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ARTICLE INFO ABSTRACT

Keywords: Inflammation is a major impediment to the healing of cartilage injuries, yet bioactive scaffolds suitable for
Cartilage r_ePair cartilage repair in inflammatory environments are extremely rare. Herein, we utilized electrospinning to fabri-
Inﬂammatlon. cate a two-dimensional nanofiber scaffold (2DS), which was then subjected to gas foaming to obtain a three-
gzgﬁi‘;:sil:g"etworks dimensional scaffold (3DS). 3DS was modified wi;h metal phenolic networks (MPNs) composed of epi-
Gas foaming gallocatechin gallate (EGCG) and strontium ions (Sr*") to afford a MPNs-modified 3D scaffold (3DS-E). Gas-
Nanofibers foamed scaffold exhibited multilayered structure conducive to cellular infiltration and proliferation.

Compared to other groups, 3DS-E better preserved chondrocytes under interleukin (IL)-1p induced inflammatory
environment, showing less apoptosis of chondrocytes and higher expression of cartilage matrix. Additionally,
3DS-E facilitated the regeneration of more mature cartilage in vivo, reduced cell apoptosis, and decreased the
expression of pro-inflammatory cytokines.

Taken together, 3DS-E may offer an ideal candidate for cartilage regeneration.

1. Introduction

Articular cartilage damage induced by osteoarthritis, trauma, or
various reasons significantly impair patient quality of life and can lead
to disability if not promptly intervened [1]. Cartilage lacks vascular and
neural tissue, rendering it with limited self-healing capabilities [2].
Clinically, techniques such as microfracture, autologous chondrocyte

implantation (ACI), and matrix-assisted chondrocyte implantation
(MACI) have been employed for cartilage repair [3]. However, these
techniques need for multiple surgeries and face limitations such as donor
site shortage or morbidity, and the formation of fibrocartilage,
prompting the development of tissue engineering [4].

Scaffolds play a fundamental part in cartilage tissue engineering
(CTE). Electrospinning, due to its versatility and high production
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efficiency, has been widely used in the construction of scaffolds for CTE
[5,6]. However, conventional electrospun membranes, composed of
densely packed fibers, hinder cell infiltration. A series of
post-electrospinning treatments were developed for the fabrication of
porous nanofibrous scaffolds, aiming to enhance scaffold porosity and
create a looser nanofibrous structure [7]. Among these, gas foaming has
recently gained prominence in the biomaterials field, with its main
advantage being the efficient fabrication of 3D scaffolds with contin-
uous, integrated multilayer structures. Gas foaming utilizes chemical
reactions of gases to generate bubbles in situ, requiring simple equip-
ment that is nearly universally applicable in all experimental settings [8,
9]. Our previous research has demonstrated the capacity of gas-foamed
scaffolds to support cell and tissue ingrowth, with modified gas-foamed
scaffolds also showing significant advancements in maintaining chon-
drocyte phenotype and alleviating inflammation [10,11]. However, the
bioactivity of gas-foamed scaffolds remains relatively simplistic, and
their capacity for cartilage regeneration in inflammatory environments
and the mechanisms of cartilage repair have not been intensively stud-
ied. Hence, the present study intends to construct gas foamed scaffolds
with dual functionalities of alleviating inflammation and promoting
cartilage matrix remodeling for cartilage tissue regeneration and to
explore their potential repair mechanisms.

Inflammation causes an increase in cartilage matrix metal-
loproteinase content and a decrease in proteoglycan content, leading to
tissue degradation [12]. Research indicates that incorporating func-
tionalized peptides and growth factors into scaffolds can influence the
phenotype and matrix expression of chondrocytes [13]. However, these
bioactive factors and peptides present challenges such as high costs,
short half-life, susceptibility to deactivation under physiological condi-
tions, and concerns regarding their safety and stability. Compared to
growth factors and peptides, inorganic ions possess advantages such as
low cost and good stability. Studies have found that strontium ions
(Sr?") can stimulate the production of proteoglycans through direct
ionic effects independent of organic moiety [14]. Sr’* could also
enhance cellular activity by stimulating the expression of basic fibro-
blast growth factor [15]. EGCG is a polyphenolic compound extracted
from plants, exhibiting biological properties such as antioxidation and
reactive oxygen species (ROS) scavenging [16]. Composite scaffolds
containing EGCG can reduce chondrocyte apoptosis, joint swelling, and
synovial hyperplasia [17]. Additionally, EGCG can participate in scaf-
fold surface modification through hydrogen bonding, with its hydroxyl
groups providing chelation sites for further reaction with metal ions to
form metal-phenolic networks (MPNs) [18]. Based on these studies, we
hypothesize that constructing MPNs composed of strontium and EGCG
on gas foamed scaffolds can enhance the scaffolds’ bioactivity, achieving
a synergistic effect of attenuating inflammation and enhancing cartilage
ECM synthesis for cartilage regeneration.

