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A B S T R A C T

Electrospinning is a valuable technology for cartilage tissue engineering (CTE) due to its ability to produce
fibrous scaffolds mimicking the nanoscale and alignment of collagen fibers present within the superficial zone of
articular cartilage. Coaxial electrospinning allows the fabrication of core-shell fibers able to incorporate and
release bioactive molecules (e.g., drugs or growth factors) in a controlled manner. Herein, we used coaxial
electrospinning to produce coaxial poly(glycerol sebacate) (PGS)/poly(caprolactone) (PCL) aligned nanofibers
(core:PGS/shell:PCL). The obtained scaffolds were characterized in terms of their structure, chemical compo-
sition, thermal properties, mechanical performance and in vitro degradation kinetics, in comparison to mono-
axial PCL aligned fibers and respective non-aligned controls. All the electrospun scaffolds produced presented
average fiber diameters within the nanometer-scale and the core-shell structure of the composite fibers was
clearly confirmed by TEM. Additionally, fiber alignment significantly increased (> 2-fold) the elastic modulus of
both coaxial and monoxial scaffolds. Kartogenin (KGN), a small molecule known to promote mesenchymal stem/
stromal cells (MSC) chondrogenesis, was loaded into the core PGS solution to generate coaxial PGS-KGN/PCL
nanofibers. The KGN release kinetics and scaffold biological performance were evaluated in comparison to KGN-
loaded monoaxial fibers and respective non-loaded controls. Coaxial PGS-KGN/PCL nanofibers showed a more
controlled and sustained KGN release over 21 days than monoaxial PCL-KGN nanofibers. When cultured with
human bone marrow MSC in incomplete chondrogenic medium (without TGF-β3), KGN-loaded scaffolds en-
hanced significantly cell proliferation and chondrogenic differentiation, as suggested by the increased sGAG
amounts and chondrogenic markers gene expression levels. Overall, these findings highlight the potential of
using coaxial PGS-KGN/PCL aligned nanofibers as a bioactive scaffold for CTE applications.

1. Introduction

Articular cartilage is a highly organized tissue comprised by four
distinct zones (superficial, middle, deep and calcified zone), each with
specific extracellular matrix (ECM) composition and orientation [1]. In
healthy functional articular cartilage, the superficial zone consists in a
very polarized dense organization of nanoscale collagen type II fibrils,
which are oriented parallel to the articular surface and populated with
flattened chondrocytes [2,3]. The superficial zone provides a

frictionless surface to assure smooth articulation and is the main re-
sponsible for the tissue resistance to shear and tensile forces generated
during movement, due to the high tensile strength provided by the
aligned collagen fibers [2,4]. The age-associated wear and initial stages
of osteoarthritis (OA) can lead to degradation of the collagen fibers
within the superficial zone, which results in abnormal mechanical
performance of the tissue and stimulates an immune response [3,5].

Electrospinning has been used in cartilage tissue engineering (CTE)
applications due to its ability to fabricate fibrous scaffolds with high
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porosity and large surface areas mimicking the nanometer scale and
alignment of the collagen fibrils present in the native articular cartilage
ECM [6,7]. Coaxial electrospinning, a development of the traditional
technique, uses a spinneret composed by two concentrically aligned
nozzles (each one fed with a different casting solution) to fabricate fi-
bers with a core-sheath structure. This method allows the encapsulation
of nonspinnable polymers or drugs/biomolecules in the fiber core,
promoting their protection and controlled-release [8]. The use of
coaxial electrospun fibers in drug delivery and tissue engineering
strategies has been recently reviewed [9,10]. Regarding CTE strategies,
coaxial electrospun fibers incorporating growth factors have been used
to enhance the chondrogenic differentiation of mesenchymal stem/
stromal cells (MSC) [11–13]. In this study, coaxial aligned nanofibers
with poly (glycerol sebacate) (PGS) as the core and poly(caprolactone)
(PCL) as the sheath were fabricated by coaxial electrospinning.

PGS is a biodegradable and biocompatible elastomeric material,
which can be easily synthesized through the polycondensation reaction
of glycerol and sebacic acid, both FDA-approved [14,15]. PCL is a slow-
degrading biocompatible aliphatic polyester that offers a high tensile
strength, thermal stability and chemical versatility. Also, PCL has pre-
viously received FDA approval as medical implant and drug delivery
device [16,17]. Both PGS and PCL have been used as scaffold materials
for a wide-range of tissue engineering strategies. Importantly, PGS and
PCL have also been combined to produce blended electrospun fibers for
cardiac [18,19] and corneal regeneration [20]. Moreover, PCL and PGS
have recently been blended to produce biomimetic porous scaffolds for
CTE by salt-leaching method [21].

Kartogenin (KGN), a small heterocyclic molecule, has been de-
scribed to effectively enhance the chondrogenic differentiation of
human bone marrow MSC (hBMSC), exhibit chondroprotective effects

in vitro and reduce cartilage degeneration after intra-articular injection
in OA mouse models [22]. KGN functions by interacting with the actin-
binding protein filamin A, disrupting its balance with the transcription
factor core-binding factor β (CBFβ). CBFβ enters the nucleus and in-
teracts with RUNX1 to form the CBFβ-RUNX1 complex that activates
the transcription of chondrogenesis-related proteins and enhances car-
tilage ECM synthesis [22,23]. In the recent years, several groups have
developed biomaterial platforms to promote the sustained release of
KGN towards improved cartilage and osteochondral regeneration
[24–30]. However, the use of coaxial electrospun aligned fibers pro-
moting the sustained delivery of KGN to improve cartilage regeneration
is currently underexplored.

