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Keywords:
 Degenerated cartilage tissues remain a burgeoning issue to be tackled, while bioactive engineering products available
for optimal cartilage regeneration are scarce. In the present study, two-dimensional (2DS) poly(L-lactide-co-ε-
caprolactone)/silk fibroin (PLCL/SF)-based scaffolds were fabricated by conjugate electrospinning method, which
were then cross-linked with chondroitin sulfate (CS) to further enhance their mechanical and biological performance.
Afterwards, three-dimensional (3D) PLCL/SF scaffolds (3DS) and CS-crosslinked 3D scaffolds (3DCSS) with tailored
size were successfully fabricated by an in-situ gas foaming in a confined mold followed by freeze-dried. Gas-foamed
scaffolds displayed high porosity, rapid water uptake, and stable mechanical properties. While all of the scaffolds ex-
hibited good cytocompatibility in vitro; 3DCSS showed better cell seeding efficiency and chondro-protective effect
compared to other scaffolds. Besides, 3DCSS scaffolds supported the formation of more mature cartilage-like tissues
along with the best repair outcome in a rabbit articular cartilage defect model in vivo, as well as less expression level
of pro-inflammatory cytokines, including interleukin (IL)-1β and tumor necrosis factor (TNF)-α than that of the
other groups. Taken together, 3DCSS may provide an alternative therapeutic option for cartilage tissue repair.
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1. Introduction

Articular cartilage injuries, resulting from the acute or repetitive
trauma, osteoarthritis or various other joint disorders, pose a substantial
burden globally, which may cause permanent disability and discomfort
influencing the quality of life [1]. Cartilage has a limited intrinsic healing
capacity due to the lack of vascularization and innervation network as
well as its isolation from the peripheral circulation. Therefore, cartilage in-
juries remain one of the most problematic diseases for orthopedic surgeons
[2]. A variety of clinical approaches, such as drilling, mosaicplasty,
microfracture, and autologous chondrocyte implantation (ACI), matrix-
assisted chondrocyte implantation (MACI) have been proposed for
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restoring normal joint congruity and minimize further joint degeneration
[3,4]. However, none of these techniques has achieved success for the func-
tional cartilage repair owing to the prior surgical procedures, less numbers
of donors as well as the low elasticity and toughness of neo-cartilage tissues
[5,6]. To overcome the clinical shortage of synthetic cartilage substitutes,
cartilage tissue engineering (CTE) has been put forwarded [7].

Since scaffolds play a significant role in CTE, it is essential to engineer
an ideal platform exhibiting characteristics, such as biocompatibility, bio-
degradability, and sufficient mechanical strength to support cell differenti-
ation andmatrix production [8]. Numerous strategies have been devised to
afford CTE scaffolds, such as phase separation, knitting, 3D printing, and
electrospinning; the latter has gathered significant attention of the research
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community owing to its applicability to a myriad of materials with high
nanofiber production efficiency [9–11]. Nonetheless, the morphology of
the membranes assembled from normal electrospinning is generally com-
prised of dense-packed randomly-aligned fiber layers with only superficial
pores, impeding cellular infiltration necessary to form 3D tissues [12]. Con-
jugate electrospinning, which utilizes double metal spinnerets with oppo-
site charges, has been extensively researched to fabricate nanoyarn
scaffold manifesting a highly organized structure for annulus fibrosus or
vascular tissue engineering [13]. Meanwhile, the simultaneous operation
of two nozzles promotes the efficiency of the fabrication process. Although
membranes assembled from conjugate electrospinning have achieved some
improvements in the topological arrangement and porosity as compared to
those fabricated by using conventional electrospinning, the tightly-packed
fibers' organization still limits cellular infiltration [14]. Thus, there is a
dire need to devise strategies to convert 2D nanofibrous membranes into
3D-like porous structures.

An array of post-treatment methods, such as gas foaming, self-assembly
of short fibers, and electrospraying have been proposed for transforming
2Dmembranes into 3D scaffolds [15,16]. Among, gas foaming, which either
utilizes gas bubbles generated in situ via a chemical reaction (e.g., the decom-
position of sodium borohydride, NaBH4) or the addition of an inert gas, re-
quires uncomplicated equipment, and can be used in almost all
experimental settings, rendering it as an efficient method for fabricating
3D nanofiber matrices with layered structures [17,18]. Although gas-
foaming has beenwidely exploited for fabricating porous scaffolds, the selec-
tion of the syntheticmaterial inmost of the cases, including the use of hydro-
phobic polymers, such as nylon, poly(vinylene difluoride) (PVDF), and
polycaprolactone (PCL) renders the scaffolds lacking cell recognition cues
[19,20]. These scaffolds require further modification by plasma, or coating
with extracellular matrix (ECM)-derived proteins or peptides to improve
their hydrophilicity and cytocompatibility [21,22]. Alternatively, natural
and synthetic materials were combined to prepare hybrid gas-foamed scaf-
folds for wound healing or nerve regeneration, but how to improve their bi-
ological functionality, such as the induction of cell differentiation and
promotion of specific cellular matrix secretion is still a challenge [23,24].
It is well-known that the cartilage degeneration exacerbates inflammation
in the joints, leading to an overproduction of pro-inflammatory mediators
[25]. The establishment of a microenvironment that may promote cartilage
proliferation, maintains the cell phenotype as well as attenuates inflamma-
tion is therefore highly beneficial for cartilage regeneration. Furthermore,
the control of the thickness of gas-foamed scaffold has received only a little
attention. It is difficult to precisely control the size of the scaffolds merely
by varying the concentration of the foamingmedium or the processing time.

In this study, we designed chondroitin sulfate (CS)-crosslinked 3D poly
(L-lactide-co-ε-caprolactone)/silk fibroin (PLCL/SF) scaffolds (3DCSS) with
precise thickness and evaluated their potential for cartilage regeneration.
The SF can enhance the hydrophilicity of the hybrid scaffold and promote
cell proliferation, while also possesses a low inflammatory potential [26].
On the other hand, the CS is the physiological component of the cartilage,
possessing numerous useful merits, including anti-inflammatory activity,
water and nutrients' absorption, and chondrogenic potential at cellular
level that helps restore structure and function of the articular cartilage
[27]. Briefly, 2D PLCL/SF nanofibrous scaffolds (2DS) were afforded by
conjugate electrospinning, followed by crosslinking with the CS by using
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS). Then, scaffolds were loaded into a manually
fabricated mold and immersed into gas foaming solution (sodium borohy-
dride, NaBH4) to obtain porous 3DCSS with tailored size. We hypothesize
that 3DCSS scaffolds feature precise thickness, better biomechanical and bi-
ological properties, which concurrently encourage cellular infiltration,
chondrification, cartilage-specific ECMmatrix secretion, and inflammation
resolution. After a thorough characterization, including the composition,
morphology, mechanical properties, cytocompatibility, and inflammatory
response, the scaffolds were investigated in terms of the chondro-
inductivity for up to 6 weeks in an in vitro culture as well as in an in vivo ar-
ticular cartilage defect model in rabbits (Fig. 1).
2

2. Experimental

2.1. Materials

Poly(L-lactide-co-ε-caprolactone) (PLCL, Mw = 300 kDa, L-lactide acid
to ε-caprolactone mole ratio, 50:50) was purchased by Jinan Daigang Bio-
material Co., Ltd. (Jinan, China). Hexafluoroisopropanol (HFIP) was ob-
tained from Shanghai Darui Fine Chemical Co., Ltd. (Shanghai, China).
Cocoon of B. mori silkworm was purchased from Huzhou Silk Co., Ltd.
(Huzhou, China). Chondroitin sulfate sodium salt (CS, purity, 95%, from
porcine cartilage was obtained fromMacklin Biochemical Co., Ltd. (Shang-
hai, China). Sodium borohydride (purity, ≥98%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 2,2-Diphenyl-
1-picrylhydrazyl (DPPH) was purchased from Sinopharm Chemical Re-
agent Co. Ltd. (Shanghai, China).

