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Tracheal injuries are one of major challenging issues in clinical medicine because of the poor intrinsic ability of
tracheal cartilage for repair. Tissue engineering provides an alternative method for the treatment of tracheal de-
fects by generating replacement tracheal structures. In this study, core-shell nanofibrous scaffold was fabricated
to encapsulate bovine serum albumin & rhTGF-β3 (recombinant human transforming growth factor-β3) into the
core of the nanofibers for tracheal cartilage regeneration. Characterization of the core-shell nanofibrous scaffold
was carried out by scanning electronmicroscope (SEM), transmission electronmicroscope (TEM), laser scanning
confocalmicroscopy (LSCM), and tensilemechanical test. The rhTGF-β3 released from the scaffolds in a sustained
and stable manner for about 2 months. The bioactivity of released rhTGF-β3 was evaluated by its effect on the
synthesis of type II collagen (COL2) and glycosaminoglycans (GAGs) by chondrocytes. The results suggested
that its bioactivity was retained during release process. The proliferation andmorphology analyses ofmesenchy-
mal stems cells derived fromWharton's jelly of human umbilical cord (WMSCs) indicated the good biocompat-
ibility of the fabricated nanofibrous scaffold. Meanwhile, the chondrogenic differentiation ofWMSCs cultured on
core-shell nanofibrous scaffold was evaluated by real-time qPCR and histological staining. The results suggested
that the core-shell nanofibrous scaffold with rhTGF-β3 could promote the chondrogenic differentiation ability of
WMSCs. Therefore,WMSCs could be a promising seed cells in the construction of tissue-engineered tracheal car-
tilage. Overall, the core-shell nanofibrous scaffold could be an effective delivery system for rhTGF-β3 and served
as a promising tissue engineered scaffold for tracheal cartilage regeneration.

© 2016 Published by Elsevier B.V.
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1. Introduction

Tracheal defects resulting from diseases such as stenosis, cancer or
trauma are becoming a major clinical problem with high mortality
rate. Up to now, various options are used to repair tracheal defects,
such as direct anastomosis, autografts, allografts and prosthetic mate-
rials [1–5]. However, there is no predictably effective treatment that
can easily return normal function to the trachea. Therefore, the method
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of tracheal tissue engineering using autologous stem cells to generate
new tissues has been investigated [6–8]. New tracheal tissues can be
created in vitro and then be implanted into the defect area.More impor-
tantly, the reconstructed trachea can grow in vivo with the somatic
growth of children. Thus, tissue engineering provides a new way for
the treatment of tracheal defects by generating replacement tracheal
structures. Vacanti et al. firstly reported regeneration of tracheal carti-
lage using tissue engineering techniques [9].

Although the diversity of the methods for cartilage regeneration via
tissue engineering techniques, the three fundamental components rou-
tinely required include scaffold, seed cells, and bioactive factors. The
scaffolds should have high porosity, good biocompatibility, proper me-
chanical properties, and appropriate biodegradability [10], which
serve as temporary microenvironment to support the cells proliferation
and differentiation for regeneration of tissues and organs. Electrospun
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nanofibers which can closely mimic the physical structure of protein fi-
brils in nanoscale in native ECMcould serve as a good tissue engineering
scaffold. It is well known that electrospinning is the simplest, least ex-
pensive, and quickest technique used to fabricate nanofibers. During
electrospinning process, a high voltage is applied to the polymer melt
or solution, and the resultant electrical charges will accumulate on the
surface of the liquid droplet at the tip of the capillary. Then the Coulom-
bic repulsion of the charges will overcome the surface tension of the
polymer droplet at a critical voltage. As a result, a charged jet is ejected
from the tip of the droplet. The solvent will be evaporated while the jet
travels toward a grounded electrode, and the resultantfibers are collect-
ed on a grounded target [11]. Large categories of materials are used to
fabricate nanofibers as tissue engineered scaffolds via electrospinning,
such as synthetic (PLLA, PCL, P(LLA-CL), PAN) [12–17] and natural poly-
mers (collagen, chitosan, fibrin) [18–20]. In addition to the scaffolds,
providing proper seed cells for the regeneration of functional cartilage
structures is also a big challenge in tracheal reconstruction. Currently,
there is no consensus regarding the ideal cell type for tracheal cartilage
regeneration [21]. However, mesenchymal stem cells (MSCs) are a
promising seed cell source because of their availability, capacity of ex-
pand, and differentiation abilities. Studies have shown the great poten-
tials of MSCs to be able to differentiate toward cartilage in tracheal
engineering [21]. Mesenchymal stems cells derived from Wharton's
jelly of human umbilical cord (WMSCs) showed a high proliferative
rate andwere able to differentiated into chondrocytes. Itmay be a supe-
rior source for WMSCs to reconstruct tissue-engineered tracheal carti-
lage owing to the similar ECM and positive expression of cartilage-
specific genes [22].