Herein, we aim to develop coaxial PGS/PCL electrospun aligned
nanofibers able to promote a sustained release of KGN while being
compatible with the size and alignment of native articular cartilage
ECM, which might promote hBMSC chondrogenic differentiation. The
electrospun scaffolds produced were characterized in terms of their
structural, chemical, thermal and mechanical properties as well as for
their in vitro biodegradation. The in vitro release kinetics of KGN from
coaxial PGS/PCL and monoaxial PCL aligned nanofibers was evaluated
for 21 days. In addition, the ability of KGN-loaded electrospun scaffolds
to promote hBMSC chondrogenic differentiation in the absence of the
chondrogenic cytokine transforming growth factor-beta 3 (TGF-β3) was
evaluated in comparison to the respective non-loaded controls by as-
sessing typical cartilage-ECM production and gene expression.

Fig. 1. Coaxial electrospinning setup and parameters used for the fabrication of coaxial aligned PGS/PCL nanofibers (A). Non-aligned nanofibers were produced in a
round copper collector plate (B) and aligned nanofibers were recovered in a two parallel copper plate collector (C, D).
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2. Materials and methods

2.1. Materials

Polycaprolactone (PCL, MW 80000 Da), 2,2,2-trifluoroethanol
(TFE), sodium hydroxide (NaOH), dimethylsulfoxide (DMSO), iso-
propanol, sebacic acid and glycerol were purchased from Sigma-Aldrich
(St. Louis, Missouri USA). PGS pre-polymer was synthesized based on
previously reported protocols [14,31]. Briefly, sebacic acid and glycerol
(in a 1:1 equimolar ratio) were reacted at 120 °C for 3 h under a ni-
trogen atmosphere to generate a pre-polycondensed polymer, followed
by a crosslinking step at 120 °C under vacuum for 48 h. Kartogenin
(KGN, MW 321.84 g/mol) was obtained from Tocris Bioscience.

2.2. Fabrication of core-shell PGS/PCL electrospun nanofibers

Polymer casting solutions for the coaxial electrospinning were
prepared by dissolving PCL in TFE at 10% w/v (shell solution) and PGS
in TFE at 80% w/v (core solution). The solutions were mixed overnight
at room temperature to achieve homogeneity. The core-shell fibers
were fabricated using an electrospinning apparatus (Fig. 1A) equipped
with a coaxial spinneret (MEEC, Ogori, Fukuoka, Japan), as previously
described [32]. Core PGS and shell PCL solutions were loaded into
syringes placed in a mechanical syringe pump (NE-1000, New Era
Pump System Inc., Wantang, NY USA) and connected by polytetra-
fluoroethylene (PTFE) tubing to the coaxial spinneret. The diameters of
the inner and outer needles in the coaxial spinneret were 0.64mm and
2.5 mm, respectively. The controlled flow rates of the core and shell
solutions were 50 μL/min and 180 μL/min, respectively. A high voltage
source (Spellman CZE1000R, Hauppauge, NY USA) was used to apply a
voltage of 20 kV, creating a potential difference between the needle and
copper collectors placed at a distance of 17 cm from the needle tip.
Monoaxial PCL fibers were fabricated using the same process para-
meters, with a needle with 0.64mm diameter and a flow rate of 180 μL/
min. The non-aligned and aligned electrospun fibers were produced on
different collectors: a round copper plate (Fig. 1B) for non-aligned fi-
bers and a two parallel copper plates (separated by 2 cm) collector
(Fig. 1C) was used to align fibers. All the fiber groups were produced
under similar ambient conditions (temperature and relative humidity
varied between 21-23 °C and 25–35%, respectively). Prior to further
use, the fibers were dried in a desiccator to remove any remaining
solvents.

2.3. Characterization of coaxial PGS/PCL electrospun nanofibers

2.3.1. Scanning electron microscopy (SEM) analysis
The structural characterization of the non-aligned/aligned coaxial

PGS/PCL and monoxial PCL fibers was performed using a field emission
scanning electron microscope (FE-SEM, FEI-Versa 3D Dual Beam,
Hillsboro). Prior to imaging, samples were mounted on a holder using
carbon tape and sputter-coated with a thin layer of gold-palladium
(60:40). Samples were imaged at several magnifications using an ac-
celerating voltage of 3–5 kV. The average fiber diameters and sub-
sequent distributions of both non-aligned/aligned coaxial PGS/PCL and
monoaxial PCL electrospun scaffolds were determined by measuring
100 individual fibers per condition from at least 5 different SEM images
using the ImageJ software (ImageJ 1.51f, National Institutes of Health,
USA). Additionally, the mats were cross-sectioned in liquid nitrogen,
mounted and sputter-coated, and imaged by SEM to assess the core-
shell structure of the fibers.

2.3.2. Transmission electron microscopy (TEM) analysis
The core-shell nature of coaxial PGS/PCL electrospun fibers was

confirmed by transmission electron microscopy (TEM). The coaxial
PGS/PCL fibers were spun directly on lacey carbon coated 200 mesh
copper grids and imaged using a JEOL-JEM-2011 TEM (JEOL Ltd.,

Tokyo, Japan) operating at an accelerating voltage of 200 kV.

2.3.3. X-ray diffraction (XRD) analysis
X-ray diffraction (XRD) analysis was used to confirm the presence of

both PCL and PGS materials in the coaxial PGS/PCL electrospun fibers.
Thus, coaxial PGS/PCL and monoaxial PCL fiber mats as well as PGS
and PCL raw polymers were evaluated using a Bruker D8-DISCOVER X-
ray diffractometer equipped with a CuKα radiation source and a pyr-
olytic graphite monochromator.

