl Res 2020;12(7):3754-3766

Figure 3. Biocompatibility evaluations of three different FC/PCL membranes. Different FC contents resulted in com-
parable levels of good biocompatibility, as evidenced by Live & Dead staining (A) and CCK-8 assay (C) results ob-
tained for the three membranes at 1 to 7 days after chondrocyte inoculation, but led to increases in the adherence 
rate of the membranes (B). *P < 0.05.
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Figure 4. Histological examination of in vitro cartilage formation at 4 weeks. The histological assessment, including 
the HE, safranin-O and collagen II staining of the F9P1 (A1-A3), F7P3 (B1-B3), and F5P5 (C1-C3) samples, indicated 
that increases in the FC content led to increases in the thickness of the neocartilage layer. Yellow arrows indicate 
electrospun membranes. Green arrows indicate neocartilage.

deposition and typical lacunae structures, as 
observed by positive GAG and type II collagen 
staining (Figure 5A2-C2, 5A3-C3 and 5A4-C4). 
Notably, the F9P1 samples showed a relatively 
homogeneous cartilage structure with almost 
no visible residual membranes (Figure 5A2-
A4). In stark contrast, the F7P3 (Figure 5A2-
A4) and F5P5 (Figure 5A2-A4) samples pre-
sented an obviously heterogeneous structure 
with abundant residual undegraded membr- 
anes and positive safranin-O and type II colla-
gen staining only in some neocartilage regions.

Quantitative analyses showed that the Young’s 
moduli and the DNA, GAG, and total collagen 
contents, presented a significant trend with 
increases in the FC content (Figure 6). It is al- 
so worth noting that the values of these quanti-
tative indexes obtained for the F9P1 group are 
close to those found for the native auricular 
cartilage group. These results indicated that 
the electrospun FC/PCL membranes represent 
an ideal scaffold for cartilage regeneration in 
vivo and that a high PCL content was favorable 
for cartilage formation and ECM production.

Discussion

Fish discards that are returned to the sea 
involve an underutilization of marine resources 

and represent a serious obstacle to the sus-
tainability of fisheries [18]. Fish discards can 
potentially be used to isolate collagen, which is 
further used in various biomedical fields, such 
as cartilage regeneration. Therefore, in this st- 
udy, FC was reinforced with PCL to fabricate 
multifunctional and inexpensive electrospun 
membranes with sound mechanical strength, 
proper biodegradability, excellent hydrophilicity, 
suitable absorption and cell adhesion capaci-
ties, satisfactory biocompatibility, and the abi- 
lity to promote cartilage regeneration in vitro 
and in vivo.

Collagen, which is the most abundant protein  
in the animal body and the main constituent  
of the ECM of most tissue types, exhibits excel-
lent biological properties such as noncytotoxic-
ity, biodegradability, and bioabsorbability [19, 
20]. In recent decades, MC has been widely 
used as a biomaterial in biomedical fields and 
as an active ingredient for modifying other bio-
materials. However, the use of MC is challeng-
ing due to the potential risk of transmissible 
diseases from mammalian tissues to human 
recipients as well as religious issues [21, 22]. 
Furthermore, previous studies have provided 
evidence that terrestrial animals and humans 
share a common important immunodominant 
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Figure 5. In vivo neocartilage evaluation at 8 weeks. Gross view (A1-C1) of all three groups presented similar ivory-
white appearances. The histological assessment, including HE (A2-C2), safranin-O (A3-C3), and collagen II (A4-C4) 
staining of all three samples, revealed that increases in the FC content led to a more homogeneous cartilage-specif-
ic extracellular matrix distribution and fewer residual electrospun membranes. Yellow arrows indicate undegraded 
electrospun membranes. Green arrows indicate neocartilage.

epitope, which is likely to cause immunological 
cross-reaction [23]. FC has recently been con-
sidered an alternative source of MC due to its 
excellent biocompatibility, suitable biodegrad-
ability, inert immunogenicity, rich sources, low 
price and lack of risk for the transmission of 
zoonoses [22, 24]. The rapid development of 
fish product processes has resulted in the  
production of numerous wastes, which not  
only pollute the environment but also waste 
resources. Consequently, the processing of FC 
into biomaterials is of great significance for 
making full use of its residual value. FC exerts a 
positive effect on osteoblastic cells and accel-
erates matrix mineralization [25]. FC incorpo-
rated with chito-oligosaccharide exhibits good 
antibactericidal activity and satisfactory bio-

compatibility in vitro and supports the prolife- 
ration of fibroblasts [26]. These results indica- 
te that FC represents a promising scaffold for 
use in tissue engineering.