Apart from being the supporting scaffold structurally, electrospun
nanofibers also served as drug delivery systemwith sustained and con-
trolled release of growth factors/proteins/other drugs functionally.
Core-sell structure nanofibers have been extensively used in the con-
trolled delivery of bioactive agents as they can protect its biological ac-
tivity [23]. The drugs or growth factors do not come into contact with
aggressive spinning solvent for the shell materials during the process
of electrospinning, avoiding the possibility of being denatured or al-
tered. The recombinant human transforming growth factor-β3
(rhTGF-β3) is a bioactive factor which is essential for chondrogenic dif-
ferentiation of MSCs in cartilage regeneration [24]. In our study, core-
shell structured nanofibers with P(LLA-CL) and collagen as the sheath
and bovine serum albumin (BSA)/rhTGF-β3 as the core were fabricated
by coaxial electrospinning.

P(LLA-CL) is a US FDA approved synthetic co-polymer with
nontoxicity, biodegradability, and biocompatibility, which has been in-
vestigated in surgery and drug delivery systems [24,25]. However, as
the shell of nanofibers, P(LLA-CL) has hydrophobic surface without rec-
ognition sites for cell adhesion and spreading. It may prevent the cells-
scaffold interactions and the cellular responses. Collagen is a natural
polymermaterial with cell recognition siteswhich are rich in native car-
tilage tissues [26]. The combination of these two polymermaterialsmay
compensate for the drawbacks of each other and improved the proper-
ties of scaffold and enhance the regeneration of tracheal cartilage. The
rhTGF-β3 was incorporated into the core of nanofibers with BSA as a
protective agent and protein stabilizer.

In this study, we aimed to develop a bioactive nanofibrous scaffold
loading rhTGF-β3 via coaxial electrospinning technique, which might
promote the chondrogenic differentiation ofWMSCs for cartilage regen-
eration in trachea repair. To further investigate the feasibility of this
scaffold, its properties and functions were studied comprehensively.

2. Materials and methods

2.1. Materials

P(LLA-CL) with a molar ratio of 75% L-lactide was purchased from
Dai gang Biomaterial Co., Ltd. (Jinan, China). Collagen type I (molecular
weight 0.8–1 × 105 Da) was purchased from Ming-rang Bio-Tech Co.,
Ltd. (Sichuan, China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) was
purchased from Co., Ltd. (Shanghai, China). Bovine serum albumin
(BSA)waspurchased fromSigma-Aldrich (St Louis,MO, USA). Recombi-
nant human TGF-β3 (rhTGF-β3) with molecular weight of 25 kDa and
the Elisa kit were purchased from R&D systems (USA). The culture me-
dium and reagents were purchased from Gibco Life Technologies Co.
(Carlsbad, California, USA). WMSCs and chondrocytes were provided
by Shanghai Children's Medical Center. (Shanghai, China). All chemicals
were of analytical grade and were used without further purification.