2.2. Fabrication of two-dimensional nanofiber mats

A purpose-built electrospinning device (SS-3556H, Ucalery, Beijing,
China) with a double-nozzle conjugated electrospinning system was uti-
lized to fabricate two-dimensional PLCL/SF scaffolds (2DS) as described
previously [28]. PLCL and SF were dissolved in HFIP in a mass ratio of
8:2 at a total concentration of 10% (w/v). The mixed solution was loaded
into two oppositely positioned syringes (10-mL) with blunt-ended 20 G
needles and pumped at a flow rate of 1.2 mL/h. A high-voltage with posi-
tive (+12 kV) and negative (−12 kV) static current was introduced on
the needles on each side. During electrospinning process, the nanofibers
carrying opposite charges were intertwined in the air, and a rotating circu-
lar drum (500 rpm) was placed between two jets to collect the arranged
2DS.

2.3. Fabrication of 3D PLCL/SF scaffolds and CS-crosslinked scaffolds

Prior to the fabrication of 3D PLCL/SF scaffolds (3DS), 2DS were cross-
linked to improve the stability of membranes. 2DSwere submerged into 50
mL of mixed cross-linking agent containing 0.49 g (50 mM) of 2-
morpholinoethanesulfonic acid (MES), 0.29 g EDC (30 mM), and 0.046 g
NHS (8 mM) for up to 6 h. The cross-linked membranes were washed
with deionized water three times and then dried in a vacuum oven at 37
°C. Subsequently, 0.38 g of NaBH4 was added to 20 mL of deionized
water to prepare the foaming agent (concentration: 0.5 M). 2DS were im-
mersed into 20 mL foaming agent and removed from the medium at pre-
determined time point. After rinsing with the deionized water three times
and freeze-drying, the dried porous 3DS was obtained. The production of
hydrogen bubbles from NaBH4 solution is based on the equation (Eq. (1)):

NaBH4 þ 2H2O ! NaBO2 þ 4H2 " (1)

To obtain CS-crosslinked 3D scaffolds (3DCSS), the same cross-linking
agent as mentioned above was firstly prepared with the only difference
that 1 g of CS (w/v: 2%) was added into the 50 mL of crosslinking agent.
2DS were immersed into the cross-linking agent containing CS for 6 h. Sub-
sequently, free CS and salt on the 2DS were washed with deionized water
for three times. After drying, the CS cross-linked 2D membranes were
treated with the above gas foaming method and subsequently processed
(rinsed and freeze-dried) to afford 3DCSS.

For preparing 3D gas-foamed nanofiber scaffolds with precise controlla-
ble thickness, a mold with pre-determined height (3 mm) was employed.
Briefly, a concave mold made of hot-poured Teflon was used as a base,
and a matching-sized glass was then covered and adhered to the base by
using light-curing glue. The electrospun nanofiber mat was placed at the
center of the mold and immersed into the NaBH4 solution as described
above. After half an hour, the holder was removed and rinsed thrice with
deionized water with the scaffold inside. After freeze-drying, 3DS or
3DCSS with precise thickness were obtained.



Fig. 1. Schematic illustration of the preparation of 2DS, 3DS, and 3DCSS scaffolds for CTE. 2DS were fabricated by conjugate electrospinning, crosslinked via CS, and
expanded by using gas foaming. The bioactivity of membranes was assessed in vitro and in vivo.
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2.4. Characterization

The bulk volume of samples was measured by ethanol displacement
method [20]. The volume percentage of specimens (square-shaped,
length = 10 mm; thickness = 0.5–7 mm) was then calculated by dividing
volume of the gas foamed scaffold at different time intervals with the vol-
ume of the initial membrane. The bulk density of specimens was calculated
by dividing the mass of specimen with its bulk volume. The porosity of the
nanofiber membranes and expanded scaffolds was measured by the liquid
displacement method and calculated according to Eq. (2) [29]:

P %ð Þ ¼ Ws gð Þ–Wd gð Þ
r g=cm3ð Þ � V cm3ð Þ � 100% (2)

where P is the porosity, ws is the weight of the sample after soaking in eth-
anol for up to 10 min with a density of ‘r’, Wd is the weight of the dry scaf-
fold, and V is the volume of the sample (n = 3).

The photographs of 2D and 3D gas-foamed scaffolds were recorded by a
digital camera (2DS length × width × thickness: 10 mm× 10 mm× 0.5
mm; 3DS and 3DCSS length × width × thickness: 10 mm× 10 mm× 3
mm). Samples were mounted on an aluminum stub with carbon tape and
then sputter-coated with Au. Scanning electron microscopy (SEM, Phenom
XL, Phenom Scientific Instruments Co. Ltd., Shanghai, China) was em-
ployed to observe the morphology of different scaffold. SEM images were
analyzed by using Image J software to measure the pore area and gap dis-
tance of scaffolds. For pore area measurement (n = 20), the side length
of the different shaped (triangular and diamond) holes was first measured,
and then the area was calculated.

The elements on the surface of 3DCSS were analyzed by an energy dis-
persive spectrometer (EDS, JSM-7500F, China). Structural elucidation of
scaffolds was carried out by using Fourier transform infrared spectroscopy
(FTIR) with a Nicolet-6700 FTIR spectrometer (Thermo Fisher Scientific,
USA) in the range of 3800–600 cm−1.
3

The antioxidant activity of different samples was assessed by 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH) assay. Briefly, 10mg of sample (2DS length×
width× thickness: 10mm×10mm×0.5mm; 3DS and 3DCSS length×
width × thickness: 10 mm × 10 mm × 3 mm) was mixed with 3 mL of
0.1 mM DPPH/ethanol solution, while protected from the light at room
temperature. After reacting for 0.5 h, the absorbance of each mixture was
measured at 517 nm using ethanol as the blank. Pure ascorbic acid (AA)
was used as a positive control. Whereas, DPPH solution without samples
was taken as a blank. Radical scavenging activity of scaffolds expressed as
the scavenging rate was calculated by using the following Eq. (3):

A %ð Þ ¼ AB � ASð Þ=AB � 100% (3)

where A is the DPPH· scavenging rate; AB and AS are the absorbance of the
blank and experimental samples, respectively.

The water absorption capacity of different samples was determined ac-
cording to the previous report [30]. The dry sample (2DS length × width
× thickness: 10 mm × 10 mm × 0.5 mm; 3DS and 3DCSS length ×
width × thickness: 10 mm × 10 mm × 3 mm) with known weight (wd)
was added into a 25mL flask containing 20mL of phosphate buffered saline
(PBS, pH= 7.4) solution at room temperature for up to 2.5, 5, and 15 min.
Afterwards, the excess water was removed from the scaffolds with a filter
paper and the weight of the scaffold was recorded again (ww). The water
absorption rate (w) was calculated according to Eq. (4):

w ¼ ww � wdð Þ=wd � 100% (4)

where w, wd, and ww represent the water absorption rate, dry weight, and
weight of scaffold, respectively.

The uniaxial and compressive mechanical properties of scaffolds were
measured at room temperature by using a universal materials tester
(Instron-5542, Canton, USA). Rectangular-shaped specimens of 2DS
(40 mm × 10 mm × 0.5 mm), 3DS (40 mm × 10 mm × 3 mm) and
3DCSS (40 mm × 10 mm × 3 mm) were evaluated by tensile testing in
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wet state. A cross-head speed of 5 mm/min was used and specimens were
evaluated until their rupture. For the compression test, rectangular-
shaped samples with a side length of 10 mm and a thickness consistent
with that described above were evaluated at a cross-head speed of 1 mm/
min. The stress-strain curves of specimens were drawn by using the data re-
corded by the machine. Ultimate tensile strength (UTS) and elongation at
break (Eb)were determined. TheYoung'smoduli (E) and compressivemod-
uli of scaffolds were calculated analytically by using a slope fitting method
of the initial linear region of the stress-strain curves.

For in vitro degradation assay, the dry scaffolds (2DS length×width×
thickness: 10 mm×10mm×0.5 mm; 3DS and 3DCSS length×width×
thickness: 10 mm × 10 mm × 3 mm) with known initial weights (W0)
were placed in the 12-well culture plate followed by the addition of PBS
(pH = 7.4 ± 0.1) at 37 °C (n = 3). On weekly intervals up to 16 weeks,
the scaffolds were removed and dried at room temperature until they
gain a constant weight, which was recorded as (W1). The weight loss
(WL) was calculated according to Eq. (5):

WL ¼ W0 � W1ð Þ=W0 � 100% (5)

2.5. Evaluation of the biocompatibility of scaffolds in vitro

Articular cartilage was derived from New Zealand white rabbit with an
approval of the Ethics Committee of Shanghai Pulmonary Hospital and
chondrocytes were isolated as previously reported [31]. The chondrocytes
were cultured in high glucose, Dulbecco's modified Eagle's medium
(DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS,
Hyclone, USA) and 1% penicillin/streptomycin/amphotericin B solution
in an incubator at 37 °C [32]. Chondrocytes at passage two were used for
the subsequent in vitro evaluations.

