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The incidence of articular cartilage defects is increasing year by year. In order to repair the cartilage tissue at
the defect, scaffolds with nanofiber structure and biocompatibility have become a research hotspot. In this
study, we designed and fabricated a bi-layer scaffold prepared from an upper layer of drug-dispersed
gelatin methacrylate (GELMA) hydrogel and a lower layer of a drug-encapsulated coaxial fiber scaffold
prepared from silk fiber (SF) and polylactic acid (PLA). These bi-layer scaffolds have porosity (91.26 +
3.94%) sufficient to support material exchange and pore size suitable for cell culture and infiltration, as

well as mechanical properties (2.65 + 0.31 MPa) that meet the requirements of cartilage tissue

engineering. The coaxial fiber structure exhibited excellent drug release properties, maintaining drug
release for 14 days in PBS. In vitro experiments indicated that the scaffolds were not toxic to cells and
were amenable to chondrocyte migration. Notably, the growth of cells in a bi-layer scaffold presented
two states. In the hydrogel layer, cells grow through interconnected pores and take on a connective
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tissue-like shape. In the coaxial fiber layer, cells grow on the surface of the coaxial fiber mats and

appeared tablet-like. This is similar to the structure of the functional partitions of natural cartilage tissue.

DOI: 10.1039/d2ra00311b
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1. Introduction

Articular cartilage is a layer of connective tissue encased in the
surface of the joint, which has the function of bearing
mechanical load, lubricating the joint, maximizing absorption,
buffering stress, etc."” In cases of acute trauma and chronic
wear, articular cartilage will suffer from varying degrees of
damage, often causing joint pain, limited mobility, and even
loss of function.*” Due to the low degree of vascularization, the
nutrition of cartilage tissue mainly comes from the joint fluid,
and its ability to regenerate is very limited if a traumatic or
pathological event occurs.*” Currently, the methods used to
treat cartilage defects include surgeries contain microfractures,
autologous osteochondral transplantation, and autologous
chondrocyte implantation.®'* These treatments can improve
some of the symptoms, but some adverse reactions are re-
ported.'>*? In recent years, tissue engineering (TE) has made
considerable progress in obtaining functional articular carti-
lage. However, currently popular tissue engineering methods
are difficult to restore damaged sites to their normal state
because of their limited ability to rebuild anisotropic structures
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Together, the bi-layer scaffold can play a positive role in cartilage regeneration, which could be
a potential therapeutic choice to solve the current problems of clinical cartilage repair.

in native cartilage tissue.’*® Natural cartilage tissue consists of

several continuous but different regions, which have spatial
variability in fiber structure and mechanical properties. For
example, collagen fibers are parallel to the articular surface in
the superficial regions of the articular cartilage and even
perpendicular to the articular surface in the deep regions.>**”
Therefore, the ideal biological material should have the ability
to rebuild three-dimensional tissue and have the structure of
mimicking natural cartilage tissue.

At present, the main materials of scaffolds used in cartilage
tissue engineering include inorganic materials, ECM-based
materials, metals, and composite materials of the above-
mentioned materials.” Among them, PLA is a biodegradable
composite with high mechanical strength and biocompatibility,
so it is usually used as the preferred material for biological
scaffolds.”®" Due to the large brittleness at normal tempera-
ture, low fracture elongation and poor hydrophilicity, PLA is
currently mixed with other natural materials to improve its
related properties.” Natural polymers have been extensively
explored due to their structural similarity and biocompatibility
with natural GAGs.>**° Silk is the only natural fiber that exists in
the form of continuous filaments, and this unique advantage
contributes to the diversity of silk fiber applications.*** The
mixing of silk fiber and PLA can make up for the problem of
poor hydrophilicity of PLA and large brittleness at normal
temperature. Another popular protein natural polymer worth
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mentioning for cartilage repair is collagen. Collagen is the main
protein component constituting the ECM, and its derivative,
gelatin, has attracted much attention due to its excellent prop-
erties. Additionally, gelatin has been classified as Generally
Recognized as Safe by the U.S. Food and Drug Administration
(US FDA). The molecular structure of gelatin contains many
parts that form hydrogen bonds, such as carboxyl (-COOH),
amine (-NH,) and hydroxyl (-OH), so it is an excellent natural
material.**~**