Hence, this study aims to construct MPNs-modified 3D gas foamed
nanofiber scaffolds and assess their capabilities in cartilage protection
and regeneration. Herein, we fabricated a 3D scaffold by electrospinning
combined with gas foaming treatment, and 3D scaffold was further
modified with MPNs composed of EGCG/Sr?*. The morphology, physi-
cochemical properties, antioxidant capacity, and drug/ion release be-
haviors of scaffolds were extensively studied. Additionally, the scaffolds’
capacities for anti-apoptosis, inflammation alleviation, and ECM secre-
tion were investigated.

2. Materials and methods
2.1. Materials

Poly(L-lactide-co-e-caprolactone) (PLCL, My, = 300 kDa, -lactide
acid to e-caprolactone mole ratio of 50:50) was purchased by Jinan
Daigang Biomaterial Co., Ltd., Jinan, China. Epigallocatechin gallate
(EGCG) was supplied by Bide Pharmatech Ltd., Shanghai, China. Hex-
afluoroisopropanol (HFIP) was obtained from Shanghai Darui Fine
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Chemical Co., Ltd., Shanghai, China. Cocoon of B. mori silkworm was
purchased from Huzhou Silk Co., Ltd., Huzhou, China. Strontium chlo-
ride hexahydrate (SrCl,e6H,0) was purchased from Macklin Biochem-
ical Co., Ltd., Shanghai, China.

2.2. Fabrication of nanofiber scaffolds

PLCL and SF were dissolved in HFIP in a mass ratio of 8:2 to form a
homogenous solution with a total weight of 10 % (w/v). The parameters
were set to rate of 1.2 mL/h, voltage of 12 kV, and receiving distance of
15 cm. The environmental temperature was maintained between 20 °C
and 30 °C, and the relative humidity was kept at 30 %40 %. PLCL/SF
membranes (2DS) were collected on aluminium foil by electrospinning
[19]. To avoid deformation on the edges, 2DS mats were first cut into
rectangle shape (1 cm x 1 cm x 1 mm) in the liquid nitrogen. Then,
these rectangular 2DS were immersed in 0.5 M NaBH4 aqueous solution
at room temperature for 30 min. Expanded scaffolds were then rinsed
and freeze-dried to finally obtain 3D PLCL/SF scaffolds (3DS). To obtain
MPNs modified 3D scaffolds (3DS-E), 3DS with rectangle shape were
immersed in the EGCG (concentration, 1 mg/mL) with 0.1 M SrCl; e
6H0 for 10 min and then freeze-dried after water rinsing according to
previous studies [20,21].

2.3. Characterization

The density and porosity of scaffolds were measured according to
previously reported methods [10,22]. The morphology, elemental and
functional group of the scaffolds were analyzed using SEM, EDS/XPS
and FTIR, respectively. For the specific brands and origins of the ma-
chines, please see Table S1. 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
was used to assess the antioxidant activity of scaffolds.

The mechanical properties of different specimens were recorded
with a universal materials test machine (HY-940FS, Hengyu Instrument,
Shanghai, China). 2DS, 3DS and 3DS-E underwent tension until rupture
at 5 mm/min. Compression testing, applied to square-shaped 3DS and
3DS-E samples (side length: 10 mm; thickness: 3 mm), reached a
compressive strain of 50 % at 1 mm/min. The kinetics of EGCG release in
3DS-E was monitored over 16 weeks period. The concentration of EGCG
was analyzed by UV/vis spectrophotometer (JASCO V530, JASCO,
Japan), and the concentration of Sr?* from was analyzed by inductively
coupled plasma-atomic emission spectrometry (ICP-AES, Leeman, USA).