2.2. Fabrication of nanofibrous scaffolds

P(LLA-CL) & collagenwere dissolved in HFPwithmass ratio of 75/25
at a concentration of 12% and thenmagnetically stirred at room temper-
ature overnight. The original rhTGF-β3 solution was diluted to 20 μg
ml−1 with phosphate-buffered saline (PBS) containing 0.1% BSA.
Coaxial electrospinning was performed using a common needle
electrospinning setup including a high power supply (BGG DC high-
voltage generator), and two digitally controlled syringe pumps
(KDS200). Apart from this, the special apparatus for coaxial
electrospinning is a compound nozzle with an inner needle coaxially
placed inside an outer one. The exit orifice diameters of the inner and
outer needles were 0.5 and 0.8 mm, respectively. During coaxial
electrospinning process, the solution of P(LLA-CL) & collagen and
rhTGF-β3 & BSA solution were delivered to the coaxial outer and inner
needles, respectively. The applied high voltage and the electrospinning
distance were set at 14 kV and 13 cm. The shell solution was injected
at a flow rate of 1.0 ml h−1 and the core solution at 0.2 ml h−1. The
formed nanofibers were collected by a grounded rotating plate covered
with aluminum foil. Then the rhTGF-β3 containing P(LLA-CL)-Collagen
nanofibrous scaffold (PC@rhTGF) were obtained by being cross-linked
with glutaraldehyde (GTA) vapor formed by 25% GTA aqueous solution
for 30 min. The fabricated scaffolds were kept at a vacuum drying oven
before further characterization.

The same polymer solution of P(LLA-CL) & collagen used in coaxial
electrospinning was also fabricated into blend nanofibers via common
electrospinning technique as the control samples. Similarly, the blend
P(LLA-CL)-Collagen nanofibrous scaffolds (PC) were obtained by being
cross-linked with GTA vapor mentioned above. The resultant scaffolds
were kept at a vacuum drying oven before further characterization.

2.3. Characterizations of nanofibrous scaffolds

The surfacemorphologies of the nanofibrous scaffolds were evaluat-
ed under a Digital Vacuum Scanning Electron Microscope (SEM, JEOL
JSM-5600), Japan) operated at an acceleration voltage of 15 kV. Diame-
ters of fibers were measured with image visualization software Image J
(National Institutes of Health, USA) and N100 counts were performed
for each scaffold. To verify the core-shell structure of nanofibers, the fi-
bers were collected on carbon-coated Cu grids and observed by trans-
mission electron microscope (TEM, Hitachi H-800, Japan). Fluorescein
isothiocyanate conjugated BSA (FITC-BSA)was used as the stabilizer in-
stead of BSA to evaluate the distribution of rhTGF-β3 in the core of
nanofibers by laser scanning confocal microscopy (LSCM).

The mechanical properties of nanofibrous scaffolds were performed
by a universal materials tester (H5K-S, Hounsfield, UK) at an ambient
temperature of 20 °C and humidity of 65%. The size of samples for this
test was 30 × 10mm. A cross-head speed of 10 mmmin−1 was applied
for all specimens during the process.

2.4. The encapsulation efficiency of rhTGF-β3 in PC@rhTGF nanofibrous
scaffold

About 50 mg of PC@rhTGF nanofibrous scaffold was dissolved in
4 ml dichloromethane/PBS solution. The P(LLA-CL) of the scaffold was



Table 1
Sequence of primers used for RT-PCR.

Gene Forward primer Reverse primer

GAPDH 5′-TGGCGCTGAGTACGTCGTG-3′ 5′-ATGGCATGGACTGTGGTCAT-3′
Sox9 5′-CCCTTCAACCTCCCACACTAC-3’ 5′-TCCTCAAGGTCGAGTGAGCTG-3′
COL2 5′-ACGGCGGCTTCCACTTCAGC-3′ 5′-TTGCCGGCTGCTTCGTCCAG-3′
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dissolved in dichloromethane, while the collagen, rhTGF-β3 and BSA
were dissolved in PBS. Further, the mixed solution was centrifuged at
4000 rpm for 5 min. Then, aqueous supernatant was removed to deter-
mine the concentration of rhTGF-β3 by Elisa kit according to the
manufacturer's protocol. The encapsulation efficiency (EE%) was calcu-
lated according to the following equation: EE%=M1/M0 × 100%, where
M1 is the actual amount of rhTGF-β3measured by Elisa kit andM0 is the
total amount of rhTGF-β3 in 50 mg PC@rhTGF nanofibrous scaffold
theoretically.

2.5. The release profile of rhTGF-β3 and degradation of PC@rhTGF
nanofibrous scaffold in vitro

To determine the in vitro release profile of rhTGF-β3 fromPC@rhTGF
nanofibrous scaffold, a weighed amount (50mg) of the scaffoldwas im-
mersed in 5ml PBS solution at pH 7.4. Sampleswere placed in a shaking
incubator (150 rpm) at 37 °C. At each timepoint, 2ml of release solution
was collected from each sample, and replaced by an equal volume of
fresh PBS. The concentration of rhTGF-β3 in collected release solution
was measured using the rhTGF-β3 Elisa kit according to the
manufacturer's protocol. The released profile was calculated as the
mass percentage of actual amount for encapsulation over time. The ex-
periments were conducted in triplicate.