Since many factors are involved in the process of cartilage
repair, different drugs can positively affect cartilage repair in
different ways during treatment. Among them, inhibiting the
inflammatory response in cartilage defects and promoting the
transformation of stem cells into chondrocytes have been
proved to be two important ways.*>*” With the deepening of
research, the combined use of drugs proved to be an effective
strategy to promote cartilage repair.***® Therefore, it is neces-
sary to simultaneously inhibit the inflammatory response in
cartilage defects and promote the transformation of stem cells
to chondrocytes to promote cartilage repair through the syner-
gistic effect of drugs. Sodium aescinate is a triterpenoid saponin
sodium salt extracted from the dried and ripe fruit of Aesculus
chinensis. Recent studies have shown that sodium aescinate
can significantly inhibit the inflammatory response of cells by
inhibiting the NF-kB pathway and up-regulating the expression
of TGF-B1.*" Kartogenin is a small molecule compound first
discovered by Johnson et al. in 2012, which could enhance
chondrogenic differentiation of human mesenchymal stem
cells (hMSCs).”> KGN binds filamin A, disrupting its interaction
with the transcription factor core binding factor beta subunit
(CBFB) and inducing cartilage formation by regulating the
CBFB-Runx1 transcription program.*

The purpose of this study was to exploit multifunctionality of
several materials to product a bi-layer scaffold for functional
cartilage tissue engineering. Although electrospinning mate-
rials have been successfully developed in the field of neural
tissue engineering, they have not yet been applied to a cartilage
system. Coaxial fibers and light-cured hydrogels have been
combined for the first time to product cartilage TE scaffolds.
The bi-layer scaffold was evaluated according to mechanical
properties and drug release properties. The correlation of bi-
layer scaffolds and cell co-culture was employed to test the
hypothesis whether the scaffolds exhibited similar properties to
native cartilage tissue and whether cartilage constructs that
mimic native cartilage could be generated after in vitro culture.
Through this work, we propose the design of a novel cartilage
scaffold with the ability to generate cartilage constructs close to
the properties of native cartilage, which provides new ideas for
cartilage defect repair.

2. Materials and methods
2.1 Materials

Poly lactic acid (Shanghai Hushi Laboratorial Equipment Co.,
Ltd, China), silk fibroin (Beijing Sinolactide Medical Tech-
nology Co., China); gelatins (Shanghai Hushi Laboratorial
Equipment Co., Ltd, China), kartogenin (APEXBIO Technology

© 2022 The Author(s). Published by the Royal Society of Chemistry
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LLC, America), sodium aescinate (Shandong Lvye Pharmaceu-
tical Co.,Ltd, China), methacrylic anhydride and lithium
phenyl(2,4,6-trimethylbenzoyl)phosphinate (Shanghai Macklin
Biochemical Co., Ltd, America), Dulbecco's modified eagle
medium/nutrient mixture F-12, penicillin/streptomycin solu-
tion and fetal bovine serum (Thermo Fisher Scientific (China)
Co., Ltd, America), 0.25% trypsin, CCK-8 tests fit and DAPI
solution, (Sangon Biotech (Shanghai) Co., Ltd, America), Dil
solution (Shanghai Yuanye Bio-Technology Co., Ltd, China),
Triton X-100 (Beyotime Biotech Inc., China), 4% para-
formaldehyde and 2.5% glutaraldehyde solution (Shanghai
Hushi Laboratorial Equipment Co., Ltd, China).

2.2 Preparation of SF/PLA coaxial fiber mats

The coaxial fiber mats were prepared using the method
described in studies,**** albeit with slight modifications.

First, a shell electrospinning solution was prepared by
successively dissolving 0.3 g of SF in 10 g of 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP). Second, the core solution was
prepared by dissolving PLA (7% w/v) and KGN (0.2% w/v) in
dichloromethane (DCM). After magnetic stirring at 25 °C for
12 h, all electrospinning solutions were sonicated at 42.5 kHz
for 2 h and then stored at 25 °C until further processing.