After sterilization by ultraviolet (UV) light for up to 6 h, 2DS (diameter,
14mmand thickness, 0.5mm) as well as 3DS and 3DCSS (diameter, 14mm
and thickness, 3 mm) were fixed in the bottom of the 24-well plate, and
chondrocytes at a density of 3.0 × 104 cells in 500 μL of medium were
evenly-seeded onto each sample. For initial cell attachment, chondrocytes
were incubated for 2 h on the scaffolds before adding culture media to
allow for cell attachment and adhesion to the scaffolds. Because the cells
were seeded on the scaffolds along with the minimal amount of culture me-
dium, this can maintain the cells' nutritional supply during the initial 2 h.
The purpose of this process is to allow more cells distribute throughout
the scaffolds, thus reducing the number of cells washed off from the scaf-
folds due to the addition of culture medium. Live/dead assay was per-
formed by using a live/dead staining kit (In vitrogen, USA). Briefly, after
24 h, cell-seeded scaffolds were rinsed with PBS and incubated in amixture
PBS (200 μL) solution containing calcein-AM (5 μM) and propidium iodide
(20 μM) for 15 min at 37 °C in the dark. The fluorescence of cells was ob-
served by using a confocal laser scanning microscope (Nikon, A1RMP,
Japan).

The cell seeding efficiency of different scaffolds was analyzed as de-
scribed previously [33]. The same cell density as above was evenly-
dropped onto the scaffolds. After an incubation for up to 4 h, the media
from different samples containing unseeded cells were collected and
counted (lost cell number). The cell seeding efficiency of different scaffolds
was calculated based on Eq. (6):

Cell seeding efficiency %ð Þ ¼ total cell number � lost cells number
total cell number

� 100% (6)

The proliferation of chondrocytes on scaffolds was determined by a cell
counting kit 8 (CCK-8) assay. Chondrocytes (3.0 × 104) were seeded
on 2DS, 3DS, and 3DCSS for up to 1, 3, and 7 days in a 24-well plate
(n = 4). At each time point, the medium was removed and the cell-
seeded scaffolds were washed with PBS three times. Thereafter, 200 μL of
medium with 10% CCK-8 reagent was added to each well and incubated
for up to 2 h at 37 °C. The absorbance was measured using a microplate
4

reader (Thermo Fisher Scientific, USA) at the 450 nm for 100 μL of superna-
tant per well.

To observe the cell morphology and cell infiltration at pre-determined
time points, chondrocytes grown on 2DS, 3DS and 3DCSS were fixed and
dehydrated with an ascending series of graded ethanol (30–100%). After
drying in the fume hood, the morphology of chondrocytes was examined
by SEM.

Dehydrated cell seeded samples were paraffin-embedded, sectioned
(5 μm), and stained by hematoxylin and eosin (H&E). Briefly, sections
were stained with Harris hematoxylin solution for 10 min, followed by
counterstaining with eosin-phloxine solution for 3 min [34]. Chondrocyte
infiltration was imaged by an optical microscope (Leica Microsystems,
Germany).

The feasibility of scaffolds in promoting chondrogenesis in vitrowas fur-
ther evaluated by combining themwith auricular chondrocytes. Firstly, 200
μL of chondrocytes suspension at a concentration of 3.0×108 cells/mLwas
seeded onto 2DS (diameter, 6.5 mm and thickness, 0.5 mm) as well as 3DS
and 3DCSS (dimeter, 6.5 mm and thickness, 3 mm). Subsequently, these
cell-scaffold constructs were incubated at 37 °C under 5% CO2 for 2 h and
then cultured in chondrogenic medium for up to 6 weeks in vitro. For
in vitro chondrogenesis assessment, high-density chondrocytes (3.0 × 108

cells/mL) were seeded on scaffolds and incubated for 2 h prior to the addi-
tion of the culture medium. The chondrogenic medium used in this article
was customized medium containing high glucose Dulbecco's Modified
Eagle Medium, 10 ng/mL transforming growth factor beta-1 (TGF-β1,
R&D Systems Inc. Minneapolis, USA), 50 ng/mL insulin-like growth
factor-I (IGF-I, R&D Systems Inc.), ITS (Insulin-Transferrin- Selenium-X,
GIBCO, Life Technologies, Grand Island, N.Y.), ascorbic acid (Sigma-Al-
drich, USA), and other supplements (without any serum, all the ingredients
of the medium were definable) [35]. The chondrogenic medium changed
every 3 days during the culture duration. After 6 weeks, the chondrocyte-
scaffold constructs were fixed in 4% paraformaldehyde (PFA) and stained
with H&E and Safranin-O. Collagen type II was detected by immunohisto-
chemical staining by following a previous method [36]. For H&E staining,
tissue sections were stained with Harris hematoxylin solution for 10 min
and counter-stained with eosin-phloxine solution. For Safranin-O/FG stain-
ing, tissue sections were stained in fast green (0.05%, w/v) for 5 min,
followed by staining in safranin O (0.1%, w/v) solution for 5 min. For im-
munohistochemical staining of collagen type II, tissue sections were incu-
bated with hydrogen peroxide to block endogenous peroxidase, followed
by heat treatment at 60 °C for 1 h to retrieve the antigen. Monoclonal anti-
bodies against type II collagen (ab34712, Abcam; 1:100 dilution) were then
added to the scaffolds and incubated overnight at 4 °C, followed by the ad-
dition of biotinylated IgG antibodies. After incubation with streptavidin
peroxidase, the sections were stained with 3, 3′-diaminobenzidine as the
chromogenic agent.

The specimens (n = 3) were minced to perform cartilage-related
biochemical evaluations for DNA, glycosaminoglycan (GAG), and total
collagen content by using PicoGreen dsDNA assay (Invitrogen), dimethyl-
methylene blue assay (Sigma-Aldrich), and hydroxyproline assay (Sigma-
Aldrich) [37]. The cartilage-specific matrices content of cell-scaffold
constructs were analyzed. Cartilage samples were digested in proteinase K
(1 mg/mL in 50 mM Tris with 1 mM ethylene diamine tetra-acetic acid
(EDTA), 1 mM iodoacetamide, and 10 mg/mL pepstatin A; all from
Sigma-Aldrich) for 16 h at 56 °C. DNA content was determined by using a
total DNA quantification assay (PicoGreen dsDNA assay, Invitrogen,
United States) following manufacturer's instructions. Total GAGs content
were analyzed by using dimethylmethylene blue assay [37]. Briefly, total
GAGs were precipitated by guanidinium chloride solution (0.98 mol/L).
After dissolving the GAGs precipitate, the OD values were determined at
595 nm. A standard curve was established using chondroitin-4-sulfate,
and total GAGs were determined from the OD value correlating to the cor-
responding GAGs content in the standard curve. The total collagen content
was measured by using a hydroxyproline assay. Samples were prepared by
alkaline hydrolysis, and free hydroxyproline hydrolyzates were assayed ac-
cording to previously described methods [38]. The hydroxyproline content
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were finally converted to total collagen content according to the mass ratio
of collagen to hydroxyproline of 7.25. To determine the compressive mod-
uli of cell-scaffold constructs (n = 3), a biomechanical testing machine
(Instron-5542, Canton, USA) was used. Samples were subjected to uncon-
fined compression tests at a strain rate of 1 mm/min until they reached
50% compressive strain. The compressive moduli of samples were calcu-
lated based on the slopes of the stress−strain curves.