In order to study thedegradation of PC@rhTGF nanofibrous scaffolds,
the morphology changes of the scaffolds were observed after different
degradation time. In detail, the scaffolds were taken out from the PBS
solution and freeze dried after immersing for 1, 2, 3 months in shaking
incubator (150 rpm) at 37 °C. The morphology of the dried scaffolds
was observed by SEM. The PC nanofibrous scaffolds were used as
control.

2.6. The bioactivity of released rhTGF-β3

Previously studies have shown that the synthesis of collagen type II
(COL2) and glycosaminoglycans (GAGs) by chondrocytes can be en-
hanced by rhTGF-β3 [27]. Thus, the bioactivity of rhTGF-β3 released
from the scaffolds was analyzed by evaluating its effect on the synthesis
of COL2 and GAG by chondrocyte. In brief, the rat chondrocytes were
cultured in Dulbecco'smodified Eagle'smedium (DMEM) in cell culture
flasks. When the confluence was about 90%, the cells were trypsinized
and seed into 24-well plates. After culturing for 1 day, the cells were di-
vided into two groups: Group I was cultured only with DMEM; Group II
was cultured with DMEM supplemented with the released solution of
rhTGF-β3 (released for 8 weeks). Both of the two groups were cultured
for 14 days and 21days. At this two time points, theCOL2 andGAGs syn-
thesized by chondrocytes were analyzed by immunofluorescence and
histological staining, respectively.

2.7. The proliferation and morphology of WMSCs on nanofibrous scaffolds

WMSCs were cultured in low glucose DMEM with 10% fetal bovine
serum (FBS) and 1% antibiotics in cell culture flasks. The cells were cul-
tured until 90% confluence, and then they were observed by optical mi-
croscope (OM) and identified by flow cytometer (FCM). For cell seeding
nanofibrous scaffolds were sterilized under the alcohol steam for 3 h
and washed with PBS 3 times. The WMSCs were seeded on to round
nanofibrous scaffolds (15 mm in diameter) and tissue culture polysty-
rene (TCP) as s control group in 24 well plates at a density of 104 cells
cm−2.

Good biocompatibility is required for tissue-engineered scaffold. The
biocompatibility of tissue-engineered includes the ability to perform as
a substrate which can support the appropriate cellular activity such as
cell adhesion, proliferation, migration and differentiation in order to fa-
cilitate tissue regeneration. A desired tissue-engineered scaffold should
not elicit any undesirable effects in those cells, or induce any undesir-
able local or systemic responses in the eventual host. Thus good
biocompatibility is critical for the biomaterials used for tissue engineer-
ing [28]. In order to investigate the biocompatibility of the fabricated
nanofibrous scaffold, the proliferation of MSCs on scaffolds and TCP
was measured by MTT assay which was conducted after culturing for
1, 4, 7 days. Briefly, the cells on scaffolds and TCP were incubated with
360 μl pure DMEM and 40 μl 5 mg ml−1 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) for 4 h in incubator at
37 °C. After that, the DMEMwas removed and 500 μl dimethylsulfoxide
(DMSO) was added. To dissolve the formed blue-purple crystal
completely, the plate should be incubated in a shaker at 37 °C for
30 min. Subsequently, 100 μl of the solution was pipetted in to 96-
well plate and measured the absorbance by a microplate reader
(Multiskan MK3, Thermo, USA) under 492 nm.

To observe the cells morphology, WMSCs on scaffolds were fixed
with 4% paraformaldehyde for 30 min at 4 °C after culturing for 7,
14 days. Thereafter, the scaffoldswith cellswere dehydratedwith gradi-
ent ethanol and dried under blowing overnight. Then, the samples were
sputter-coated with gold and observed under SEM.