The two electrospinning solutions were aspirated into two
different syringes (10 mL each), respectively. Then syringes were
subsequently fixed to the electrospinning system (Elite electro-
spinning equipment, ET2016, Beijing Yongkang Le Ye Tech-
nology Development Co., Ltd, China). The conditions of the
coaxial electrospinning system were as follows: the injection
rate of the core and shell electrospinning solution was 0.15
mm min~*, the model of the coaxial needle was 18 G/26 G, the
positive and negative voltages were 15.61 and —3.29 kV,
respectively, and a receiving distance of 15 cm at 25 °C. During
the experiment, the indoor humidity was kept at 40%. A series
of sample mats with drug loading were fabricated. The resulting
mats were further dried in a vacuum oven at 40 °C for 12 h to
remove the residual organic solvent.

2.3 Preparation of bi-layer scaffold

2.3.1 Synthesis of GELMA. The GELMA were prepared
using the method described in previous studies,* albeit with
slight modifications. Briefly, 10% w/v gelatin was reacted with
methyl acrylic in a solution in deionized water for 3 hours at
50°Cat1: 0.6 (v/v). The reaction was stopped by adding enough
deionized water. The reactor solution was used in dialysis tubes
(12-14 kDa) for 1 week with ultrapure water at 40 °C to remove
excess methyl acrylic. Finally, the resulting solution was freeze-
dried at —120 °C and stored in the dark environment for further
use.

2.3.2 Preparation of bi-layer scaffold. The hydrogel
precursor solution was obtained by uniformly dispersing sterile
GELMA (10% w/v), sodium aescinate (0.2% w/v) and lithium
phenyl(2,4,6-trimethylbenzoyl)phosphinate  (0.25% w/v) in
deionized water. The mixed solution was kept on standby in
a dark environment of 37 °C.

RSC Adv, 2022, 12, 9524-9533 | 9525
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The fabrication process of the entire scaffold was shown in
Fig. 1. Briefly, small rectangular strips (length = 20 cm; width = 5
mm) were cut from the electrospinning mat prepared in 2.2, then
rolled into helical cylinders and placed in Teflon molds (diameter
= 1 cm). The 0.5 mL of the hydrogel precursor solution was
injected into it. We irradiated UV light (365 nm) for 10 seconds
from above the mold to fully crosslink the hydrogel layer.

Finally, the obtained bi-layer scaffold was frozen in a —80 °C
refrigerator for 24 hours. The bi-layer scaffolds were taken out
after being fully frozen, and freeze-dried at —100 °C for 12 hours
to obtain the finished product.

2.4 Characterizations

2.4.1 Morphological observation. The fiber structure of the
coaxial fiber membrane was characterized by a TEM (trans-
mission electron microscope, JEM-1400Plus, JEOL, Japan), and
the diameter of the fiber inner and outer layers was measured
on the perspective electron microscope photo with Nano
Measurer 1.2. Characterize the pattern of the upper and lower
layers of the bracket by SEM (scanning electron microscope,
JSM-IT300, JEOL, Japan).

2.4.2 Porosity. The average pore size of scanned electron
microscope images of the scaffold using Nano Measurer 1.2.
The porosity (%) of the scaffold is measured by specific gravity
method. After the prepared gel was lyophilized, it was weighed
(Wy) and calculated (V,). Next, the sample was put in
a container, the ethanol was added into it, and a constant
weight was record as (W;). Each sample is measured 5 times and
the average value is taken. From to the density of ethanol (p), the

pore volume (V},) was calculated using the following formula:
v, — W, — W,
p

The formula of porosity (%) was as follows:

Porosity (%) = % x 100%
0

2.4.3 Mechanical testing. The compressive mechanical
properties of the SF/PLA coaxial fibers, GELMA hydrogels and
bi-layer scaffold (n = 5) were tested by performing uniaxial
unconfined compression tests. In order to reduce the error
caused by the measurement, we prepared the samples into
cylindrical samples with same shape (10 mm in diameter and
10 mm in height) and tested them. Before the test begins, the
cylindrical samples were soaked in PBS to fully swell. The
experiment was carried out using an electronic universal
material test machine (electronic universal material test
machine, Instron 5967, Instron, America) equipped with a 10 N
load cell and a strain rate of 0.1 mm min~". The compressive
modulus of the scaffold was calculated using the slope of the
partial region (10-15% strain) of the stress-strain curve.