2.3.4. ATR-FTIR analysis
A Spectrum One FTIR Spectrometer (PerkinElmer, USA) working in

the Attenuated total reflectance – Fourier transform infrared (ATR-
FTIR) mode was used to collect the spectra of both coaxial PGS/PCL and
monoaxial PCL electrospun fibers in the spectral region 4000-650 cm−1

and with a resolution of 4 cm−1. Characteristic peaks were identified by
comparison with the spectra of PCL and PGS raw polymers.

2.3.5. Differential scanning calorimetric (DSC) analysis
Pre-weighed samples of coaxial PGS/PCL fibers, monoaxial PCL fi-

bers and respective PCL, PGS raw polymers were hermetically sealed in
aluminum pans and submitted to healing and cooling cycles between
−50 °C and 100 °C at a constant heating rate of 5 °C/min using a TA
Instruments DSC-Q100 equipment (New Castle, Delaware USA) under
nitrogen supply. The thermal properties of the samples, namely the
melting and crystallization temperatures were determined using the
Universal Analysis software V4.7A (TA Instruments).

2.3.6. Mechanical tensile testing
The mechanical properties of non-aligned/aligned monoaxial PCL

and coaxial PGS/PCL electrospun scaffolds were assessed under uni-
axial tensile testing using a mechanical tester (Instron® Model 5544)
with a 10 N load cell and a constant displacement rate of 10mm/min.
For each condition, five different test specimens (n=5) were prepared
in a rectangular shape with a length of 15mm, width of 10mm and a
thickness of 0.2 mm. Bluehill® 2 software was used to collect and pro-
cess the experimental data from the tensile tests. Young's elastic moduli
were calculated from the initial 0–15% linear in the stress-strain curve.
Ultimate tensile strength (UTS) was measured from the highest peak of
the stress-strain curves.

2.3.7. In vitro accelerated degradation assay
Monoaxial PCL and coaxial PGS/PCL electrospun mats were cut into

15mm×7mm x 0.2mm and subjected to an accelerated degradation
assay by incubation with 5mL of 0.5 mM NaOH solution in PBS (Gibco)
at 37 °C for different time periods (7, 14 and 21 days). Upon incubation
at each degradation time point, electrospun scaffolds were rinsed gently
with PBS and dried under vacuum. The sample weight (Wt) (n= 3) was
measured and the percentage of weight loss was determined by dividing
the obtained weight loss to the initial dry weight (Wo) of each sample
before incubation ([(Wo-Wt)/Wo] x 100).

2.4. In vitro kartogenin (KGN) release assay

KGN was dissolved in a mixture of DMSO:TFE (volume ratio 20:80)
under agitation overnight and then combined with the polymer casting
solutions at a final concentration of 2mg/mL to fabricate two different
groups of aligned electrospun fibers following the procedure described
in subsection 2.2: coaxial PGS-KGN/PCL (core solution: PGS 80%-KGN
0.2% w/v and shell solution: PCL 10% w/v) and monoaxial PCL-KGN
(solution: PCL 10%-KGN 0.2% w/v). KGN-loaded electrospun scaffolds
(15mm×7mm x 0.2mm) were weighed, immersed in 1mL of PBS
(pH 7.4) and placed on a shaker (100 rpm) at 37 °C with a humidified
atmosphere to mimic physiological conditions. At each sampling time,
the total volume of PBS was collected and replaced with the same vo-
lume of fresh PBS to determine the release kinetics of KGN from the
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electrospun scaffolds. The amount of KGN released from each electro-
spun scaffold was evaluated using HPCL (Agilent 1200 LC system, EC-
C18 reverse phase column) and normalized to the scaffold initial
weight. In vitro release was measured from five scaffolds (n=5) at
different time-points during 21 days (0, 1, 3, 6, 12, 24, 48, 72, 120, 168,
216, 288, 360, 432 and 504 h).

2.5. hBMSC seeding and culture on KGN-loaded electrospun aligned
nanofibers

Prior to cell seeding, the electrospun scaffolds were sterilized by UV
exposure for 3 h, placed in ultra-low cell attachment 24-well plates and
washed three times with PBS+1% penicillin-streptomycin (Pen-Strep,
Gibco) solution. Afterwards, the scaffolds were soaked in culture
medium and incubated at 37 °C for 1 h.

Human bone marrow MSC (hBMSC) were purchased from Lonza
(Basel-Switzerland), thawed and expanded on tissue culture flasks
(CELLTREAT® Scientific Products, MA) using low-glucose Dulbecco's
Modified Eagle Medium (DMEM, Gibco, Grand Island, NY) supple-
mented with 10% fetal bovine serum (FBS, Gibco) and 1% Pen-strep,
and kept at 37 °C and 5% CO2 in a humidified atmosphere until scaffold
seeding. Complete medium renewal was performed every 3–4 days and
all the experimental assays were performed using cells in passage 3 or
4.

hBMSC were seeded on the electrospun nanofiber scaffolds at a
density of 50000 cells/scaffold and incubated for 2 h at 37 °C and 5%
CO2 without culture medium to favor initial cell attachment.
Afterwards, incomplete chondrogenic medium composed by high glu-
cose DMEM (Thermo Fisher Scientific) with 100 nM dexamethasone
(Sigma-Aldrich), 50 μg/mL ascorbic acid 2-phosphate (Sigma-Aldrich),
40 μg/mL L-proline (Sigma-Aldrich), 1 mM sodium pyruvate (Gibco),
ITS™+ Premix supplement (6.25 μg/mL bovine insulin; 6.25 μg/mL
transferrin; 6.25 μg/mL selenous acid; 5.33 μg/mL linoleic acid;
1.25 μg/mL BSA, Corning), Pen-strep (100 U/mL penicillin; 100 μg/mL
streptomycin) was added to all the scaffolds. The cultures were con-
ducted during 21 days at 37 °C and 5% CO2 under low oxygen condi-
tions (5% O2-mimicking the hypoxic environment of articular cartilage)
and the culture medium (without TGF-β3) was fully renewed every 3–4
days.