Numerous studies have attempted to use FC as 
a biomaterial, such as for application in bone 
tissue engineering [5, 27-29], corneal tissue 
engineering [30], skin tissue engineering [31-
33], blood and lymphatic vessels [34], and peri-
odontal tissue regeneration [35]. However, lim-
ited progress has been achieved in cartilage 
regeneration based on FC, and the main obsta-
cles in this process are weak mechanical prop-
erties and a fast degradation rate [2]. In the 
current study, FC was enzymatically hydrolyzed 
into smaller molecule proteins, which also sig-
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nificantly impaired its mechanical properties, 
accelerated its degradation rate, and further 
impeded its application for cartilage regenera-
tion [36]. PCL has been approved by the US 
Food and Drug Administration for internal use 
in the human body and exhibits sound mech- 
anical properties and a low degradation rate 
[1]. Consequently, through reinforcement with 
PCL, FC/PCL composite can simultaneously 
overcome all the above-mentioned obstacles. 
Our results indicated that increases in the PCL 
content improved the mechanical properties 
but postponed the biodegradability. By adjust-
ing the FC/PCL component ratios, a balance 
between the membrane degradation rate and 
the cartilage ECM formation rate is hopefully 
achieved.

Therefore, whether FC/PCL membranes are 
suitable for cartilage regeneration is a major 
concern. Biocompatibility evaluations-including 
the cell adhesion rate, cell viability, prolifera-
tion rate, and production of ECM-are generally 
used to investigate whether a scaffold is suit-
able for cartilage regeneration. As expected, 
FC/PCL showed good cell affinity, low toxicity 

and a strong ability to promote chondrocyte 
proliferation. Furthermore, our results demon-
strated that the FC/PCL membranes combin- 
ed with chondrocytes formed mature cartila- 
ge-like tissue with typical cartilage lacunae and 
cartilage-specific ECM both in vitro and in vivo, 
which supported our hypothesis that these 
membranes would be suitable for cartilage re- 
generation. Noticeably, after 8 weeks of in vi- 
vo culture, satisfactory homogeneous cartila- 
ge regeneration was only achieved within the 
F9P1 group, whereas an inconsistent distribu-
tion of neocartilage was observed in the mem-
branes with a high PCL content. Favorable car-
tilage regeneration might be attributed to the 
following aspects: i) FC and PCL, as the main 
components of the membranes, exhibit good 
biocompatibility; ii) the FC scaffold mimics the 
main tissue components of cartilage and sup-
ports the chondrogenic differentiation of chon-
drocytes [37]; iii) the electrospun nanofibrous 
structure provides a biomimetic topology and 
appropriate porosity, and these physical char-
acteristics enhance cell attachment, prolifera-
tion, and cartilage ECM secretion; and iiii) the 
optimal degradation rate of the FC/PCL 9/1 

Figure 6. Quantitative in vivo analyses of neocartilage. Increases in the FC content led to increases in quantitative 
indexes, including Young’s modulus (A), DNA content (B), GAG content (C) and total collagen content (D). The values 
of all of these indexes obtained for the FC/PCL 9/1 group were even comparable to those found for the native rabbit 
auricular cartilage group. *P < 0.05.
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group matches the neo-ECM formation rate. 
Our previous study also indicated that a high 
PCL content is unfavorable for cartilage forma-
tion [1] because a high PCL content decreased 
the hydrophilic property of the membranes, 
leading to lower cell adhesion. Additionally, the 
relatively slow degradation rate of PCL ham-
pers the formation of neocartilage.

Conclusion

In summary, the current study demonstrated 
that an electrospun FC/PCL membrane was 
suitable for cartilage regeneration and that the 
ratio of the F9P1 group might be relatively suit-
able for homogeneous cartilage regeneration. 
The current study provides detailed and useful 
information for the regeneration of cartilage 
and other tissues based on electrospun FC/
PCL membranes.
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