2.4.4 Swelling test. The swelling ratio of the hydrogel was
measured by the swelling test. The hydrogel layer, the fiber layer
and the whole scaffold were freeze-dried respectively, then
weighed and recorded as W,. Then they were immersed in PBS
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solution (pH = 7.4) at 37 °C and taken out at different times to
remove the external moisture, weighed, and recorded as W,
until swelling equilibrium was established. The swelling ratio
was calculated by the following equation:

Swelling ratio (%) = Wi x 100%
Wo

where W, and W, represent the initial weight at drying and the
weight obtained after different swelling times, respectively.

2.4.5 Degradation of the scaffold. The scaffold degradation
experiments were performed in PBS solution. The scaffolds
were first weighed as W,, then immersed in PBS (pH = 7.4) and
placed in a 37 °C thermostatic shaker at 100 rpm. At 1,2, 3, 6, 9,
12, 15, 20, 25, and 30 days, scaffolds were removed from the
medium and freeze dried. The weight of the scaffold sample
obtained after the degradation process was noted as W,. The
degradation of scaffolds was calculated by the formula:

Wy — W,
0

Degradation (%) =1 — x 100%

2.5 In vitro release testing

The release experiments of KGN were carried out in 5 mL tubes.
The scaffolds were placed in test tubes, 3 mL of PBS solution
(pH = 7.4) was added and the tubes were placed in a constant
temperature shaker at 37 °C. At each time point (1, 2, 3, 4, 6, 8,
10, 13, 16, 19 days), 1 mL of release solution was extracted from
the tube and replaced with fresh PBS solution (n = 6). The
concentration of the drug solution was determined by HPLC
(High Performance Liquid Chromatography, €2695-2489,
Waters, America). The formula for the cumulative release rate
of KGN was as follows:

The cumulative release rate (KGN) =

Wi 0
17 x 100%
where W; represented the cumulative release of KGN at different
times, and W, represented the total load of KGN in the scaffold.

The release rate experiments of SA were like those of KGN.
Briefly, the scaffold was placed in a centrifuge tube, and 3 mL of
PBS solution (pH = 7.4) was added. The tubes were placed in
a constant temperature shaker at 37 °C. At each time point, the
1 mL of release solution was collected from the tube and
replaced with fresh PBS (n = 6). The concentration of the drug
solution was determined by UVs (Ultraviolet-visible Spectro-
photometer, UV2600, Shimadzu, Japan). The formula for the
cumulative release rate of SA was as follows:

Wi

0

x 100%

The cumulative release rate (SA) =

where W; represented the cumulative release of SA at different
times, and W, represented the total load of SA in the scaffold.

2.6 Cytotoxicity assay and cell adhesion

The cytocompatibility of scaffolds was evaluated by cytotoxicity
assay. The experimental groups of cytocompatibility were as
follows: GELMA group, GELMA/SA group, SF/PLA group, SF/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PLA/KGN group, bi-layer scaffold group and the blank control
group. The scaffolds were placed in 24-well plates and sterilized,
soaked in culture medium for 24 h.

In this study, we used the CCK-8 assay to detect cytotoxicity.
The specific procedure was as follows: in an incubator (37 °C,
5% CO,), the annulus fibrosus cells were grown in the medium
(Dulbecco's modified eagle medium/nutrient mixture F-12
containing 1% penicillin/streptomycin solution and 20% fetal
bovine serum) and passed 2-3 generations wait for use. The
passaged cells were digested with trypsin and shook, diluted to
add 100 pL of cell suspension to each well of the plate with
a concentration of 1 x 10° cells per mL. Each group contained 6
replicate wells. The toxicity tests were performed on the day 1,
day 3, and day 5, respectively. At each time point, the original
medium was replaced with fresh medium containing 10% CCK-
8 solution, and incubated for 2 h. After the end, the absorbance
of each well was detected with an enzyme-labeled instrument.

Annulus fibrosus cells were inoculated on the scaffold at
a density of 1 x 10° cells per mL and cultured in an incubator
(37 °C, 5% CO,). Five days later, cells in the scaffold were
immobilized with 4% paraformaldehyde for 30 minutes, fol-
lowed by 0.1% Triton X-100 for 15 minutes to increase cell
permeability. Subsequently, cell membranes were stained with
Dil and nuclei were stained with DAPI for 30 minutes, respec-
tively. Finally, the morphology of the annulus fibrosus cells in
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the scaffold was observed and photographed under FIM (fluo-
rescence inverted microscope, Leica, Germany).