2.4. Invitro evaluation of scaffold biocompatibility

Sterilized 2DS, 3DS and 3DS-E were placed in a 24-well plate.
Chondrocyte suspension was evenly dropped to each scaffold (3.0 x 10*
cells/well) to conduct live/dead, cell seeding efficiency, proliferation
and cell infiltration assays. The cell seeding efficiency was evaluated
using a previously described method [23]. After the cells incubation on
scaffolds for 4 h, the unattached cells were counted and calculate cell
seeding efficiency (S) according to Eq. (1):

S (%) =(S1 — S2)/S1 x 100% )

where S1 is the total number of cells and S2 is the number of lost cells.

Cell proliferation assay was detected by cell counting kit 8 (CCK-8)
assay. Cell infiltration was evaluated by fixing cell-laden scaffolds with
4 % paraformaldehyde (PFA) and performing with hematoxylin and
eosin (H&E) staining. IL-1p (10 ng/mL) was used to stimulate inflam-
mation and chondrocytes were cultured with scaffold extracts. 3DS or
3DS-E (1 mg/mL) were immersed in culture medium for 7 days, and the
supernatants were used to culture IL-1p treated chondrocytes. In blank
group, chondrocytes were cultured with medium without scaffold ex-
tracts. A control group included chondrocytes cultured without either
scaffold extracts or IL-1p.

Cell viability were evaluated through a live/dead assay and TUNEL
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staining was performed to elucidate apoptosis. Chondro-protective ca-
pacities of different groups in an inflammatory environment were
determined using real-time quantitative polymerase chain reaction
(qPCR). After treating with 10 ng/mL IL-1p, chondrocytes were incu-
bated for 24 h with 3DS or 3DS-E extracts. Then, isolate the total mRNA
using TRIzol reagent, and 500 ng of RNA was used to synthesize cDNA
using PrimeScript RT reagent kit (TaKaRa, Japan). The cDNA was mixed
with SYBR Premix Ex Taq (TaKaRa, Japan), and transcript levels were
evaluated by qPCR performed with Applied Biosystems QuantStudio™ 5
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA)
following the manufacturer protocols. All primer sequences were listed
in Table S2. The mRNA expression levels of Bcl-2 associated X protein
(Bax), Caspase-9, B-cell lymphoma-2 (Bcl-2), collagen II (COL II),
aggrecan (ACAN), tumor necrosis factor-alpha (TNF-a), interleukin-1
beta (IL-1p), matrix metalloproteinases 13 (MMP13), Adamalysin-like
metalloproteinases with thrombospondin (TS) motifs (ADAMTS)-5, nu-
clear factor E2-related factor 2 (Nrf2), superoxide dismutase (SOD) and
heme oxygenase-1 (HO-1) and p-actin were determined. The expression
levels of genes were relative to p-actin and calculated by —2*2* method.

To evaluate inflammatory response, chondrocytes were fixed, per-
meabilized, and blocked before incubation with primary antibodies
against MMP13 or COL II. After secondary antibody incubation and
DAPI staining, the images were observed with a fluorescence
microscope.

2.5. Articular cartilage regeneration in vivo

Animal experiments were conducted with the approval of the Ethics
Committee of Shanghai Tongren Hospital (A2023-050-01). First, divide
rabbits (4-month-old, 3 kg male New Zealand white rabbits) into three
groups (n = 4). Rabbits were anesthetized using a 3 % pentobarbital
solution (30 mg/kg). Subsequently, a full-thickness cartilage defect
(diameter = 4 mm and depth = 3 mm) was created at the center of the
trochlear groove. Implant 2DS, 3DS and 3DS-E into the defects and su-
ture the incisions. After surgery, keep the animals in separate cages and
euthanize at 12 weeks to harvest the femur condyle.

To assess the regeneration capability, the collected samples were
imaged and evaluated using the International Cartilage Repair Society
(ICRS) macroscopic scoring criteria. Collected specimens were fixed,
decalcified and then embedded. The sections were subjected to immu-
nohistochemical staining (COL I and COL II) and histological staining
(H&E, Safranin-O/fast green (Saf-O/FG)) [11]. The histology of defect
sections was further evaluated using Modified O’Driscoll histological
scoring and Mankin score by three independent observers, with criteria
detailed in the supplementary information (Table S3—S5).