2.6. Evaluation of the biological performance and chondrogenic potential of
KGN-loaded aligned electrospun nanofibers

2.6.1. hBMSC proliferation assay
The proliferation of hBMSC on the monoaxial/coaxial KGN-loaded

aligned nanofibers and respective controls was evaluated using
AlamarBlue® cell viability reagent (ThermoFischer Scientific, USA) on
days 3, 7, 14 and 21 following the manufacturer's guidelines. Briefly, a
10% (v/v) AlamarBlue® solution in culture medium was added to the
scaffolds and incubated at 37 °C in 5% CO2 chamber for 3 h.
Fluorescence intensity was quantified in a microplate reader
(SpectraMax M5, Molecular Devices, USA) at an excitation/emission
wavelength of 560/590 nm. The obtained fluorescence intensity values
were correlated to the equivalent number of viable cells present in each
scaffold through a calibration curve. Three independent scaffolds
(n=3) were analyzed per condition and the fluorescence values of
each sample were measured in triplicate. For each experimental group,
acellular electrospun scaffolds were used as blank controls.

2.6.2. Cell morphology assessment by SEM
The morphology of the cells cultured for 21 days on the monoaxial/

coaxial KGN-loaded aligned nanofibers and respective controls was
observed by SEM. The scaffold samples were fixed with 4% PFA for
20min, stained with 1% (v/v) osmium tetroxide (Sigma-Aldrich) so-
lution for 30min and washed twice with PBS. Afterwards, samples were
dehydrated using ethanol gradient solutions (20%, 40%, 60%, 80%,

95% and 100% (v/v)) for 20min each and finally dried in a critical
point dryer (supercritical Automegasamdri 915B, Tousimis, USA) in
100% isopropanol. Dried samples were mounted, sputter-coated and
imaged using the above-mentioned SEM procedure (subsection 2.3.1.).

2.6.3. sGAG content quantification (DMMB assay)
At days 14 and 21 of differentiation, the electrospun scaffolds were

collected, washed with PBS, and digested in a 125 μg/mL papain en-
zyme (from papaya latex, Sigma-Aldrich) solution (50mM sodium
phosphate, 2 mM N-acetyl cysteine, 2 mM EDTA, all from Sigma-
Aldrich, pH 6.5) at 60 °C overnight (16–18 h). The sulfated glycosami-
noglycans (sGAG) produced by cells on the electrospun scaffolds were
quantified using 1,9-dimethylmethylene blue (DMMB, Sigma-Aldrich)
assay. The digested samples were mixed with a DMMB solution (16mg
DMMB in 0.3% w/v glycine, 0.27% sodium chloride in distilled water,
pH 3.0) in 96-well plates and the absorbance was measured at 525 nm.
The sGAG amounts were extrapolated from a calibration curve gener-
ated using chondroitin 6-sulfate (sodium salt from shark cartilage,
Sigma-Aldrich) standards and normalized to the number of cells present
in each scaffold. Three scaffolds (n=3) were used for each experi-
mental group and the absorbance values were measured in triplicate.
Acellular electrospun scaffolds for each experimental group were used
as blank controls.

2.6.4. RNA isolation and quantitative real time PCR (RT-qPCR) analysis
Total RNA was extracted from the final constructs (day 21) using the

RNeasy Mini Kit (QIAGEN, Hilden, Germany). The samples were in-
cubated in lysis buffer with 200 rpm agitation for 30min at 4 °C and
total RNA was isolated according to the manufacturer's protocol.
Isolated RNA was quantified using a Nanodrop (ND-100
Spectrophotometer, Nanodrop Technologies). cDNA was synthesized
from the purified RNA using iScript™ Reverse Transcription Supermix
(Bio-Rad, Hercules, CA USA) following the manufacturer's guidelines.
The reaction mixtures were incubated in a thermal cycler (Veriti
Thermal Cycler, Applied Biosystems, CA USA) with the following
temperature protocol: 5 min at 25 °C, 20 min at 46 °C and 1min at 95 °C,
and then maintained at 4 °C.

Real time quantitative reverse transcription-polymerase chain re-
action (RT-qPCR) analysis was performed using the TaqMan® Fast
Advanced Master Mix (Applied Biosystems) and StepOnePlus real-time
PCR system (Applied Biosystems) according to the manufacturer's
protocol. Reactions were run in triplicate using the TaqMan® Gene
Expression Assays (20X) (Thermo Fisher Scientific) presented in
Supplementary Table 1. The CT values obtained were normalized
against the expression of the housekeeping gene GAPDH and the ana-
lysis was performed using the 2-ΔΔCt method. Results for target gene
expressions in the different experimental groups are presented as fold-
change expression levels relative to hBMSC before scaffold seeding (day
0).

2.6.5. Immunofluorescence analysis
After 21 days of differentiation, the medium was removed and the

electrospun scaffolds were washed with PBS and fixed with PFA 4% for
20min. The samples were then washed twice with PBS, and permea-
bilized and blocked with a solution of 0.3% Triton X-100 (Sigma-
Aldrich), 1% BSA (Sigma-Aldrich) and 10% Goat serum (ThermoFischer
Scientific) in PBS at room temperature for 30min. A solution containing
primary antibody for collagen II (1:200 in blocking solution, mouse
collagen II monoclonal antibody 6B3, ThermoFisher Scientific) was
incubated with the samples overnight at 4 °C. Afterwards, the samples
were washed once with 1% BSA solution (in PBS) and incubated with
the secondary antibody Goat anti-mouse IgG AlexaFluor 488 (1:150 in
1% BSA (in PBS) solution, ThermoFisher Scientific) for 1 h at room
temperature and protected from light. Finally, the scaffolds were
counterstained with DAPI (Sigma-Aldrich) for 5min at room tempera-
ture, washed with PBS and imaged using a confocal microscope (Zeiss
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LSM 510META Spectral Confocal).