To explore the changes in the inflammatory response and compare the
chondro-protective ability of different scaffolds, chondrocytes were seeded
on 2DS, 3DS, and 3DCSS in a 6-well plate with a density of 3.0× 105 cells/
well and treated with interleukin-1 beta (IL-1β, 10 ng/mL) for up to 24 h.
Real-time quantitative polymerase chain reaction (RT-qPCR) was per-
formed to analyze the expression of pro-inflammatory genes, including
tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and matrix
metalloproteinase-13 (MMP13). The total mRNA from cell-laden scaffolds
(n=3) were retrieved with TRIzol reagent (Invitrogen, Life Technologies)
to extract. About 1 μg of RNAwas used for cDNA synthesis byM-MLV cDNA
Synthesis Kit (Promega) according to the manufacturer's instruction. RT-
qPCR was performed by using SYBR Green PCR Master Mix (Enzynomics)
and ABI StepOnePlus™ Real-Time PCR system (Applied Biosystems). All
primer sequences are listed in Table S1 (supplementary information). The
expression of all genes was normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) and to gene expression of chondrocytes before
seeding into the different samples and the relative expression was calcu-
lated by−2ΔΔCt method.

The expression level of IL-1β, TNF-α, and MMP13 was analyzed by
Western blotting (WB). Briefly, collected cells were lysed with ice-cold
radio immunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai,
China). The total proteins were extracted and their concentration was mea-
sured using a BCA proteins assay kit (Beyotime, Shanghai, China). After
electrophoresis, the proteins were transferred onto polyvinylidene fluoride
membranes. Then themembraneswere blocked and incubatedwith anti-IL-
1β, anti-TNF-α, anti-MMP13, and anti-β-actin antibody (all purchased from
Abcam, USA) at 4 °C overnight. Themembranes were subsequently washed
with PBS and incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature. Protein bands were visu-
alized using the enhanced chemiluminescence reagent (Thermo Fisher Sci-
entific, Rockford, IL, USA) and their optical density was determined using
Alpha software.

2.6. Assessment of articular cartilage regeneration in rabbits

All animals were performed according to the standard guidelines ap-
proved by the ethics committee of Shanghai Jiao Tong University (SJTU).
To determine the articular cartilage regeneration capability of engineered
scaffolds, 2DS, 3DS, and 3DCSS were prepared prior to surgery. Adult
healthy male New Zealand white rabbits, (age, 4 months and weight, 2.5
kg) were randomly selected and divided into three groups (n = 4 per
group). After anesthesia with 10% of chloral hydrate, cartilage defects (di-
ameter= 4mm and depth= 3mm)were created by using a stainless-steel
punch on the trochlear groove of the distal femur. The 2DS (diameter =
4 mm and thickness = 0.5 mm) as well as 3DS and 3DCSS (diameter =
4mmand thickness= 3mm)were implanted into the defects. Finally, sur-
gical incisions were closed with sutures. Animals were sacrificed at 12
weeks to harvest the knee joint.

The harvested rabbit articular cartilages were firstly observed and
scored according to International Cartilage Repair Society (ICRS) macro-
scopic scoring standard. Thereafter, cartilage samples were decalcified,
sectioned, and characterized for histological and further immunohisto-
chemical analysis including H&E, Safranin-O/fast green (Safranin-O/FG),
and collagen type I/II staining [36]. H&E, Safranin-O/fast green (Safra-
nin-O/FG), and collagen type II staining procedures were consistent with
those described previously. For collagen type I immunohistochemical anal-
ysis, tissue sections were incubated with hydrogen peroxide and then incu-
bated in 10%normal goat serum to prevent nonspecific bindings. The slides
were then incubated with antibodies against collagen type I (ab34710,
5

Abcam; 1:100 dilution) for 2 h at room temperature, followed by the addi-
tion of biotinylated secondary antibody at 37 °C for 30 min. After incuba-
tion with streptavidin peroxidase, the sections were stained with 3, 3′-
diaminobenzidine as the chromogenic agent. Furthermore, the regenerated
cartilage was also assessed with Modified O'Driscoll histological scoring
and Mankin score. The grading and scoring criteria are shown in the
Tables S2–S4 (supplementary information). Immunofluorescence staining
for IL-1β and TNF-α was performed on sectioned slices of different groups
and the procedures were the same as in Section 2.5. Immunofluorescence
staining for the IL-1β and TNF-α was performed on cartilage sections
[39]. Paraffin sections were deparaffinized, rehydrated, and blocked
using 4% BSA in PBS for 1 h at room temperature. Then, the sections
were incubated with anti-IL-1β antibody (Abcam; 1:200 dilution) and
anti-TNF-αantibody (Abcam; 1:100 dilution) at 4 °C overnight. After wash-
ing three times with 0.1% bovine serum albumin (BSA)/PBS, sections were
incubated with fluorescent-labeled secondary antibodies (Alexa-Fluor 546
or 488; Abcam; 1:200 dilution). The nuclei were stained with 4′,6-diami-
dino-2-phenylindole (DAPI) (Beyotime, Shanghai, China) for 5 min at
room temperature. Imaging was carried out by using a fluorescence micro-
scope (Leica Microsystems, Germany). The synovial fluid was collected by
using a 2 mL syringe with an 18-gauge needle and centrifuged at
4000 rpm for 20 min at 4 °C. The supernatants were collected and frozen
at−80 °C. The IL-1β and TNF-α were assayed using enzyme-linked immu-
nosorbent assay (ELISA) by Rabbit IL-1β ELISA Kit and Rabbit TNF-α ELISA
Kit (R&D Systems, USA) according to the manufacturer's instructions. The
supernatant (100 μL) was incubated in a 96-well plate at 37 °C for 2 h. Af-
terwards, 100 μL biotinylated antibody specific to IL-1β or TNF-α was
added and incubated for 1 h at 37 °C. After washing with PBS buffer, the
sample was incubated with streptavidin peroxidase (100 μL) for 45 min at
room temperature with gentle shaking. After discarding the solution, 100
μL of 3,3′,5,5′-tetramethylbenzidine substrate reagent was added to each
well and incubated for 30 min at room temperature in the dark. Subse-
quently, 50 μL of termination solution was added to each well, and
450 nm was read immediately.

2.7. Statistical analysis

Experimental data are presented as mean ± standard deviation (SD).
For statistical significance, Student's t-test or one-way analysis of variance
(ANOVA)with Tukey's post-hoc test was performedwhere appropriate con-
fidence level. A p values<0.05 was considered to be statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results

3.1. Fabrication and characterization of 2DS, 3DS and 3DCSS

According to the schematic diagram shown in Fig. 1, the fabrication
process of 2DS, 3DS, and 3DCSS scaffold can be mainly divided into the
four steps: (1) conjugate electrospinning, (2) cross-linking, (3) gas foaming
in a confinedmold, and (4) freeze-drying. The fabrication of 3D scaffolds is
simple and efficient, which is envisaged to be applied to the large-scale in-
dustrial processes.

After treatment with NaBH4 solution for 5 min, the original mats were
gradually expanded and the thickness of 3DCSS increased faster than that
of the 3DS (Fig. 2A−B). The thickness of 3DS increased from 0.5 mm to
4 mm (Fig. 2C), while it increased from 0.5 mm to 8 mm for 3DCSS
(Fig. 2D). The effect of the gas foaming time on the volume expansion, po-
rosity, and density of the expanded scaffolds was further investigated in de-
tail. As shown in Fig. 2E, after 5 min of gas foaming, the volume of the 3DS
and 3DCSS was 8 and 18 times larger than that of the unexpanded mem-
branes. The bulk density of the 2D mats was 0.27 g/cm3, which decreased
to 0.03 and 0.02 g/cm3 for 3DS and 3DCSS, respectively (Fig. 2F). Simi-
larly, after gas foaming, the porosity increased from 71 to 92% and 69 to
97% for 3DS and 3DCSS, respectively (Fig. 2G). To precisely control the
thickness of the 3D scaffold, amold consisting of a Teflon concave substrate



Fig. 2. Photographs of 3DS (A) and 3DCSS (B) before and after expansion for different time intervals. Thickness of the 3DS (C) and 3DCSS (D) for different time points. The
volume expansion (E), bulk density (F) and porosity (G) of 3DS and 3DCSS for different time periods. Each value represents the mean± SD (n= 3). *p < 0.05, **p < 0.01,
***p < 0.001.
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assembledwith amatching-sized glass piecewas used. Due to the limitation
in the height of the mold, the 3D scaffolds stopped expanding when they
reached a certain thickness during the foaming process. After freeze-
drying, a 3D nanofiber scaffold with a stable and pre-defined thickness
was obtained (Fig. 3A). The direction of alignment of scaffolds is shown
in Fig. 3B, in which the red arrow indicates the alignment direction of the
nanofibers. Fig. 3C exhibited the gross appearance of 2DS with a thickness
of 0.5 mm. After expansion in the mold, 3DS and 3DCSS with precise thick-
ness (3mm)were obtained and the photographswere shown in Fig. 3G and
K, respectively. 2DS showed compact-packed structure of the cross-section
(Fig. 3D−E) and densely aligned nanofibers and yarns of the surface
(Fig. 3F). After expansion, good interconnectivity and continuous layered
structure was achieved in 3DS (Fig. 3H−I) and 3DCSS (Fig. 3L−M). In ad-
dition, a loose surface with preserved aligned nanofibrous topographical
cues was formed in 3D gas-foamed scaffolds (Fig. 3J & N).