Chondrocyte apoptosis within the knee joint cartilage was deter-
mined using the TUNEL assay. Sections were fixed with 4 % PFA,
washed with PBS, incubated with 0.1 % sodium citrate buffer, then with
terminal deoxynucleotidyl transferase (TDT) at 37 °C in darkness. Sub-
sequently, anti-digoxigenin conjugate (fluorescein) staining was per-
formed and nuclei were counterstained with DAPI. The apoptotic
chondrocytes percentage was quantified as the ratio of fluorescein-
positive to total nuclei. Immunofluorescence staining was performed
to investigate inflammation. Sections were blocked and incubated with
respective primary antibodies overnight, followed by incubation with
fluorescent-labeled secondary antibodies and observed under a fluo-
rescence microscope. Synovial fluid was collected, centrifuged, and the
supernatants were stored at —80 °C. IL-1f levels were quantified using a
rabbit IL-1p enzyme-linked immunosorbent assay (ELISA) Kit (R&D
Systems, USA) in accordance with manufacturer’s instructions.

2.6. Statistical analysis
The data were expressed as mean + standard deviation (SD) and

analyzed using one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test or Student’s t-test where appropriate. The
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statistical significance of all data was considered at p values < 0.05.
3. Results
3.1. Scaffold fabrication and characterization

The fabrication process of the gas-foamed scaffolds was depicted in
Fig. 1. We synthesized 3D nanofibrous scaffolds via an approach that
integrated electrospinning with gas foaming technology. Subsequently,
these 3D scaffolds were submerged in a solution containing EGCG and
Sr?t. EGCG can interact with proteins via its pyrogallol hydroxyl groups.
Moreover, the adjacent hydroxyl groups in EGCG provide chelation
sites, enabling reactions with diverse metal ions, leading to the forma-
tion of MPNs.

Fig. 2A showed the gross appearance and SEM photographs of 2DS,
3DS and 3DS-E. After gas foaming, 3DS and 3DS-E with an approximate
thickness of 3 mm were yielded. Each scaffold displayed a distinct
nanofibrous architecture, while 2DS showed densely packed fibers on
both the surface and cross-section. By contrast, 3DS and 3DS-E exhibited
an interconnected, layered structure with a loose nanofiber topography
and more pronounced pores on their surface. Notably, modification of
MPNs on 3DS-E led to the presence of clustered particles on both the
surface and cross-section.

Fig. 2B-D showed the physical properties including fiber diameter,
gap distance, and pore size across scaffold type. The gas foaming had a
negligible impact on the fiber diameter (2DS, 405 + 110 nm; 3DS, 461
+ 138; 497 + 100 nm), yet it resulted in larger gaps and pore sizes in the
3D scaffolds in comparison with the pristine membranes. Specifically,
the inter-fiber gaps widened from a pre-foaming average of 5.63 + 1.61
pm in 2DS to 49.81 + 20.65 pm in 3DS and 46.62 + 20.07 pm in 3DS-E,
as shown in Fig. 2E. After expansion, pore sizes also expanded in 3DS
(47.37 £ 14.61 pmz) and 3DS-E (45.47 + 16.33 pmz), surpassing those
of 2DS (18.19 =+ 5.53 ym?) as demonstrated in Fig. 2F. Changes in
scaffold density and porosity pre- and post-foaming were detailed in
Fig. 2G and H. The density of scaffolds decreased markedly from 0.175
g/cm? in 2DS to 0.033 and 0.034 g/cm?® in 3DS and 3DS-E respectively,
while porosity rose from 51.41 % in 2DS to 77.37 % and 76.87 % of 3DS
and 3DS-E.

The elements of C, O, Sr on the 3DS-E surface were detected by SEM
equipped with EDS. The EDS mapping predominantly localized stron-
tium (visualized in blue) within the newly formed particles (Fig. 3A).
FTIR further detailed the chemical makeup of different scaffolds
(Fig. 3B). The EGCG demonstrated a broad absorption band at 3345
em™!, which were ascribed to the vibration of the O-H linkage of
phenolic and hydroxyl groups. Additional EGCG signature peaks were
noted at 825, 1148, 1225, 1521, 1620 and 1692 cm ™, corresponding to
vibrational patterns of C-H alkenes, C-OH alcohols, —-OH aromatic, C=C
aromatic ring, C=C alkenes and carbonyl stretching of the gallic acid
[24]. Both 2DS and 3DS presented similar spectral patterns, showing
characteristic peaks of PLCL and SF. The peaks at 1639 cm ™! and 1520
cm™! were attributed to amide I and amide II bonds in SF. Absorption
bands at 2938 and 1756 cm ™! were ascribed to the —CHy— stretching
vibration and the ester carbonyl vibrations of PLCL. 3DS-E also exhibited
a broad band appeared at 3345 and 825 cm ™!, which were assigned to
the O-H and C-H alkenes vibrations from the EGCG. Notably, the amide
I bond shifted from 1639 cm™! to 1622 ecm ™, consistent with previous
findings that EGCG presence attenuated amide I absorption [25]. The
FTIR data confirmed that the gas foaming process did not induce
chemical reactions among components and the EGCG was successfully
modified on scaffolds.