2.7. Statistical analysis

Results are presented as mean values ± standard deviation (SD).
Each experiment was conducted in triplicate (n=3), unless specified
differently. The statistical analysis of the data was performed using one-
way ANOVA, followed by Tukey post-hoc test. GraphPad Prism version
7 software was used in the analysis and data was considered to be
significant when p-values obtained were less than 0.05 (95% confidence
intervals, *p < 0.05).

3. Results

3.1. Coaxial PGS/PCL electrospun nanofibers structural characterization

Coaxial PGS/PCL and monoaxial PCL aligned nanofibers as well as

their respective non-aligned controls were analyzed by SEM. SEM mi-
crographs (Fig. 2A) showed that all the electrospun scaffolds were
highly porous and interconnected, which favors oxygen and media
diffusion through the scaffold and provides an adequate surface area for
cell adhesion. Fig. 2B shows the average fiber diameter and respective
distributions for all conditions studied. It should be noted that all the
electrospun scaffolds presented average fiber diameters in the nan-
ometer scale (505–738 nm), which is advantageous to mimic the
structural features of in vivo articular cartilage ECM. Interestingly, both
coaxial PGS/PCL and monoaxial PCL aligned nanofibers presented
slightly decreased average fiber diameters than their non-aligned
counterparts. The core-shell structure of the fibers was confirmed by
TEM (Fig. 3), as it is possible to clearly distinguish between the two
different materials, PGS in the core and PCL in the shell (Fig. 3B), as
opposed to PCL monoaxial fiber (Fig. 3A). The coaxial structure was
also observed by SEM analysis of cross-sectioned fibers (Fig. 3C).

Fig. 2. SEM images (at two different magnifications) of the non-aligned/aligned monoaxial PCL and coaxial PGS/PCL nanofibers (A) and respective fiber diameter
distribution histograms (B). Scale bar: 5 μm.
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3.2. Chemical, thermal, mechanical and degradation properties of coaxial
PGS/PCL electrospun nanofibers scaffolds

The chemical characterization of the coaxial PGS/PCL nanofibers in
comparison with PCL nanofibers as well as with the PGS pre-polymer
and pure PCL polymer was performed by XRD (Fig. 4A) and FTIR
analysis (Fig. 4B). XRD spectra of both PCL polymer and nanofibers
show the presence of two peaks at 21.3° and 23.7°, while the PGS
polymer exhibits two peaks at 19.3° and 23°. The XRD spectra for the
coaxial PGS/PCL nanofibers present three peaks including the two
major peaks of the PCL spectra and a peak at 19.3° that can be assigned
to the PGS portion, thereby confirming the presence of both PCL and
PGS polymers in their constitution.

The presence of both PGS and PCL in the coaxial electrospun scaf-
folds was also confirmed by FTIR analysis. Both PGS and PCL (polymer
and nanofibers) showed very similar major IR peaks at approximately
2943 cm−1 (CH2 stretching-asymmetric), 2864 cm−1 (CH2 stretching-
symmetric), 1725 cm−1 (ester carbonyl bond stretching) and
1187 cm−1 (carbon-oxygen bond stretching). Despite being slightly
masked by the other peaks higher amplitude, the PGS spectra showed
an additional hydroxyl group peak at 3450 cm−1, which was not pre-
sent in PCL. The coaxial PGS/PCL nanofibers presented all the men-
tioned peaks, confirming the composite nature of the fibers.

The thermal properties of the fabricated electrospun scaffolds were
assessed using DSC analysis (Supplementary Fig. 1). DSC thermograms
of heating (Supplementary Fig. 1A) and cooling (Supplementary

Fig. 1B) cycles for the electrospun scaffolds and respective individual
polymers also supported the composite nature of the coaxial nanofibers.
As expected, the coaxial PGS/PCL nanofibers exhibit two distinct
melting temperatures (Tm) (Tm-PCL=52.90 °C and Tm-PGS=13.45 °C)
and crystallization temperatures (Tc) (Tc-PCL=27.28 °C and Tc-
PGS=−7.77 °C) indicating the presence of both polymers in its con-
stitution. All the melting and crystallization temperatures calculated
are summarized in Supplementary Fig. 1C.

The analysis of the mechanical properties of the electrospun scaf-
folds under tensile testing is shown in Fig. 5. Coaxial and monoaxial
non-aligned nanofibers were also considered in the analysis to assess
the effect of fiber alignment on the scaffold's mechanical performance.
Representative stress-strain curves for all the conditions tested are
presented in Fig. 5A. Fiber alignment resulted in a significant increase
(p < 0.05) in the elastic modulus in both monoaxial
(9.90 ± 0.87MPa in PCL aligned compared to 4.02 ± 0.88MPa in
PCL non-aligned) and coaxial (11.78 ± 0.73MPa in coaxial PGS/PCL
aligned compared 5.06 ± 1.51MPa in coaxial PGS/PCL non-aligned)
configurations. It is also possible to observe that the addition of PGS in
the core of coaxial fibers resulted in an increase in the elastic modulus
when compared to the respective monoaxial counterparts, however,
such increase was not statistically significant (Fig. 5B). Regarding the
UTS, aligned fibers also presented higher values than the non-aligned
counterparts, however significant differences were only observed for
monoaxial PCL fibers (Fig. 5C).