After 5 days of culture, the cells on the nails were fixed with
2.5% glutaraldehyde solution for 30 min, and then dehydrated
with ethanol and isoamyl acetate. After critical point drying, the
growth morphology of chondrocytes was observed by SEM.

2.7 Statistical analysis

All quantitative data in this paper were expressed as means +
standard deviation. Statistical analyses were performed with
one-way analysis of variance (ANOVA) and post hoc tests. The
significant difference levels between groups were set as *P < 0.05
and **P < 0.01.

3. Results

3.1 Scaffolds morphology

In this study, the process of preparing the bi-layer scaffolds were
illustrated in Fig. 1. The Fig. 2A and B showed that the bi-layer
scaffold consisted of a GELMA layer of about 5 mm in the upper
part and a coaxial fiber layer of about 5 mm of in the lower part,
which was forming a layered structure similar to cartilage
tissue. As shown in the Fig. 2C, the two layers could be well
integrated into a single structure, with clear boundaries
between the hydrogel and fiber layers. The porosity of both the

i1t
[

e Kartogenin

Lithium Phenyl(2,4,6-

P
Hydrogel Layer

Electrospun Mats Layer

B sodium aescinate

trimethylbenzoyl)phosphinate

CHy

CHy

Fig.1 Schematic of the fabrication of the bi-layer scaffold: (I) electrospinning onto a rotating drum; (Il) cutting cylinders from the electrospun
mats for building the lower layer; (I1l) rolling a small rectangle from the electrospun mats; (V) 10% w/v gelatin was reacted with ma in a solution in
deionized water at 50 °C; (V) hydrogel precursor solution was UV-crosslinked to leave unreacted free-radicals available for chemical binding with

the higher layer hydrogel.
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Fig. 2

(A and B) The appearance of the scaffold; (C) the SEM of vertical cut of the scaffold; (D) the SEM of spiral structure of the electrospinning

mats layer; (E and F) the SEM of hydrogel layer (200 pm, 30 um); (G) the SEM of electrospinning mats layer; (H) the tem of coxical fiber.

fiber layer and the hydrogel layer was greater than 80% (94.84 +
3.72% for fiber layer and 85.93 + 4.81% for hydrogel layer) and
the porosity of the bi-layer scaffold was 91.26 + 3.94%.

The SEM image showed the construction of the fiber layer
scaffold in Fig. 2D and G. In the fiber layer, the thickness of
coaxial fiber mats was about 100 pm and the gap between mats
was 20-40 um. Simultaneously, the construction of the coaxial
fibers was visualized through TEM. As shown in Fig. 2H, the
coaxial fibers were highly aligned with a mean diameter of 269
=+ 24 nm and the core fibers were with a mean diameter of 115 +
10 nm. The SEM image showed the construction of the hydrogel
layer scaffold in Fig. 2E and F. The GELMA hydrogels had
a continuous network structure and the diameter of pore of
hydrogels was mostly 100 pm as illustrated in Table 1.

3.2 Mechanical properties

The compressive modulus was shown for the GELMA hydrogels,
SF/PLA coaxial fibers mats and corresponding bi-layer scaffold

Table 1 Scaffold pore size and percentage porosity

Scaffold type Mean pore size Porosity (%)

GelMA 103.55 + 11.7 (um) 85.93 + 4.84
Coaxial fiber 256.32 + 25.1 (nm) 94.84 + 3.72
Bi-layer scaffold — 91.26 + 3.94

Compressive Modulus (MPa)

0 60 120 180 210 300 360 420 450 510 600
“Times (min)

Electrospun Mat

Hydrogel

Fig. 3

composites in Fig. 3A. Compared to pure hydrogels, the bi-layer
scaffold exhibited enhanced load bearing capacities (P < 0.01).
The compressive modulus of hydrogel layer (196.7 &+ 5.3 kPa)
was remarkably low compared with that of human articular
cartilage (=1 MPa). The compressed modulus of the fiber layer
reaches 6.11 & 0.62 MPa, but the deformation that is brought to
the fiber layer is irreversible. Noticeably, compressive modulus
was increased by up to 10-times (2.65 & 0.31 MPa) in the bi-layer
scaffold construct, reached a level comparable to that of native
cartilage.