2.8. The chondrogenic differentiation of WMSCs on nanofibrous scaffolds

To detect the chondrogenic differentiation of WMSCs cultured on
different scaffolds, the gene expression of hyaline cartilage-specific
markers such as Sox9 and COL2 were examined using real time-qPCR
(RT-PCR) after culturing 14 days and 21 days. Briefly, the cells were
fixed with 4% paraformaldehyde for 30 min at 4 °C. Then the RNA was
isolated and converted to cDNA using reverse transcriptase (Applied
Systems, Foster City, CA, USA). Real-time polymerase chain reaction
(PCR)was performed on an Applied Biosystems 7300 (Applied Systems,
Foster City, CA, USA) using Taqman primers and probes specific for glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) and other relative
genes. Sequences of the primers used are listed in Table 1. The relative
gene expression was calculated using the 2-ΔΔCt method with
GAPDH as the reference gene.

To detect the GAGs secreted byWMSCs on different scaffolds, histo-
logical staining was performed. After culturing for 21 days, cell-scaffold
constructs were fixedwith 4% paraformaldehyde for 30min at 4 °C, em-
bedded in paraffin and then sectioned into 5 μm section. The sections
were stained with Toluidine blue and Safranin O to locate the GAGs
deposits.

2.9. Statistical analysis

All the data were obtained at least in triplicate and the values were
expressed as means ± standard deviation (SD). Statistical analyses
were performed by the one-way analysis of variance (one-way
ANOVA) using Origin 8.5 (OriginLab Inc., USA). The statistical difference
was considered statistically significant at P b 0.05.

3. Results and discussion

3.1. Characterizations of nanofibrous scaffolds

Nanofiberswhich can closelymimic the physical structure of protein
fibrils in nanoscale in native ECM could serve as a good tissue engineer-
ing scaffold. PC@rhTGF and PC nanofibrous scaffold were fabricated by
coaxial electrospinning and simple electrospinning technique. As col-
lage is hydrosoluble, GTA vapor crosslinking was used to prevent the
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collagen from being dissolved in water. Themorphology of the fabricat-
ed PC@rhTGF and PC nanofibrous scaffolds were observed by SEM,
which is shown in Fig.1. The nanofibers were uniform, smooth, and
bead free, with interconnected pores. The average fiber diameter of
PC@rhTGF nanofibrous scaffold was 502.92 ± 176.90 nm, while the
value of PC nanofibrous scaffold was 295.71 ± 70.63 nm, indicating of
an increased fiber diameter with the encapsulation of BSA & rhTGF-β3.

The core-shell structure of single fibers were studied by TEM and
LSCM. The green fluorescent light coming from the FITC-BSA indicated
the distribution of proteins in the nanofibers (Fig. 2a), which confirmed
the successful incorporation of BSA & rhTGF-β3 in the fibers. Fig. 2b
showed the core-shell structure of nanofiber with P(LLA-CL)& collagen
in the shell andBSA& rhTGF-β3 in the core. The core-shell structurewas
uniform and the proteins were distributed in the core of the nanofibers
homogeneously.

The first successful human tracheal transplantation was conducted
by using decellularized tissueswith stem cells [6], unfortunately follow-
ed by the failure of functional recovery of trachea due to the collapse of
graft after the transplantation, indicating the essential role of mechani-
cal property for bioengineered trachea. The cartilage portion of trachea
covers about 2/3 of the circumference providing the structural support
while the remaining 1/3 is composed of smooth muscles [21]. The flex-
ibility and stiffness of the cartilage in the reconstructed tracheal tissues
is a crucial factor in preventing the collapse problem. The mechanical
properties are very important for the success of tissue repair. The me-
chanical properties of nanofibrous scaffolds were characterized by ten-
sile measurement, whichwere shown in Fig. 2c. As shown by the curve,
the breakage style of both scaffolds experienced two stages during
stretch. Firstly, it showed a linear elastic behavior with a higher initial
modulus due to the cross-linked collagen in the scaffolds. Then it turned
into a stable stage with slower increased tensile strength until the final
fracture due to the P(LLA-CL) in the scaffolds. It can be seen that the
both the tensile strength and elongation at a break were decreased
with the incorporation of BSA & rhTGF-β3. The tensile strength of the
nanofibrous scaffolds at a break decreased from 9.01 ± 0.54 MPa to
6.09 ± 0.27 MPa. As for the elongation, the value dropped from
36.87 ± 1.35% to 21.25 ± 2.97%. The Young's modulus of PC and PC@
rhTGF nanofibrous scaffolds were 106.08 ± 18.51 MPa and 109.20 ±
15.36MPa, respectively. So the Young'smodulus of the scaffold changed
little after the encapsulation of BSA & rhTGF-β3. This results may be at-
tributed to the BSA & rhTGF-β3 in the core of the nanofibers which
Fig. 1. SEM images of PC@rhTGF and PC nanofibrous sca
contributed much less to the mechanical performance due to that
both were proteins with low molecular weights. As reported, the equi-
librium tensile modulus of human tracheal cartilage was found to de-
crease with depth; from 13.6 ± 1.5 MPa for the ablumenal superficial
zone to 4.6 ± 1.7 MPa in the middle zone [29]. The mechanical proper-
ties of PC@rhTGF nanofibrous scaffoldswere able tomatch that of native
tracheal cartilage.