The degradation of coaxial PGS/PCL and monoaxial PCL aligned

Fig. 3. Confirmation of the core-shell
structure of the produced coaxial electro-
spun nanofibers. TEM images of monoaxial
PCL nanofibers (A) and of coaxial PGS/PCL
aligned nanofibers (B). The bottom image in
B corresponds to a magnification of the top
image (white box). The core-shell structure
of coaxial PGS/PCL nanofibers was further
confirmed by SEM analysis of cross-sec-
tioned fibers, highlighted by the yellow box
(C). Scale bars are depicted in the figure.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. XRD (A) and FTIR (B) analysis of
coaxial PGS/PCL nanofibers, monoxial PCL
nanofibers and respective PGS and PCL
polymers. The black arrow and blue asterisk
highlight the characteristic peaks that al-
lowed confirm the presence of both PCL and
PGS in the coaxial electrospun nanofibers.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)
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electrospun scaffolds was studied under accelerated conditions (in
0.5 mM NaOH solution) for 21 days (Supplementary Fig. 2). After 21
days, monoaxial PCL electrospun scaffolds showed only a residual mass
loss (2.3 ± 1.4%), confirming the reported slow-degradation behavior
of the PCL polymer. In contrast, coaxial PGS/PCL nanofibers showed a
higher degradation rate, reaching a weight loss of 23 ± 1.6% at the
end of the experiment (Supplementary Fig. 2A). This is in accordance
with SEM images of the samples taken before (day 0) and after the
accelerated degradation assay (day 21), in which a considerable dete-
rioration of the fibers was observed in coaxial PGS/PCL electrospun
scaffolds (Supplementary Fig. 2B).

3.3. KGN release profile from coaxial PGS-KGN/PCL and monoaxial PCL-
KGN aligned nanofibers

KGN (Fig. 6B) was loaded into the core PGS solution to produce
coaxial PGS-KGN/PCL aligned nanofibers and also into the PCL solution
to generate monoaxial PCL-KGN aligned nanofibers (Fig. 6A). The ad-
dition of KGN did not result in any meaningful changes on the struc-
tural and mechanical properties of the nanofibrous scaffolds fabricated.
The produced scaffolds were assessed for the in vitro release kinetics of
KGN during 21 days. For both scaffold types, the KGN release profile
was characterized by an initial burst release until 24 h, followed by a
relatively slow and nearly linear release. As it is possible to observe in
Fig. 6C, coaxial nanofibers allowed a much more sustained release and
an alleviated burst release than the monoaxial nanofibers. During the
21 days of the in vitro study, a total of 0.32 ± 0.03 μg KGN/mg of
scaffold and 1.11 ± 0.44 μg KGN/mg of scaffold were released from
the coaxial PGS-KGN/PCL and monoaxial PCL-KGN nanofibers, re-
spectively.

3.4. Effects of KGN-loaded electrospun nanofibers on cell proliferation and
morphology

The effects of KGN release on hBMSC proliferation (Alamar Blue
assay) were evaluated in vitro using both coaxial PGS-KGN/PCL and
monoaxial PCL-KGN aligned nanofibers in comparison to non-loaded
controls (Fig. 7A). At the end of the experiment (day 21), both coaxial
PGS-KGN/PCL and monoaxial PCL-KGN aligned nanofibers showed
significantly higher (p < 0.05) equivalent cell numbers than the scaf-
folds without KGN. The coaxial PGS-KGN/PCL electrospun scaffolds
also showed improved hBMSC proliferation in comparison to monoaxial
PCL-KGN ones, however, such increase was not statistically significant.
Interestingly, the coaxial PGS-KGN/PCL scaffolds presented a sig-
nificantly enhanced hBMSC proliferation in comparison with non-
loaded coaxial PGS/PCL scaffolds since earlier stages of the culture
(from day 7 onwards). The morphology of hBMSCs on the different
electrospun scaffolds was evaluated after 21 days by SEM analysis
(Fig. 7B).

3.5. hBMSC chondrogenic differentiation on KGN-loaded electrospun
nanofibers

The ability of KGN-loaded coaxial and monoaxial electrospun scaf-
folds to promote hBMSC chondrogenesis was evaluated by assessment
of cartilage-like ECM production and of chondrogenic gene markers
expression. As shown in Fig. 8, all the scaffolds tested supported sGAG
production (Fig. 8A) over time and stained positively for the presence of
collagen II (Fig. 8B), both main components of articular cartilage ECM.
At day 14, higher amounts were observed for PCL-KGN electrospun
scaffolds (7.92 ± 1.32 μg sGAG/105 cells) compared to all other
groups. After 21 days of chondrogenic differentiation, PCL, PCL-KGN,
coaxial PGS/PCL and coaxial PGS-KGN/PCL electrospun scaffolds af-
forded sGAG amounts of 7.50 ± 1.96 μg/105 cells, 9.74 ± 1.93 μg/

Fig. 5. Mechanical properties of aligned/non-aligned monoaxial PCL and coaxial PGS/PCL electrospun scaffolds: representative stress-strain curves (A), elastic
modulus (B) and ultimate tensile strength (UTS) (C). Five independent specimens were used in the analysis (n = 5). *p < 0.05.

J.C. Silva, et al. Materials Science & Engineering C 107 (2020) 110291

7



105 cells, 5.09 ± 2.04 μg/105 cells and 10.12 ± 1.91 μg/105 cells,
respectively. Despite the fact that both KGN-loaded scaffolds afforded
higher amounts of sGAG than the scaffolds without KGN, a statistically
significant (p < 0.05) enhancement was just observed for the coaxial
PGS-KGN/PCL scaffolds compared to non-loaded counterparts.