The cross-sectional gap distance was also quantified for three types of
scaffolds. Prior to the gas foaming, most of gap distances in 2DS were
around 3–4 μm (Fig. 3O), which increased to approximately 30–50 μm in
3DS and 30–60 μm in 3DCSS, respectively (Fig. 3P-Q). Moreover, the sur-
face pore areas of 3DS (64 ± 20 μm2) and 3DCSS (62 ± 24 μm2) were
larger than that of the unexpanded 2DS (17 ± 5 μm2) (Fig. S1).
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The elements on the surfaces of 3DCSSwere analyzed by SEM equipped
with EDS. The sulfur elements contained in the CS were evenly distributed
on thefiber surface of the 3DCSS (Fig. 4A−C). The composition of different
samples was further investigated by FTIR and the spectra in the range of
3800–600 cm−1 and 2200–600 cm−1 are shown in Fig. 4D–E. A strong
and wide band at 3435 cm−1 was assigned to the OH and NH stretching
vibration. The band at 2930 cm−1 was assigned to CH stretching vibration,
while the shoulder at 1635 cm−1 corresponded to the carboxylic (–COOH)
groups. Additionally, the stretching vibration of SO of the sulfate groups of
the CS was observed at 1255 cm−1 [40]. The representative band at
3295 cm−1 of 2DS corresponded to the NH stretching vibration of SF,
and the bands observed at 1645 cm−1 and 1540 cm−1 corresponded to
the amide I and amide II bonds, respectively. An absorption band at
2938 cm−1was ascribed to the –CH2– stretching vibration of PLCL. Besides,
PLCL exhibited a characteristic band at 1756 cm−1, which is ascribed to the
stretching vibration of carbonyl groups of esters. Besides, significant ab-
sorption bands appeared at 1454 cm−1 and 1359 cm−1, corresponding to
the C − H symmetric and asymmetric vibrations, respectively. The gas
foaming process does not affect the composition or the chemical interaction
among different components of the scaffold, as evidenced by the spectra of
3DS, which exhibits characteristic peaks of SF and PLCL similar to the 2DS.



Fig. 3. Fabrication and characterization of gas foamed scaffolds with tailored size. (A) Illustration of the preparation of gas-foamed scaffolds by using a pre-designed mold
with 3 mm height. (B) Illustration of the alignment direction of the scaffold. Digital photographs of 2DS (C), 3DS (G) and 3DCSS (K). SEM micrographs of 2DS (D–F), 3DS
(H–J), and 3DCSS (L–N). Distribution of the gap distance between the layers of 2DS (O), 3DS (P), and 3DCSS (Q) in different directions.
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The introduction of CS resulted into several specific peaks. The band at
3435 cm−1 observed in 3DCSS corresponded to the stretching vibrations
of OH in the CS. The new amide bond formed by the carboxyl groups of
the CS and the amino (–NH2) groups of the SF by EDC/NHS coupling,
7

which was confirmed by the shift of the peak of amide II bond from 1540
cm−1 toward 1553 cm−1 [41,42]. Moreover, an additional carbonyl peak
at 1635 cm−1 in the 3DCSS spectrum near amide I further indicated the
presence of CS in the 3DCSS. Taken together, the FTIR spectra confirmed



Fig. 4. Representative elemental mapping of the 3DCSS scaffolds including SEM image (A), the EDS image (B), and the distribution of sulfur (C). (D–E) FTIR spectra of CS,
2DS, 3DS, and 3DCSS. (F) Free radical inhibition (antioxidant activity) of PLCL, 2DS, 3DS and 3DCSS by DPPH assay. Representative tensile stress-strain curves (G), Young's
modulus (H), ultimate tensile strength (I) and elongation at break (J) of 2DS, 3DS and 3DCSS. Representative compressive stress-strain curves (K) and compressive modulus
(L) of 3DS and 3DCSS. Each value represents the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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the presence of the incorporated components into the scaffolds as well as
their crosslinking with the CS.

The antioxidant activity of PLCL, 2DS, 3DS and 3DCSS was analyzed by
usingDPPH radical scavenging assay. Ascorbic acidwas taken as a standard
antioxidant. The results were shown in Fig. 4F. The antioxidant activity was
found to be 82.49 ± 1.49, 3.59 ± 1.90, 28.29 ± 2.52, 40.04 ± 3.96 and
62.35 ± 6.68 (%) for ascorbic acid, PLCL, 2DS, 3DS, and 3DCSS,
respectively.

Fig. 4G exhibited the representative stress–strain curves of 2DS, 3DS
and 3DCSS characterized by tensile measurement. The Young's modulus
(E), UTS, and Eb of all samples were also summarized (Fig. 4H–J). 2DS ex-
hibited better tensile performance than that of 3D gas foamed scaffolds
with E, UTS, and Eb values of 2.22 ± 0.12 MPa, 4.31 ± 0.21 MPa, and
139.21 ± 4.74%, respectively. The E of 3DCSS (0.63 ± 0.04 MPa) was
higher than that of 3DS (0.33 ± 0.07 MPa). However, 3DS and 3DCSS
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did not significantly differ in terms of the UTS and Eb (3DS, UTS, 0.42 ±
0.05 MPa & Eb 112.96 ± 12.16% and 3DCSS, UTS, 0.59 ± 0.04 MPa &
Eb 104.43 ± 11.07%). Both types of gas-foamed groups exhibited non-
linear closed compressive stress–strain curves (Fig. 4L), and the compres-
sive modulus was found to be 1.23 ± 0.26 kPa and 1.99 ± 0.16 kPa for
3DS and 3DCSS, respectively (Fig. 4K). The maximum water absorption
of 3DS and 3DCSS scaffolds (≈1800%) was reached within 5 min, and
was significantly higher than that of the 2DS (≈500%) (Fig. S2). The deg-
radation of scaffolds was assessed for up to 16 weeks. The weight loss pro-
files for the 2DS, 3DS and 3DCSS are shown in Fig. S3. All groups showed
almost no change in weight during the first four weeks. By the week 8,
the weight loss was 5.7 ± 0.7%, 11.4 ± 0.6% and 11.2 ± 0.5% for 2DS,
3DS and 3DCSS, respectively, which increased to 12.7 ± 0.8%, 22.2 ±
1.3% and 21.2 ± 0.9% at week 12 and 23.2 ± 3.2%, 37.3 ± 2.1% and
35.6 ± 1.8% at week 16. The faster degradation rate of the 3D gas-
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foamed scaffold compared to the unexpandedmatsmay be attributed to the
multilayered porous nanofibrous structure of 3D scaffolds with high spe-
cific surface area, allowing more nanofibers to trigger hydrolysis reaction
with the medium [43].

3.2. In vitro cytocompatibility studies

Live/Dead staining assay was used to detect cell viability in the con-
structs (Fig. 5A−C). Both 2D and 3D gas-foamed scaffolds showedminimal
cell cytotoxicity with well-proportioned distribution of chondrocytes after
24 h of culture.More chondrocytes survived on the 3D gas-foamed scaffolds
than that of the 2DS. Morphological analysis of chondrocytes at day 5 by
SEM showed that they were well-integrated with the scaffolds in all groups
and proliferated along the direction of nanofibers (Fig. 5D−F). Besides,
more numbers of cells infiltrated into the 3D gas-foamed scaffolds
Fig. 5. Live/dead staining of chondrocytes seeded on 2DS (A), 3DS (B), and 3DCSS (C)
(F) after 5 days of culture. H&E staining of infiltrated chondrocytes in 2DS (G), 3DS (H
3DCSS after 4 h of culture (n = 3). (K) Proliferation of chondrocytes on 2DS, 3DS, and
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compared to 2DS as shown by the H&E staining (Fig. 5G−I). Moreover,
3D gas-foamed scaffolds displayed significantly better cell seeding effi-
ciency than that of the 2DS after 4 h of culture in vitro (Fig. 5J).