3.2. The in vitro release profile of rhTGF-β3 and the degradation of
PC@rhTGF nanofibrous scaffold

The encapsulation efficiency was evaluated according to themethod
aforementioned, and the EE% for PC@rhTGF nanofibrous scaffold was
45.0 ± 6.5%. Parts of rhTGF-β3 was lost during the process of
electrospinning and cross-linking. Non-uniform fibers may form during
the coaxial electrospinning [30], and the proteinsmay be distributed on
the surface of thefibers instead ofwithin the core [31]. In addition, some
rhTGF-β3may lost biological activity during the process of cross-linking
with GTA vapor.

The rhTGF-β3 released from PC@rhTGF nanofibrous scaffold was
shown in Fig. 3a. The cumulative release of rhTGF-β3 was observed for
57 days with a release rate of up to 82.7%. As mentioned above, some
of the rhTGF-β3 appearing on the surface resulted in an initial burst re-
lease (about 15%) followed by a relatively slow release. After 57 days,
the amount of rhTGF-β3 released from PC@rhTGF nanofibrous scaffold
reached 82.7%. Previous studies have shown that the release behavior
of proteins encapsulated in the core of coaxial nanofibers is generally af-
fected by the hydrophilicity, degradation, defects of shell part and the
co-encapsulation of stabilizer such as BSA [32–35]. In this study, the
degradation of P(LLA-CL) & collagen, the uniform of core-shell structure
of nanofibers, and the BSA may together contribute to the sustained &
stable released behavior of rhTGF-β3.

Fig. 3b showed the SEM images of PC and PC@rhTGF nanofibrous
scaffoldswith different degradation time. Generally, more obviousmor-
phology changes were presented in PC@rhTGF nanofibrous scaffold
compared with PC nanofibrous scaffold for a degradation of 2 months,
which was attributed to the release of BSA &rhTGF-β3. Higher level of
swelling was observed for the nanofibers of PC@rhTGF scaffold. Con-
versely, the degradation of scaffold also affected the release profile of
rhTGF-β3 from the scaffold. After 3 months, the fibrous structure of
PC@rhTGF became more blurred than that of PC. The core-shell
ffolds as well as the distribution of their diameters.

Image of Fig. 1


Fig. 2. (a) Fluorescencemicroscopic image of PC@rhTGFnanofibrous scaffoldwith FITC-BSA& rhTGF-β3 in the core. (b) TEMmicrograph of PC@rhTGF nanofiber. (c) Stress-strain curves of
PC and PC@rhTGF nanofibrous scaffolds.
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nanofibers became hollow with release of the proteins, which resulted
in the curly, collapsed and rough appearance for the nanofibers. With
the scaffold degradation and proteins release, eroded-like surface mor-
phology and indistinct fiber structure were observed. Swelling of nano-
fibers were also observed for post-release fibers.