Gene expression in the different groups of electrospun nanofiber
scaffolds tested was evaluated at the end of the differentiation protocol

(day 21) by RT-qPCR analysis (Fig. 9). All the scaffolds showed no
significant upregulation of COL1A1 gene (Fig. 9A), a fibrocartilage
marker, in comparison to the control (hBMSC at day 0). KGN-loaded
electrospun scaffolds demonstrated significantly higher (p < 0.05)
expressions of COL2A1 (Fig. 9B), Sox9 (Fig. 9C) and ACAN (Fig. 9D)
genes in comparison to the non-loaded scaffolds. Moreover, no statis-
tically significant differences were observed between coaxial PGS-KGN/

Fig. 6. In vitro release kinetics of KGN from
coaxial PGS-KGN/PCL and monoaxial PCL-
KGN aligned nanofibers for 21 days at 37 °C,
pH=7.4 and 100 rpm: schematic re-
presentation of the coaxial PGS-KCN/PCL
and monoaxial PCL-KGN fibers (A), che-
mical structure of KGN (B), and cumulative
amount of KGN released as a function of
time and normalized to the weight of the
scaffold. Results are presented as
mean ± SD of five independent scaffolds
(n=5).

Fig. 7. Effects of KGN-loaded monoaxial and coaxial aligned nanofibers on hBMSC proliferation and morphology: Cell proliferation assay (A) and SEM images
showing hBMSC morphology on all the electrospun scaffolds tested (at day 21) (B). Results are presented as mean ± SD (n = 3). *p < 0.05. Scale bar: 10 μm.
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PCL and monoaxial PCL-KGN electrospun scaffolds. It is noteworthy
that all the electrospun scaffolds resulted in significant upregulation of
the PRG4 gene (Fig. 9E), which encodes for lubricin/superficial zone
protein (SZP) present in the superficial layer of articular cartilage and
responsible for lubrication at the joint surface.

4. Discussion

The fabrication of biomimetic scaffolds recreating the structural
features of articular cartilage ECM is crucial for successful tissue re-
generation. Biodegradable electrospun nanofiber scaffolds have been
extensively explored in combination with MSC for CTE applications
[7,33–35]. Synthetic polymers are commonly used to produce electro-
spun scaffolds for CTE due to their versatility, superior mechanical

Fig. 8. Effects of KGN-loaded monoaxial and coaxial aligned nanofibers on cartilage ECM production: sGAG amounts produced after 14 and 21 days (A) and
immunofluorescence analysis to evaluate the presence of collagen II on the electrospun scaffolds (at day 21) (B). For immunofluorescence staining, samples were
counterstained with DAPI. Results are presented as mean ± SD (n = 3). *p < 0.05. Scale bar: 50 μm.

Fig. 9. Effects of KGN-loaded monoaxial and coaxial aligned nanofibers on the gene expression of hBMSC evaluated by RT-qPCR after 21 days of chondrogenic
differentiation. Expressions of COL1A1 (A), COL2A1 (B), Sox9 (C), ACAN (D) and PRG4 (E) were normalized to GAPDH and calculated as a fold-change relative to the
baseline expression of the control sample (hBMSC before scaffold seeding at day 0). Results are presented as mean ± SD; n = 3; *p < 0.05.
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properties and higher consistency across batches [36]. Despite PGS
emergence as a promising scaffold material for a variety of tissue en-
gineering applications, processing of PGS prepolymer into stable fibrous
scaffolds by electrospinning is challenging due to its low molecular
weight and subsequent low solution viscosity even at high concentra-
tions [37]. Strategies used to overcome this limitation include blending
with other synthetic or natural materials or the adoption of coaxial fiber
configuration, encapsulating PGS in the core [38–41]. Remarkably, in a
recent study, Wu and colleagues reported the production of micro-
fibrous membranes solely composed of PGS by combining coaxial
electrospinning with an additional curing step and subsequent removal
of the shell material [42].

In this study, we used coaxial electrospinning to fabricate core-shell
PGS/PCL aligned nanofiber scaffolds able to mimic the structural fea-
tures of cartilage ECM, promote the delivery of a chondroinductive
small molecule and support cell culture. All the electrospun scaffolds
produced were comprised of fibers in the nanometer scale, which was
previously shown to be advantageous for MSC chondrogenic differ-
entiation [7,43]. Schagemann and colleagues observed enhanced
hBMSC chondrogenic differentiation in PCL nanofibrous scaffolds with
fiber diameters of approximately 400 nm in comparison to PCL micro-
fibrous scaffolds [43]. The core-shell structure of the coaxial PGS/PCL
scaffolds produced was clearly observed by SEM and TEM. The com-
posite nature of the coaxial fibers produced was further confirmed by
XRD, FTIR and DSC analysis, which was in accordance with previously
reported characterizations [44,45].

The coaxial PGS/PCL aligned nanofibrous scaffolds had an elastic
modulus of approximately 11.8 ± 0.7MPa, which is slightly higher,
but close to values previously reported for PGS-PCL blend aligned
scaffolds [18,44]. We observed that the core-shell configuration of the
coaxial fibers presented a much lower effect on the electrospun scaf-
fold's elastic modulus than fiber alignment. In fact, coaxial PGS/PCL
and monoaxial PCL aligned nanofiber scaffolds showed 2.3-fold and
2.5-fold higher elastic modulus than their respective non-aligned
counterparts. This is corroborated by a previous work, in which it was
reported that aligned PCL scaffolds afforded a 2.2-fold higher elastic
modulus compared to randomly oriented scaffolds [46]. Additionally,
Gaharwar et al. also observed similar behavior for aligned PGS-PCL
blend microfibrous scaffolds [44]. Importantly, our coaxial PGS/PCL
scaffold had an elastic modulus under tensile testing within the range of
the tensile modulus described for healthy cartilage (5–25MPa), which
varies considerably based on tissue location as result of zonal collagen
distribution [2]. In addition, as previously reported by Hou and col-
leagues for non-aligned coaxial PGS/PCL electrospun microfibers, there
is an advantageous possibility of tuning the scaffolds mechanical
properties by varying the amount of PGS present in the fiber core [40].