Meanwhile, the swelling behaviour of various hydrogels is
shown in Fig. 3B. The swelling ratio of the monolayer hydrogel
was 7.10 £ 0.18 about 4 times that of the fiber layer (1.77 +
0.24). The swelling ratio of the overall scaffold was 4.73 + 0.22.
The degradation profiles of the bi-layer scaffold were further
monitored and shown in Fig. 3C. At the end of 30 days, the
remaining mass rate of GELMA hydrogel reached to 18.4 +
1.9%. With the addition of coaxial fibers, the remaining mass
rate of the bi-layer scaffold was 31.5 + 1.8%. During degrada-
tion profiles, the pH of each material group remained virtually
unchanged.

3.3 Drug release

The release of drugs from the different combined methods was
investigated by immersion experiments. The SA combined by
electrostatic adsorption showed an initial drug release of 72.1 +

—— Electrospun Mat
—s— Hydrogel
—4— Composite

Remaining Mass(%)

Release Percent (%)

15 20

0 5 10 15 20 2 ) 0

5 2 10
Times (Day) Times (Day)

(A) The compressive modulus of bi-layer scaffold with different layers (**P < 0.01); (B) the swelling curve of the scaffold; (C) the remaining

mass of bi-layer scaffold with different layers, (D) the cumulative release rate of drugs from bi-layer scaffold.
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2.94% within 1 h, followed by a rapid release until 24 h, and the
cumulative release rate reached 50 in 1 d. In contrast with SA,
the KGN of coaxial fibers showed a 70 times lower release within
1 d. The coaxial fibers showed an initial drug release of 0.9 +
0.14% within 12 h, followed by a fast release until 4 d and
a steady release from 3 d to 8 d dominated by drug diffusion.
Subsequently, another phase of rapid release could be detected
from 8 d to 16 d, which resulted in almost completed release
after 16 d (82.5 £ 3.94%, Fig. 3D).

3.4 Cell cytotoxicity

After culturing the cells for 3 days, the OD values of each groups
increased, indicating that the micro environment provided by
scaffold were suitable for cell growth and proliferation (Fig. 4A).
On the first day, the OD values for each group were almost
identical, with no obvious difference. After the 3 days of culture,
the OD values of the experimental groups were all higher than
the control group and the OD value of cells in the bi-layer
scaffold group was higher than that in the other groups (*P <
0.05). The activity of the cells was not affected as the drug was
introduced into the material.

The DAPI (nucleus, blue) and Dil (cell membrane, red)
fluorescent staining of annulus fibrosus cells cultured with
material leachate for 5 days was shown in the Fig. 4B. In the
control group, the cells had grown from their original circles to

Control
A GELMA §
[ Control GELMA [l GELMA/SA
9.5+ L |SF/PLA [N SF/PLA/KGN
I Tvo-layer scaffold *
SA
SF/PLA S
1 3
Times (Days)
SF/PLA/
KGN

Scaftfold

Fig. 4
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spindles with small numbers of axons, but in smaller quantities
and slower growth. For the bi-layer scaffold groups and the SF/
PLA/KGN groups, the number of the cells were obviously more
than other groups. The cells became denser and had contacted
with each other to form larger aggregates on the scaffolds,
which indicated the presence of ECM. The visible axons of cells
in the hydrogel groups had grown longer, indicating that the
release of KGN facilitated the growth of the annulus fibrosus
cells.

3.5 Morphology and distribution of cells in bi-layer scaffolds

The Fig. 5C and D presented the SEM images of annulus
fibrosus cells which were seeded on the bi-layer scaffolds. The
cells in the scaffold could be identified as marked by the white
arrows. In Fig. 5D, the annulus fibrosus cells, attached to the
walls of holes, are randomly distributed in the holes of the
hydrogel layer. In contrast, the Fig. 5C presented that cell grow
on the surface of the coaxial fiber mats (removed the coaxial
fibers layer). Furthermore, we observed denser cell numbers
and morphology on the coaxial fiber layer compared to the
hydrogel layer, which is consistent with the results of the cyto-
toxicity assay.