In the XPS analysis, 3DS-E exhibited Sr 3d spectrum while 2DS and
3DS were devoid of it, indicative of an interaction between the nanofiber
and the EGCG/Sr’t MPNs (Fig. 3C). Mechanical properties were
assessed through compression and tension tests. Fig. 3D revealed the
resilience of 3DS-E, which recovered its original form after varied
compression levels. Compressive stress—strain curves at 50 %
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Fig. 1. Schematic diagram of the fabrication process of 3DS-E.

deformation for 3DS and 3DS-E were presented in Fig. 3E, with the
corresponding compressive moduli determined to be 3.69 + 0.51 kPa
and 3.95 + 0.55 kPa for 3DS and 3DS-E (Fig. 3F). The tensile properties
were showed in Fig. 3G, with 2DS manifesting superior mechanical
performance compared to the 3D scaffolds, as depicted through elastic
modulus (E), ultimate tensile strength (UTS), and elongation at break
(Eb) in Fig. 3H-J. Nevertheless, 3DS and 3DS-E revealed comparable
tensile properties (for 3DS, E = 110.66 + 12.33 kPa, UTS = 60.42 +
3.39 kPa, and Eb = 37.62 =+ 4.48 %; for 3DS-E, E = 111.47 + 18.74 kPa,
UTS = 59.22 + 8.69 kPa, and Eb = 34.74 + 3.09 %).

Fig. 3K demonstrated the release kinetics of EGCG from 3DS-E, with
an initial 33.61 % release on day one and reached 72.31 % within 9 days,
followed by a sustained release leading to an 77.71 % total release by
day 28. The release pattern for Sr** was exhibited in Fig. 3L, showing a
rapid initial release (36.78 % on the first day, reaching 80.46 % after 9
days) and leading to 90.81 % release after 28 days of immersion. These
findings suggested a sustained EGCG and Sr?* release from 3DS-E.

The degradation trends of 2DS, 3DS and 3DS-E over a 16-week span
were presented in Fig. S1. All groups displayed negligible weight dif-
ferences over the initial 4 weeks. At week 8, weight losses of 7.1 + 2.2
%, 12.6 + 1.8 %, and 12.8 + 2.1 % were noted for 2DS, 3DS, and 3DS-E,
respectively, and 24.6 + 2.6 %, 37.7 + 3.2 %, and 36.9 + 2.4 % at week
16, respectively. The faster degradation rates observed in the 3D scaf-
folds can likely be attributed to their multilayered porous designs, which
facilitate more expansive nanofiber interactions with hydrolytic pro-
cesses, thereby accelerating degradation.

3.2. Invitro cytocompatibility studies

The antioxidant property of different scaffolds was explored utilizing
the DPPH radical scavenging assay. As shown in Fig. 4A, 2DS achieved a
radical inhibition rate of a modest 3.33 % and 4.61 % after 24 and 48 h
incubation, and 3DS reached comparable 3.41 % and 5.22 % after 24 h

and 48 h incubation. Inherent antioxidant capacities of SF attributed to
its tyrosine and tryptophan composition, contributed a minor 5.6 %
antioxidant effect [26]. In contrast, 3DS-E exhibited a pronounced
ability to scavenge free radicals, with rates of 53.74 % and 70.68 % after
incubations of 24 and 48 h, respectively.