3.3. The bioactivity of released rhTGF-β3

The bioactivity of released rhTGF-β3was determined by its effect on
the synthesis of COL2 and GAGs by chondrocytes. Immunofluorescence
staining was conducted to determine the COL2 synthetized by
chondrocytes after culturing 14 days and 21 days respectively. As
shown in Fig. 4, compared to chondrocytes cultured in normal medium
(Group II),more COL2was synthesized by chondrocytes cultured inme-
dium supplemented with rhTGF-β3 release solution (Group I). The
GAGs expressed by chondrocytes was evaluated by histological staining
Fig. 3. (a) Release profile of rhTGF-β3 from PC@rhTGF nanofibrous scaffold. (b) SEM imag
with toluidine blue and safranin O (Fig.5). Similarly, there was more
GAGs synthesized by chondrocytes cultured with medium containing
rhTGF-β3 release solution (Group I). The released rhTGF-β3 promoted
the COL2 and GAGs expression of chondrocytes, which indicated the
bioactivity of rhTGF-β3 released from PC@rhTGF nanofibrous scaffold.
This could be attribute to the advantage of coaxial electrospinning, as
the shell part of nanofibers could protect the proteins within the core
[36]. BSAwas used as a protective agent and protein stabilizer for bioac-
tive factors, which also helped in preserving the bioactivity of rhTGF-β3
[33,37].

3.4. The proliferation and morphology of WMSCs on nanofibrous scaffolds

The ideal tissue engineered scaffold should be designed to have ex-
cellent biocompatibility to promoting cell proliferation and growth
[38]. Before the proliferation study, the WMSCs were observed by OM
es of PC@rhTGF and PC nanofibrous scaffolds before and during degradation process.

Image of Fig. 2
Image of Fig. 3


Fig. 4. Immunofluorescence staining of COL2 synthesized by chondrocytes culturedwith different medium for 14 and 21 days. Group I: cultured with DMEM supplementedwith released
solution of rhTGF-β3; Group II: cultured with common DMEM. Green: COL 2; Blue: nucleus.
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and identified by FCM. Fig.6a showed that the WMSCs at 4 passage
showed a homogenously spindle-shaped cellular morphology. Fig. 6b
showed the flow cytometric analysis of surface-marker expression on
WMSCs. The phenotypes of WMSCs were negative for hematopoietic-
related cell antigens, such as CD34 and CD45. On the contrary, they
showed high expression of mesenchymal progenitor cell-related
Fig. 5.Histological stainingofGAGs synthesized by chondrocytes culturedwith differentmedium
rhTGF-β3; Group II: cultured with common DMEM. Blue: Toluidine blue; Red: Safranin O.
antigens, such as CD13, CD44, CD73 and CD90. The results showed
that the cells isolated from Wharton's jelly only include mesenchymal
stem cells. As shown in Fig.7a, the cells proliferated faster in both
nanofibrous scaffolds than in TCP, which indicated the good biocompat-
ibility of nanofibrous scaffolds toward promoting the proliferation of
WMSCs. Both P(LLA-CL) and collagen are widely used biomaterials
for 14 and 21 days. Group I: culturedwithDMEMsupplementedwith released solution of

Image of Fig. 4
Image of Fig. 5


Fig. 6. (a)Morphology ofWMSCs at 4 passage observed by OM. (b) Flow cytometric analysis of surface-marker expression onWMSCs. Positive expression of CD13, CD44, CD73, CD90 and
negative expression of CD34, CD45.
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with good cytocompatibility for tissue engineering. Nanofibers with the
similar structure to native ECM could also benefit to the cells growth
[39,40]. The cells on PC@rhTGF nanofibrous scaffolds showed slower
proliferation, which indicated the released rhTGF-β3 from the PC@
rhTGF inhibited the proliferation of WMSCs. Because the biological
function of rhTGF-β3 is to induce the differentiation of stem cells into
chondrocytes, which was evaluated in the following study.

In addition to the proliferation, the morphology of WMSCs on both
PC and PC@rhTGF nanofibrous scaffolds were observed by SEM. As
shown in Fig. 7b, the nanofibrous scaffolds were able to provide an ex-
cellent microenvironment with interconnected pores for cells growth.
The cells showed good spreading behavior, especially on PC@rhTGF
nanofibrous scaffold. After culturing for 21 days, the cells were well in-
tegrated with the nanofibers. The large surface area of nanofibers pro-
vide enough space for cell migration and spreading.
3.5. The chondrogenic differentiation of WMSCs cultured on scaffolds

The PC@rhTGF nanofibrous scaffold was further evaluated for its
ability to promote WMSCs chondrogenic differentiation, with PC
nanofibrous scaffold as control. The expression of the chondrogenic
markers Sox-9 and COL2 in WMSCs was determined by RT-PCR. The
level of expression of each target gene was normalized to GAPDH. Fig.
8a showed that more cartilage-specific genes expressed on PC@rhTGF
nanofibrous scaffolds than the PC nanofibrous scaffolds after 2 weeks
Fig. 7. (a) Proliferation of WMSCs on TCP and two different nanofibrous scaffolds in 7 days. *
statistically difference between PC and PC@rhTGF nanofibrous scaffolds groups (P b 0.05). (b) SE
incubation. This could be due to the absence of rhTGF-β3 in PC
nanofibrous scaffold.