Due to the light transmission properties of the hydrogel, we
could observe lots of cells dispersed inside the hydrogel layer in
Fig. 5B, which was consistent with Fig. 5D. In Fig. 5A, cells had

DAPI

GELMA/ [

(A) The OD values of annulus fibrosus cells cultured in the presence of each group of materials after 1 day, 3 days and 5 days in culture (*P

< 0.05). (B) The Dil and DAPI fluorescence staining of annulus fibrosus cells cultured with materials for 5 days. the scale bar is 50 um.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The FIM images of chondrocytes morphology on the electrospinning mats layer (A) and hydrogel layer (B) after culture for 5 days; the SEM
images of chondrocytes morphology on the electrospinning mats layer (C) and hydrogel layer (D) after culture for 5 days (200x magnification);
the SEM images of chondrocytes morphology on the electrospinning mats layer (E) and hydrogel layer (F) after culture for 5 days (1000x

magnification).

grown to a spindle shape with lots of axons, and all cells grew
along the coaxial fiber mats, which is consistent with Fig. 5C.

4. Discussion

The aim of this study was to design a new bi-layer scaffold for
cartilage repair and to investigate the effect of scaffold on the
response of seeded cells in vitro. The results showed that bi-
layer scaffold had higher porosity, and these scaffolds were
able to stimulate cells to exhibit higher levels of growth.
Previous studies have shown that the presence of KGN signifi-
cantly promotes chondrogenesis and chondrocyte prolifera-
tion,*** which is consist scaffold with our experimental results.
After the day 5 of culture, the OD values of the experimental
groups were all higher than the control group, and the OD value
of cells in the bi-layer scaffold group was significantly higher
than that of the control groups (*P < 0.05). In the Fig. 4B, the
number of the cells were significantly more than other groups.
The cells in the bilayer scaffold group contacted each other to
form larger aggregates, indicating that there was already
a tendency to generate ECM.

Morphologically, the porosity of fiber layer scaffold was
lower than hydrogel layer, which was due to the smaller fiber
diameter (269 + 24 nm). Higher porosity led to an easy exchange
of substances, which is beneficial for cell growth.*>*° Therefore,
cartilage regeneration required multidimensional regulation of
the joint microenvironment in space and time, which was very
important for the quality of cartilage tissue after regeneration.*®
According to Kap-Soo Han et al., scaffolds with pores of 50-180
pum and a porosity of 60-80% are most favorable for chon-
drocyte proliferation.* But interestingly, scaffolds with higher
than 90% porosity still promoted chondrocyte growth. As
illustrated in Fig. 5C and D, cells grew much denser on fiber

9530 | RSC Adv, 2022, 12, 9524-9533

layer than cells in hydrogel layer. Due to the introduction of
coaxial fibers, the compressive modulus of the bi-layer scaffold
(2.65 &+ 0.31 MPa) was ten times that of the hydrogel. On the one
hand, the introduction of PLA in the scaffold system changed
the mechanical properties of the scaffold. On the other hand,
the structural design of the bi-layer scaffold played a key role in
the change of the compressive modulus of the bracket. At
present, clinical cartilage repair surgery often brought
a problem that cartilage defect would form a collapse after
surgery.®> The main reason for this phenomenon was that the
current clinical treatment methods lack guidance for the growth
of chondrocytes, so the tissue structure after the repair of
cartilage defects was similar to the superficial zone of natural
cartilage.>® The radial zone of natural cartilage mainly played
a role in mechanics, so the disappearance of this area leads to
the collapse of newly formed cartilage tissue under the
compression of external forces.*»**>* In this study, the structure
of the fiber layer mimicked the bund radial zone of natural
cartilage, which both changed the compressive modulus of the
scaffold and has an impact on the growth trend of the cell. From
the sight of TE, improving the mechanical properties of scaf-
folds was beneficial especially for their performance in vivo.*®
The mechanical properties of cell matrices or scaffolds had
been shown to affect the growth state of cells in vitro.>