After 4 h of in vitro incubation, the cell seeding efficiency on 3D
scaffolds far outstripped that of 2DS, as illustrated in Fig. 4B. CCK-8
assay revealed that chondrocytes proliferated more effectively on the
3D scaffolds than 2DS, while 3DS-E showed a slight downturn in cellular
proliferation compared to 3DS (Fig. 4C). Live/dead staining demon-
strated no obvious cytotoxicity in all the scaffolds (Fig. 4D and E). H&E
staining showed more cellular infiltration in 3D scaffolds in contrast to
2DS, with quantitative metrics revealing a more profound infiltration
depth for chondrocytes on 3D scaffolds—a depth of 83.79 + 20.60 pm
for 3DS and 88.91 + 17.59 pm for 3DS-E, compared to a mere 19.27 +
8.09 pm for 2DS, as depicted in Fig. 4F-H.

Our study utilized IL-1f to simulate an inflammatory microenvi-
ronment. Given the identical compositions of 2DS and 3DS, the extracts
of 3DS and 3DS-E were used to explore the chondro-protective capacities
of various groups. Live/dead cell assay demonstrated that IL-1p medi-
ated the augmentation in the number of dead cells, whereas the number
of dead cells in the 3DS-E group was less than that in the blank and 3DS
groups (Fig. 5A and B). 3DS-E also alleviated IL-1p-induced chondrocyte
apoptosis, evidenced by a lower TUNEL-positive nucleus percentage
(17.25 %) relative to both the 3DS (45.12 %) and blank groups (47.96
%) (Fig. 5C and D). As shown in Fig. 5E-G, chondrocytes co-cultured
with the leachate of 3DS-E exhibited higher levels of expression in
anti-apoptotic genes Bcl-2 when compared with blank and 3DS groups.
3DS-E also down-regulated the expression of apoptotic genes Bax and
Caspase-9 in chondrocytes than that of blank and 3DS groups, suggest-
ing that 3DS-E may have a positive effect on inhibiting chondrocyte
apoptosis in the inflammatory environment.

Immunofluorescence staining showed that MMP13 fluorescence
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signal was elevated in chondrocytes after IL-1p treatment, while COL II
was decreased (Fig. 6A and B). 3DS-E significantly lessened MMP13
fluorescence, while increasing COL II signal intensity in contrast to 3DS
(Fig. S2). Typically, ADAMTS5 and MMP13 are associated with cartilage
matrix degradation, whereas a healthy chondrocyte signature includes
abundant COL II and ACAN. 3DS-E markedly decreased the mRNA
expression levels of MMP13, IL-1p, TNF-o and ADAMTSS5, and reversed
the decreased mRNA expression levels of COL II and ACAN in chon-
drocytes after IL-1p treatment (Fig. 6C-H). 3DS-E presented the upre-
gulation of Nrf2, SOD-1, and HO-1 mRNA level than those of blank and
3DS groups, indicating the activation of Nrf2 pathway (Fig. 6I-L). In
summary, 3DS-E modulated inflammation via the Nrf2 pathway and
mitigating ECM degeneration.

3.3. In vivo evaluation of articular cartilage repair

After 12 weeks transplantation, non-treated group exhibited obvious
cartilage defect and only little neo-tissue could be found in the defect
area. In the 2DS groups, defects were filled with white neo-cartilage
tissue with fine fissure. In the 3DS groups, newly-formed cartilage-like
tissues were partially integrated with the adjacent tissue, while some
small fissure remaining. By contrast, in 3DS-E group, the neo-cartilage
tissue integrated with the bordering tissues with a smooth and flat sur-
face (Fig. 7A).

Subsequent histological and immunohistochemical assessments of
the harvested samples highlighted differing regenerative outcomes. In
non-treated and 2DS groups, only sparse fibrous tissues occupied the
defect zone, and neo-tissue was poorly integrated with native cartilage,
with diminished Saf-O and COL II staining and an abundance of COL I.
For 3DS, the new tissue formed was thin, lacking the deposition of
mature cartilage ECM. The neocartilage tissue in the 3DS-E exhibited
substantial ECM deposition and thorough integration with native
cartilage, reflective of optimal cartilage regeneration.