The CCK-8 assay demonstrated that all nanofiber scaffolds had good cell
viability in vitro (Fig. 5K). Fromday 1 to 7, the proliferation of chondrocytes
on the 3D gas-foamed scaffolds was significantly higher than of the 2DS.
Notably, at day 7, the 3DCSS showed the highest numbers of cells among
all of the investigated groups. Taken together, these results reveal that
3DCSS could provide a conducive environment for cell growth and infiltra-
tion in vitro, which may also have implications for the in vivo applications.

3.3. Cartilage regeneration in vitro

To further validate the regenerative ability of engineered scaffolds
in vitro, chondrocytes were evenly dropped onto different scaffolds and
after 24 h of culture. SEM images of chondrocytes on 2DS (D), 3DS (E), and 3DCSS
), and 3DCSS (I) after 7 days of culture. (J) Cell seeding efficiency of 2DS, 3DS, and
3DCSS at day 1, 3, and 7 (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001.
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grown for up to 6weeks. All of the scaffolds,maintained their circular shapes
and presented cartilage-like tissue development surrounding the construct
(Fig. 6A−C). H&E staining results revealed that the specimens in both
3DS (Fig. 6E) and 3DCSS (Fig. 6F) groups presented the formation of
lacuna-like cartilage structure. The regenerated tissues in the 3DS and
3DCSS were loose; however, connected and densely-distributed
Fig. 6.Macroscopic images (A–C), H&E staining (D–F), and Safranin-O staining (G–I) of
inflammatory factors, including IL-1β (J), TNF-α (K), and MMP13 (L) in chondrocytes c
MMP13 and β-actin and (N) the corresponding protein levels in chondrocytes culture
−scaffold constructs after 6 weeks of culture in vitro (n = 3). RFI = Relative fold induc
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chondrocytes were observed in 2DS specimens, and some of them showed
fibrocartilaginous characteristics (Fig. 6D). On the other hand, 2DS and
3DS specimens exhibited positive staining for Safranin-O and collagen type
II only in some regions of the regenerated cartilage (Figs. 6G–H & S4A–B).
3DCSS exhibited a relatively dense and homogeneous distribution of carti-
laginous tissues than that of the 2DS and 3DS groups (Figs. 6I & S4C).
engineered neo-cartilage after 6 weeks of culture in vitro. Real-time PCR detection of
ultured on different scaffolds (n = 3). (M) Western blotting assay of IL-1β, TNF-α,
d on different scaffolds (n = 3). (O) Biochemical analysis of GAG content of cell
tion. Each value represents the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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To ascertain the chondro-protective ability of different scaffolds, chon-
drocytes were seeded on scaffolds and treated with IL-1β to mimic the
inflammatory microenvironment after injury. The transcription of inflam-
matory genes was also evaluated by RT-qPCR (Fig. 6J–L). As anticipated,
the inflammatory genes, such as IL-1β, TNF-α and MMP13 were only
marginally detected in the 3DCSS group than that of the other groups.
Moreover,Western blot analysis also showed significantly lower expression
levels of IL-1β, TNF-α and MMP13 on chondrocytes-seeded 3DCSS scaf-
folds than that of 2DS and 3DS groups (Fig. 6M–N), confirming the better
anti-inflammatory effect of 3DCSS in vitro. The quantitative analysis
showed that the compressive modulus (Fig. S5A), DNA content (Fig. S5B),
total GAG content (Fig. 6O), and collagen content (Fig. S5C) were higher
in 3DCSS as compared to the other groups, indicating that the 3DCSS
were conducive in terms of matured cartilage regeneration and cartilage-
specific matrix production than that of the other scaffolds.
Fig. 7. (A−C) Macroscopic images of cartilage joints of cartilage defects regions at 12 w
type II collagen (J−L, J1-L1) immunohistochemical staining of regenerated cartilage d
intact cartilage area, and the red arrows indicate the cartilage defect area. ICRS macros
score (O) of the repaired tissue. Each value represents the mean ± SD (n = 4). *p < 0.0
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3.4. Articular cartilage regeneration in vivo

Cartilage regeneration in vivo was a crucial criterion to determine
the appropriateness of the scaffold for CTE. A rabbit articular cartilage
defect model was used to assess the reparative capability of 2DS, 3DS
and 3DCSS. After implantation for up to 12 weeks, the gross appear-
ance of retrieved articular cartilage tissues was ascertained. The carti-
lage defects in the 2DS groups were clearly visible, indicating the poor
integration of the scaffolds with the native cartilage tissues (Fig. 7A).
Similarly, the defects were only partially covered by the newly-
formed cartilage-like tissues in the 3DS group (Fig. 7B). By contrast,
implantation of 3DCSS displayed significantly better formation of
neo-cartilage, which accumulated the defect site and integrated well
with the native cartilage tissues; the boundary between the defect
site and the host cartilage was almost invisible (Fig. 7C).
eeks post-surgery, H&E (D−F, D1−F1), Safranin-O/FG staining (G−I, G1-I1), and
efects in different groups 12 weeks after surgery. The blue arrows point toward the
copic assessment score (M), modified O'Driscoll histological score (N) and Mankin
5, **p < 0.01, ***p < 0.001.
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H&E staining and Safranin O-fast green staining assays of the retrieved
cartilage samples were further performed to examine the formation of fi-
brous tissue, and the deposition of ECM. In 2DS groups, an irregular border
between the neo-tissues and native cartilage was observed with only fi-
brous tissues filling the defect; only a few unevenly distributed cartilage
clusters filled the defect (Fig. 7D & D1). For the 3DS, a thin layer of
cartilage-like tissue was observed on the surface of the defect region,
whereas some fibrous tissues containing fewer cells were found (Fig. 7E
& E1). By contrast, the 3DCSS groups displayed a well-integrated boundary
filled with homogeneously distributed newly formed tissues featured with
the chondrocyte-specific lacunas (Fig. 7F & F1).

2DS group also lacked SafraninO-fast green staining in the defect region
(Fig. 7G & G1). For 3DS groups newly formed tissue with a weak staining
for the Safranin O-fast green filled the defect region (Fig. 7H & H1).
These results indicated that 2DS and 3DS groups exhibited fibrous tissue,
which lacked the deposition of the cartilage-specific ECM. Alternatively,
3DCSS groups exhibited the substantial formation of positively-stained car-
tilage ECM, indicating the formation of matured cartilage as well as the de-
position of the abundant GAGs (Fig. 7I & I1). The immunohistochemical
analysis of the collagen type II also showed a significant deposition of the
collagen type II (Fig. 7L & L1) in 3DCSS groups compared to 2DS (Fig. 7J
& J1) and 3DS (Fig. 7K & K1), which displayed only a minute deposition
of collagen. While 3DCSS groups showed only a weak staining for the
Fig. 8. (A) Immunofluorescent staining for IL-1β and TNF-α of the defect regions 12 we
joint fluid using ELISA kit. Each value represents the mean ± SD (n = 4). *p < 0.05, **
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collagen type I; the 2DS showed the substantial formation of collagen
type I; 3DS groups exhibited only a few regions containing collagen type I
(Fig. S6). All of these results demonstrated that 3DCSS achieved a satisfac-
tory regeneration of cartilage along with the accumulation of the cartilage-
specific ECM rather than the fibrocartilage formation.

To evaluate the quality of the regenerated cartilage, the results of ICRS
macroscopic score (a total 12 points), modified O'Driscoll histological score
(a total 24 points) and Mankin score (a total 14 points) were summarized.
3DCSS groups showed better ICRS macroscopic score (10.2 ± 0.9), signifi-
cantly higher than that of the 3DS (7.0 ± 0.8), and 2DS groups (5.2 ±
0.9) (Fig. 7M). A similar trendwas observed in themodifiedO'Driscoll histo-
logical scoring, inwhich 3DCSS exhibited the higher score (20.5±1.9) than
that of the other two groups (14.0 ± 1.8 for 3DS and 9.7 ± 1.5 for 2DS)
(Fig. 7N). Mankin score further indicated the best repair outcome in
3DCSS group (2.75 ± 0.5) compared to 3DS (5 ± 1.15) and 2DS (7.75 ±
0.95) (Fig. 7O).