The synergistic effect of drugs has been recognized as an
effective strategy to assist cartilage repair in recent years.*»**%
Drugs could be embedded into scaffold by different drug
loading techniques such as electrostatic adsorption and coaxial
electrospinning etc. The methods for drug incorporation
potentially impacted drug distribution and ultimately drug
release profiles.®® The drugs wrapped in the core layer of coaxial
fibers can be slowly released as degradation behavior prog-
resses.®* At the beginning of scaffold design, we assumed that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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different drug loading forms could lead to different release rates
of the two drugs. The SA showed an initial drug release of 72.1%
within 1 h in the Fig. 3D. Because SA was attached to the
hydrogel by electrostatic adsorption, the SA quickly fell off the
scaffold when scaffold was implanted in the tissue fluid. The
rapid release of SA was determined by the method of drug
loading. The SA in the scaffold was fixed on the surface of the
scaffold by electrostatic adsorption. When the scaffold was
immersed in deionized water, the electrostatic force was
destroyed, so the SA falls off the scaffold and disperses in the
water. In contrast, the release rate of KGN was very slow.
Because KGN was embedded in the core layer of the coaxial
fiber, the PLA of core layer was less in contact with the tissue
fluid, which made the slow rate of release at the beginning of
degradation as illustrated in Fig. 3C and D. Started from the day
3, the rate of KGN release begun to slowly accelerate because the
silk fiber in the shell layer of the coaxial fiber begun to degrade.
With the contact area of the PLA with the interstitial fluid
begins to increase, KGN was more easily released into the
interstitial fluid. The degradation curve of the scaffold also
proved this in the Fig. 3C. On the day 15, the rate of degradation
of the scaffold suddenly increased, possibly because the scaf-
fold had changed morphologically during the degradation
process. However, KGN had almost reached the maximum
release rate by day 15, the sudden increase in degradation rate
did not have much impact on the release behavior of KGN. In
the early stages of cartilage repair, the inflammatory response
could hinder the growth of chondrocytes.'®%>% Therefore, the
rapid release of SA could effectively inhibit the occurrence of
early inflammatory responses after cartilage scaffold is
implanted in the body. During the slow release process, KGN
could be maintained at an effective concentration for a long
time and induced stem cells to differentiate into chon-
drocytes.* In the Fig. 4B, the result proved that the combination
of drugs and artificial timing administration according to the
process of tissue repair were conducive to the rapid growth of
cells in the damaged area.

Fig. 5 showed the different growth morphologies of cells in
the two-layer scaffold. Compared to hydrogel layer, we observed
that the amount and morphology of cells on coaxial fiber layer
were denser, which was in accordance with the result of cell
viability and proliferation as shown in Fig. 4A. This condition
could be caused by local concentration differences in release of
KGN. The difference in the growth morphology of the cells on
the fiber layer and the hydrogel layer was caused by physical
factors. The annulus fibrosus cells, attached to the walls of
holes, were randomly distributed in the holes of the hydrogel
layer. This result might be caused by the porous structure on the
surface of the hydrogel material in the Fig. 2E and F. Because of
the existence of the three-dimensional structure of the hydrogel,
sufficient space was obtained for the metabolism and exchange
of substances in cells, which had a positive effect on cell growth
and proliferation. In contract, the structural design of fiber layer
encouraged the cells to grow vertically in the Fig. 2D and G. The
pore size of the coaxial fiber membrane was about 135 nm,
which was much smaller than the distance that cells can grow
through.®>*® But, the average length of the gaps between the
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fiber mats was sufficient to support the growth of cells, which
leads to the phenomenon of cells growing against the spiral
fiber mats. Cells grown along the surface of the fiber mats would
eventually form a spiral tissue, which to a certain extent
mimicked the shape of the radial zone of natural cartilage. In
summary, the different behaviors of cells in the process of in
vitro migration and formation of cartilage tissue indicated that
the structure of the scaffold plays a role in the type of synthetic
cartilage tissue.

5. Conclusion

To sum up, the SF/PLA/GEL composite scaffold is prepared by
electrospinning technology and photocurable hydrogel tech-
nology, with excellent physical and chemical properties. More
importantly, compared with the traditional cartilage repair
scaffold, the bi-layer scaffold in this study provides good cell
adhesion, vitality, and proliferation due to the presence of
natural materials in the coaxial fiber structure. Through the
structural design of the bi-layer scaffold, it provides the possi-
bility to achieve the repair goal of the functional structure of
natural cartilage tissue. While the results show that the bi-layer
scaffold has a good application prospect in the surgical appli-
cation of articular cartilage, additional studies must be con-
ducted to better tune the degradation rate of the scaffold to
align with the cartilage growth rate. Future work will focus on
the internal integrity of cartilage regeneration and the person-
alization of cartilage tissue repair for different individuals and
different parts.
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