The degradation of both coaxial PGS/PCL and monoaxial PCL
aligned nanofibers was evaluated in vitro for 21 days under accelerated
hydrolytic conditions. PCL and PGS have considerably different bio-
degradation rates. While the fast degrading PGS is reported to be
completely resorbed in the body within 60 days, PCL has a resident time
in vivo of more than 2 years [47,48]. Accordingly, Masoumi et al.
showed that the degradation rate of PCL-PGS blend electrospun scaf-
folds was highly dependent on the PGS content [18]. After 21 days
under accelerated hydrolytic degradation, coaxial PGS/PCL nanofibers
afforded a much higher weight loss (23%) than the residual weight loss
verified for monoaxial PCL nanofibers (2.3%). In the first 7 days, a
higher degradation rate was observed for the coaxial fibers, possibly
due to a fast hydrolytic degradation of the encapsulated PGS. From day
7 onwards, a nearly linear mass loss suggests in vitro degradation by
surface erosion, which is the predominant mechanism described for
both PGS and PCL polymers [49,50]. Previously, Hou et al. reported a
weight loss of 26% for coaxial PGS/PCL microfibers after 12 days under
accelerated degradation conditions, however, the NaOH solution used
was twice as concentrated as the one used in this work [40]. Never-
theless, direct comparisons between different studies are difficult as the

degradation is dependent on many factors including scaffold structural
features (e.g. fiber diameter) [51].

The integration of chondroinductive factors such as proteins or
small molecules with biomimetic electrospun scaffolds appears to be a
promising route for improved CTE strategies. Small molecules (e.g.
KGN) offer important advantages over protein growth factors, such as
high stability and lower cost [52]. KGN has been described as a pro-
mising drug for cartilage regeneration in vivo. However, after injection,
small molecules like KGN are quickly cleared through the lymphatic
system, limiting its local effects and compromising its therapeutic ef-
fectiveness. Therefore, different drug delivery systems have been re-
cently developed to achieve the sustained and localized delivery of KGN
[23–28,53,54]. We speculated that coaxial aligned electropsun nano-
fibers able to release KGN in a controlled manner would promote
hBMSC chondrogenesis, and therefore, promising for improved CTE
strategies, particularly for the regeneration of the superficial zone. KGN
incorporation did not result in any meaningful change in the structure
of the electrospun scaffolds, which is in agreement with a recent study
using KGN-encapsulating fibrous membranes to enhance rotator cuff
tendon-bone healing [54]. Coaxial PGS-KGN/PCL aligned nanofibers
promoted a much more controlled in vitro release of KGN than mono-
axial PCL-KGN aligned nanofibers. This observation results from the
fact that in the coaxial configuration, KGN is confined in the core region
of the nanofibers and needs to first disperse through the shell polymer
before exits the fiber. In contrast, in the monoaxial PCL-KGN nanofi-
bers, KGN is randomly distributed throughout the nanofiber and pos-
sibly located on the fiber surface, which might explain the initial burst
release observed.

The bioactivity of the released KGN was assessed through the eva-
luation of KGN-loaded electrospun scaffolds ability to promote hBMSC
growth and chondrogenesis. Both coaxial PGS-KGN/PCL and PCL-KGN
aligned nanofibers significantly promoted the proliferation of hBMSC in
comparison to non-loaded scaffolds. These results are in agreement
with previous studies reporting the enhancing effect of KGN supple-
mentation in hBMSC growth [22,55]. Additionally, Zhu and colleagues
reported improved proliferation of human adipose-derived MSC in the
presence of KGN delivered from a chitosan-hyaluronic acid hydrogel,
which also supports our observations [53]. Importantly, our results
demonstrated that after 21 days of differentiation in the absence of
TGF-β3, both coaxial/monoaxial KGN-loaded electrospun scaffolds
promoted sGAG production and chondrogenic gene expression when
compared to the respective non-loaded scaffolds. In agreement, pre-
vious studies showed that KGN supplementation either as culture media
additive or through nanoparticle-mediated delivery promotes increased
sGAG production during the chondrogenic differentiation of hBMSC in
micromass cultures without TGF-β3 [25,56]. Regarding the upregula-
tion of chondrogenic markers in hBMSC-seeded KGN-loaded scaffolds,
similar trends were observed in previous studies using different KGN-
delivery systems combined with human MSC [25,53]. In agreement to
our results, Zhu et al. recently reported enhanced expressions of ACAN,
COL2 and Sox9 genes in rat bone MSC cultured in aligned KGN en-
capsulated PCL membranes in comparison to the membranes without
KGN [54]. Moreover, our observations are also supported by the results
from Yin et al., which observed significantly increased Sox9 and COL2
expressions in rabbit BMSC cultured on KGN-loaded P(LLA-CL)/col-
lagen nanofibrous scaffolds [57].

5. Conclusions

In summary, we have successfully fabricated and characterized
coaxial PGS/PCL aligned electrospun scaffolds able to mimic the na-
noscale and alignment of collagen fibers present in articular cartilage
ECM. The coaxial PGS/PCL aligned nanofibers produced were able to
promote a much more sustained release of KGN in comparison to
monoaxial PCL aligned scaffolds. Importantly, KGN-loaded aligned
nanofiber scaffolds promoted significantly the proliferation and
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chondrogenic differentiation of hBMSC, favoring cartilage-like ECM
production and gene expression, in the absence of chondrogenic cyto-
kine TGF-β3. Overall, our results highlight the potential of KGN-loaded
coaxial aligned nanofibers for the development of novel biomimetic
MSC-based strategies to regenerate articular cartilage, particularly for
the repair of defects in its superficial zone.
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