The GAGs is one of the main component of the ECM in native carti-
lage. In order to further determine the chondrogenic differentiation of
WMSCs, the histological staining was used to locate the GAGs synthe-
sized by WMSCs. The results of Toluidine blue and Safranin O staining
of GAGs were shown in Fig. 8b. Toluidine blue and Safranin O positive
staining indicated the distribution of GAGs within the nanofibrous scaf-
folds. It showed that there was more GAGs synthesized by WMSCs on
PC@rhTGF nanofibrous scaffolds than that on PC nanofibrous scaffolds.
All these data indicated that the rhTGF-β3 released from PC@rhTGF
nanofibrous scaffolds in a sustained manner could promote the
chondrogenic differentiation of WMSCs. Many studies have shown
that encapsulation of drug or protein in the core of the core-shell nano-
fiber resulted in release profile following a slow and steadily increasing
pattern; In contrast, an initial burst release occurs at the beginning of
the release process for drug or protein within the blended nanofiber.
[41–43]. Additionally, the entire release process of drug or proteinwith-
in blended nanofibers only lasts for a short time. The long lasting and
steadily increasing release of rhTGF-β3 from core-shell PC@rhTGF
nanofibrous scaffold affected the differentiation behavior of MSCs in
term of providing continuous and bioactive rhTGF-β3 which plays an
important role in chondrogenic differentiation of MSCs. According to
the release profile of rhTGF-β3, the cumulative release amount after
14 and 21 days could lead to more cell differentiation on PC@rhTGF
nanofibrous scaffold compared to the cell differentiation on PC
indicates statistically difference compared to culture plate group (P b 0.05); # indicates
M images ofWMSCs cultured on two different nanofibrous scaffolds for 7, 14, and 21 days.

Image of Fig. 7
Image of Fig. 6


Fig. 8.Analyses of chondrogenic differentiation forWMSCs on twodifferent nanofibrous scaffolds. (a) RT-PCR analysis of Sox9 and COL2 gene expression ofWMSCs after culturing 14 days.
(n = 3, *P b 0.05). (b) Histological staining of GAGs synthesized by WMSCs with Toluidine and Safranin O after culturing 21 days.
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nanofibrous scaffold. Thus, the PC@rhTGF nanofibrous scaffold could
be a good delivery system for rhTGF-β3 used in tracheal cartilage
regeneration.

Overall, the PC@rhTGF nanofibrous scaffold with rhTGF-β3 is a good
candidate for tracheal cartilage repair, due to its excellent physiochem-
ical and biological properties. Structurally, the nanofibers could mimic
the native structure of ECM to provide a suitable environment for
WMSCs growth. Functionally, the released rhTGF-β3 could promote
WMSCs chondrogenic differentiation. In addition, there are more supe-
riorities using WMSCs in the cartilage regeneration than using other
cells [44–46]. The WMSCs could be a promising seed cells in the con-
struction of tissue-engineered tracheal cartilage.

4. Conclusions

Core-shell nanofibrous scaffold encapsulated with rhTGF-β3 was
fabricated by coaxial electrospinning in this study. The rhTGF-β3 re-
leased from PC@rhTGF nanofibrous scaffold in a sustained and stable
manner for about 2 months. The bioactivity of rhTGF-β3 after releasing
from the scaffold was well maintained during release process, and fur-
thermore rhTGF-β3 could facilitate the synthesis of COL2 by
chondrocytes. Most importantly, the PC@rhTGF nanofibrous scaffold
enhanced the chondrogenic differentiation of WMSCs in vitro. PC@
rhTGF nanofibrous scaffold fabricated in our study could serve as tissue
engineered scaffold for tracheal cartilage regeneration.
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