The intra-articular inflammatory response was discerned by immuno-
fluorescent staining for different types of inflammatory markers, which
demonstrated a high expression of IL-1β and TNF-α in the 2DS group as
compared to the other groups. Similar to the native cartilage, weak fluores-
cent expression of pro-inflammatory markers was observed in 3DCSS
groups (Fig. 8A). Meanwhile, quantification results of inflammatory fac-
tors, such as IL-1β and TNF-α, showed the less expression of inflammatory
eks post-surgery. Quantification of concentration of IL-1β (B) and TNF-α (C) in the
p < 0.01, ***p < 0.001.
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markers in the 3DCSS groups compared to the 2DS and 3DS groups, indicat-
ing that 3DCSS attenuated the inflammatory response and provided a con-
ducive environment for neocartilage formation (Fig. 8B–C).

4. Discussion

Electrospinning, as a universal and a cost-effective nanofiber fabrication
technology, has been extensively explored for the fabrication of tissue engi-
neering scaffolds and devices for a myriad of clinical and industrial applica-
tions [44]. However, it is known that 2D nanofiber membranes generated
by conventional electrospinning pose certain restrictions for cell infiltration
due to their tightly-packed layers and dense superficial pores, which lack
3D-like architecture for tissue regeneration. Recent studies reported numer-
ous attempts to afford 3D tissue-engineered scaffolds with nanofibrous
structures based on 3D printing or self-assembly of short nanofibers as
well as self-folding nanofibermats [33,45,46]. Besides, it has been reported
that the porosity and pore size of electrospun scaffolds can be tailored by
varying the fiber size [47,48]. These technologies are limited by some con-
straints, such as exposure of the scaffolds to the toxic solvents, lengthy and
time-consuming preparation procedures as well as the requirement of the
special instrumentation. Alternatively, the gas foaming technique, has
been frequently exploited for the post-treatment of electrospun nanofiber
membranes to afford 3D nanofiber scaffolds. Gas foamed scaffolds often
feature laminated fibrous layered structure with high porosity and inter-
connected pores, providing sufficient space and a stable 3D-like architec-
ture for cell infiltration and proliferation [17,19]. However, to the best of
the authors' knowledge, most of the gas-foamed scaffolds have been assem-
bled from synthetic polymers, such as poly(caprolactone) (PCL), poly(L-
lactide-co-ε-caprolactone) (PLCL), or poly(L-lactide) (PLLA), which lack
cell recognition cues, and necessitate post-modification with ECM-derived
proteins or peptides for tissue repair applications. Moreover, merely by
adjusting the physical parameters, such as time or the concentration of
the foaming agent to afford scaffolds with the controlled structure and
size may not hold considerable potential to achieve uniform expansion
throughout the scaffold, especially in the central region [21,49]. To circum-
vent these limitations and afford 3D-like nanofibrous scaffolds, herein, we
realized bio-hybrid scaffolds by converging electrospinning and gas
foaming, namely, 3DCSSwhich exhibited 3D-likemultilayered nanofibrous
structures with adjustable size and antioxidant properties for articular car-
tilage regeneration applications. The porous 3DCSS possessed low density,
high porosity, good mechanical properties, biocompatibility and antioxi-
dant capacity. Furthermore, the CS-crosslinking further improved the
chondrogenic potential of the gas foamed scaffolds, translating into better
cartilage formation in vitro and in vivo. Compared with our previous report
on gas foamed PLCL/SF scaffolds [50], CS was introduced to endow
chondrogenic and antioxidative potential to scaffolds, thus improving
their bioactivity and broadening their applicability. It is noteworthy to
mention here that while CS-SF based scaffolds have been developed previ-
ously and leveraged for cartilage tissue repair, their poor mechanical prop-
erties and limited choice of biomaterials may limit their potential [10]. On
the other hand, our approach of exploiting natural/synthetic polymer-
based hybrids and leveraging electrospinning and gas foaming could help
tune scaffolds' dimensions to encourage cellular infiltration and neo-tissue
formation.

Appropriate choice of the materials is the basis for the successful prep-
aration of 3D nanofiber scaffolds. Both PLLA and PCL are biocompatible
and biodegradable, which have beenwidely used for an array of biomedical
applications. However, PLLA-based scaffolds produce acidic byproducts
upon their hydrolysis in vivo, whichmay cause acid-induced chronic inflam-
mation [51]. Besides, being highly stiff, PLLA based scaffolds may not be
suitable for CTE. On the other hand, the higher flexibility of PCL limits its
applications for hard tissue repair [52]. The PCL also degrades slowly,
which necessitates the modification of its chemical composition by blend-
ing the other polymers or copolymerizing other monomers to regulate its
degradation rate and mechanical properties [53]. Alternatively, PLCL is a
mechano-elastic biodegradable polymer, whose degradation rate and
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mechanical properties can be tuned by varying the monomers' ratio and
molecular weight. Moreover, being mechano-elastic, PLCL can promote tis-
sue repair by cellular mechanotransduction, which has already been
exploited for soft tissue regeneration, including infarcted heart, blood ves-
sels, and skin [36,54–57]. Kim et al. reported better cartilage ECM secretion
and regeneration by PLCL scaffolds. The authors speculated that this may
be ascribed to the mechanical elasticity of PLCL promoting cartilage regen-
eration via cellular mechanotransduction [58]. Consequently, to leverage
these characteristics for cartilage tissue regeneration, we chose PLCL as
the main component of the scaffold, which may concurrently leverage me-
chanical properties, biodegradation, and cellular mechanotransduction.
Similarly, SF, a protein-based natural polymer contains ligands that can
be recognized by the cell-surface receptors, which may improve the bio-
compatibility of scaffolds [7,59]. The SF exhibits unique properties, such
as good biocompatibility and biodegradability, which may also increase
the hydrophilicity of the scaffold and overcome the limitations associated
with the hydrophobicity of PLCL which may constrict expansion during
gas foaming [60,61]. Besides, SF is less risky in terms of the infection com-
pared to the other proteinaceous materials [13]. Hence, a blend of PLCL
and SF was employed for the fabrication of scaffold, which has already
been exploited for the regeneration of other types of tissues, such as ten-
dons, skin, blood vessels, and nerves [62]. Despite these obvious merits,
the applicability of PLCL/SF scaffolds is still limited for CTE, especially in
promoting cartilage ECM secretion and alleviating inflammation, which
has been addressed by various approaches. Kartogenin-conjugated amphi-
philic polyurethanes nanoparticles promoted chondrogenic differentiation
of stem cells, however, its use may be limited due to its solubility in the
oil, which may not be conducive for functionalization [63]. Similarly,
while cartilage-decellularized matrix has been reported to promote carti-
lage regeneration, immunological risks and difficulties associated with its
incorporation into scaffolds may hinder its applications for CTE [48].
Herein, CS, the integral component of the cartilaginous ECMwas exploited
to endow the bioactivity to PLCL/SF scaffolds and to modulate the inflam-
matory microenvironment after injury [64]. The CS, a negatively-
charged polysaccharide is widely distributed in the cartilage, which is
involved in various physiological activities, such as cell growth and dif-
ferentiation as well as the regulation of the joint function [65,66]. How-
ever, the weak mechanical properties of CS may limit its applications for
CTE, which require further improvement to harness its benefits for
tissue-engineered scaffolds [67,68]. The CS was incorporated into
PLCL/SF scaffolds through EDC/NHS crosslinking, which improved
chondrogenic induction in vitro as well as cartilage regeneration
in vivo. Our approach of the incorporation of CS into PLCL/SF scaffolds
via cross-linking rather than the direct blending during electrospinning
is based on different merits. While both the SF and PLCL can afford
electrospun nanofibers with the high efficiency, the electrospinning of
CS along with scaffolds may impede the efficiency as well as perturb
the nanofibers' morphology due to the formation of a bead-like mor-
phology [69–71]. The electrospinning of CS containing scaffolds is fur-
ther constricted by the limited choice of solvents (e.g., acetic acid,
trifluoroethanol/water, HFIP/water etc.). The bead-like morphology of
CS-contained scaffolds may further affect the applicability of scaffolds.

The 3DCSS gas-foamed scaffolds also feature additional advantages
over other forms of CS-SF related scaffolds. Since, most of the CS-SF scaf-
folds were fabricated by freeze-drying, the size and shape of the scaffolds
may not be appropriately controlled due to the limitations associated
with the mold as well as the limited choice of materials [10,72–75]. Alter-
natively, 3DCSSwere prepared by gas foaming, which allowed a better con-
trol over shape of 3D scaffolds. The thickness of 3D scaffolds could also be
tailored by adjusting the foaming time or mold dimensions [76]. Besides,
3DCSS exhibited a multilayered nanofibrous structure and the layer dis-
tance could be controlled by regulating the thickness of the scaffold [77].
Lastly, gas foamed scaffolds are applicable to a wide range of materials, in-
cluding synthetic polymers, such as PCL, PLCL, and PLA as well as natural
polymers (e.g., SF, chitosan, cellulose etc.), which also extend fabrication
flexibility [9].



Y. Chen et al. Biomaterials Advances 134 (2022) 112643
However, the introduction of CS increased the hydrophilicity of
the scaffolds, leading to a more rapid increase in the thickness during
gas foaming process, posing a challenge to afford 3D electrospun
nanofibrous scaffolds with controllable size. To circumvent this limita-
tion and gain a further control over size of 3D electrospun scaffolds, var-
ious approaches have been put forwarded. Sun et al. [78] fabricated
hexagonal-shaped 3D nanoyarn scaffolds by using a conductive mold,
which were mineralized for bone regeneration. Chen et al. [79] em-
ployed short nanofibers based bio-inks to prepare 3D printed scaffolds
with controllable pore size. In addition, origami- and kirigami-based
techniques may offer an alternative to transform electrospun mem-
branes into 3D structures [47]. Despite these possibilities to design 3D
scaffolds with accurate size, the superficial pores along with a lack of
porous layered structures are an impediment. Herein, we leveraged a
simple mold made of Teflon and glass, which is cost-effective, chemi-
cally inert, and easy to be assembled. After gas foaming by using this
“confined expansion” molding technology, 3D scaffolds with custom-
ized thickness and multi-layered structure were generated (Fig. 3).

The high porosity is a fundamental characteristic that enables scaffolds
to provide adequate space for cell infiltration. During the gas foaming pro-
cess, bubbles converge within the nanofiber pores and exert pressure on the
surrounding fibers, resulting in an increase in the porosity, which is macro-
scopically manifested as an increase in the volume and thickness of scaf-
folds. A highly porous scaffold with an interconnected pore network is
required for uniform spatial distribution of cells and to minimize the
diffusion-limiting effects on nutrients and waste products [59]. This is par-
ticularly essential for high-density chondrocyte culture in vitro to produce
clinically significant volume of cartilage tissues. Furthermore, high porosity
and aligned topographical cues facilitate efficient intercellular contact,
which has been associated with the high rates of the ECM synthesis [80].
After foaming and freeze-drying, the 3D gas-foamed scaffolds retain their
aligned nanofiber morphology with higher porosity, indicating their better
performance over the conventional nanofibrous membranes in promoting
cell infiltration and cartilage-related ECM secretion. Furthermore, an
ideal scaffold should be able to withstand the specific strength. The me-
chanical properties of 3DCSS were significantly better than that of 3DS as
evaluated both by tensile and compressive tests, which may be due to the
formation of strong hydrogen bonds between the CS or the formation of
amide bonds between the amino groups and the carboxylic groups.

The biocompatibility and bioactivity of scaffolds are important issues
which strongly affect the feasibility of cartilage regeneration. Our results
showed that chondrocytes stably survived on all of the scaffolds, indicating
good biocompatibility and low cytotoxicity of both 2D membranes and 3D
gas-foamed scaffold. Notably, 3DCSS achieved most rapid proliferation of
chondrocytes as compared to the other groups and formed uniform
cartilage-like tissues along with the secretion of the cartilaginous matrix
both in vitro and in vivo. The biochemical results of chondrocytes cultured
on different samples reemphasized the favorable influence of 3DCSS groups
on the chondrogenic phenotypes in vitro (Fig. 5). This is ascribed to the rea-
son that the 3DCSS scaffolds mimic the GAG-rich ECM of chondrocytes,
which may provide the cultured cells with a niche-like microenvironment,
allowing them to maintain the differentiated chondrogenic phenotype
in vitro [81]. Although the mechanical properties of the scaffolds inevitably
declined after gas foaming owing to the increased porosity and a loose
structure, the 3DCSS showed improved mechanical parameters than that
of the 3DS. Thismay help to present a stable 3D environment for the growth
of chondrocytes and cartilage tissue regeneration. The introduction of CS
also played a crucial role in enhancing the bioactivity of scaffold. The pre-
cise role of CS in creating a chondro-inductive environment for the neo-
cartilage regeneration is not very clear. Previous studies have shown that
chondrocytes cultured on CS-modified chitosan membranes retained their
phenotype and produced cartilage-specific matrix [81]. In another study,
the introduction of CS downregulated the expression levels of genes
encoding proteolytic enzymes involved in cartilage degradation, suggesting
that CS may exert both chondro-protective and anti-inflammatory effects,
which may be beneficial for CTE [82]. Consistent with these previous
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results, 3DCSS scaffolds showed the bioactivity in promoting the matura-
tion of chondrocytes, formation of a lacuna-like structure and secretion of
the cartilage-specific ECM as compared to the CS-free groups both in vitro
and in vivo. The incorporation of CS might have multiple functions, such
as the sequestration of the growth factors (GFs) or the direct interaction
with the cells. The interaction of growth factors with anionic domains in
GAG, of which CS is a primary component, is well-known to play an essen-
tial role in morphogenesis and tissue homeostasis [83]. These interactions
have been reported to extend the half-life and preserve the activity of GFs
[27]. Therefore, it can be assumed that the sulfate domains of CSmay inter-
act with some of the GFs, thereby activating the required signaling thatmay
favor cartilage regeneration, thus promoting chondrocytes maturation as
well as encouraging the further deposition of cartilage-specific ECM.

Moreover, the antioxidant capability of CS is also important in reducing
cartilage matrix degradation and promoting cartilage regeneration. The CS
has been shown to scavenge reactive oxygen species (ROS), restore chon-
drocytes homeostasis, and down-regulate the catabolic enzymes, which
may be favorable for the treatment of osteoarthritis [84]. In a related
work, CS not only reduced the production of ROS, but also inhibited the se-
cretion of inflammatory cytokines, such as IL-1β and TNF-α [85]. Besides,
CS has been shown to stimulate the production of proteoglycans by
inhibiting the synthesis of proteolytic enzymes to lower apoptosis and car-
tilage matrix degeneration [86]. The expression levels of inflammatory cy-
tokines were significantly lower in 3DCSS scaffold compared to 2DS and
3DS groups as assessed byRT-qPCR andWestern blotting, which is in agree-
ment with the DPPH assay. Moreover, the anti-inflammatory effect of
3DCSS over CS-free groups may attenuate inflammation and promote carti-
laginous tissue regeneration.

5. Conclusion

In summary, we designed novel 3D CS-crosslinked biomimetic porous
nanofibrous scaffolds with precise thickness via gas foaming in a pre-
designedmold and subsequent freeze-drying for promoting cartilage regen-
eration and moderating joint inflammation. 3D gas-foamed scaffolds dem-
onstrated low density, appropriate porosity and fast water absorption.
Moreover, they preserved nano-topographical architecture with multilay-
ered structures and stable mechanical properties. All of the scaffolds exhib-
ited good cytocompatibility, while 3D gas-foamed scaffolds promoted
seeding efficiency and proliferation of chondrocytes than that of 2DS.
More importantly, biomimetic 3DCSS displayed good biological outcomes
than those of the other groups as evidenced by the formation of cartilage-
specific ECM, significant regeneration of articular cartilage in a rabbit
model and less expression of pro-inflammatory factors both in vitro and
in vivo. Moreover, the better mechanical and biological properties of
3DCSS were effective for the regeneration of the articular cartilage. Taken
together, this strategy of designing biomimetic scaffolds as well as improv-
ing their performance by gas foamingmay have broad implications for CTE
applications.
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