The detail-rich magnified image demonstrated that the chondrocytes
within the 3DS-E displayed a distinctive lacunar structure, complete
with marked ECM accumulation and intensive COL II staining resem-
bling natural cartilage (Fig. 7B). The ICRS macroscopic score of 3DS-E
group (8.25 + 0.5) was superior to other groups (2.0 + 0.8 for non-
treated group, 2.5 + 0.6 for 2DS, and 5.2 + 0.5 for 3DS) (Fig. 7C).
Analogously, modified O’Driscoll histological scores were 6.8 + 1.2, 7.5
+1.3,12.5 & 1.8 and 16.8 + 1.3 for the non-treated, 2DS, 3DS and 3DS-
E groups, indicating a markedly superior repair outcomes of 3DS-E than
that of other groups (Fig. 7D). Mankin score further demonstrated the
best therapeutic effect in 3DS-E group (4.0 + 0.8) in contrast to non-
treated group (9.8 + 0.5), 2DS (8.5 + 1.3) and 3DS (7.0 + 1.2)
(Fig. 7E). Quantitative analysis results showed that compared to non-
treated, 2DS and 3DS groups, 3DS-E exhibited higher secretion of COL
II and lower expression of COL I, indicating that the newly formed
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cartilage resembled natural cartilage rather than fibrocartilage
(Fig. 7F-H).

TUNEL staining was performed to evaluate the apoptosis of articular
chondrocytes. 3DS-E revealed diminished TUNEL-positive expression
relative to the 2DS and 3DS groups (Fig. 8A). Quantitative analysis
revealed that the number of TUNEL-positive cells was significantly
reduced in the 3DS-E group (20 %) compared to the 2DS (47 %) and 3DS
(35 %) groups (Fig. 8B). The inflammatory response in articular carti-
lage was evaluated by TNF-a and IL-1p immunofluorescence staining,
where 3DS-E exhibited a weaker fluorescence expression than 2DS and
3DS (Fig. 8C-E). ELISA assay further confirmed the milder inflammatory
response of 3DS-E (Fig. 8F). Conclusively, 3DS-E could attenuate intra-
articular inflammation and chondrocyte apoptosis effectively.

4. Discussion
In this study, we have fabricated a 3D gas-foamed nanofiber scaffold

modified with MPNs composed of strontium ions and EGCG. 3DS-E fa-
cilitates the release of polyphenols and ions, fulfilling the simultaneous

requirements for inflammation mitigation and cartilage matrix remod-
eling. Moreover, the multilayered structure is favorable to cell prolif-
eration and infiltration, aiding in maintaining the chondrocyte
phenotype. Our research underscores the critical importance of con-
current inflammation relief and matrix remodeling, elucidating the
therapeutic potential of 3D nanofiber scaffolds modified with bioactive
ions and polyphenols for cartilage tissue regeneration.

Electrospinning is an efficient nanofiber manufacturing technique;
however, normal electrospun membranes tend to have a thin thickness
and a dense surface, which poses a limitation to cell infiltration. To in-
crease scaffold porosity and achieve a porous 3D structure, direct
enhancement methods like wet electrospinning, multilayer electro-
spinning, and sacrificial template methods have been developed [8].
Although these direct methods bypass post-processing steps, they offer
only limited improvements in porosity. Post-processing methods, such
as short fiber assembly, electrospinning combined with 3D printing, and
electrospraying, can produce loose 3D scaffolds. These methods offer
broad material applicability and allow for controllable scaffold shapes
and sizes, but they require specialized equipment, such as homogenizer
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and 3D printers. Gas foaming, on the other hand, can yield integrated
multilayer 3D scaffolds without disrupting the continuous fiber struc-
ture of the nanofiber membrane. The size can be tailored through time
control or utilization of molds, and the multilayer nanofiber structure
provides ample space for cell growth and infiltration, rendering it a
simple yet immensely potential-rich technique for fabricating 3D porous
scaffolds. The 3D scaffolds obtained using the gas foaming technique in
this research exhibit a multilayer structure and good cell infiltration
properties, offering pivotal support for matrix remodeling and tissue
regeneration. We use a combination of PLCL/SF as the basic materials
for the 3D scaffolds, which has proven successful in various tissue
regeneration applications, such as tendon, skin, blood vessel, and nerve
[27]. PLCL, a biodegradable biomaterial with mechanical elasticity, has
been reported to promote cartilage repair through cellular mechano-
transduction [28]. SF, a protein-based natural material, increases the
hydrophilicity and biocompatibility of composite scaffolds, overcoming
the expansion limitations of PLCL during gas foaming due to its

hydrophobicity [29].

Biocompatibility and high porosity are fundamental factors for cell
survival and ingrowth within scaffolds. Chondrocytes were able to sta-
bly survive on both 2D and 3D scaffolds, indicating that all scaffolds
possessed negligible cytotoxicity. Chondrocytes proliferated faster on
the 3D scaffolds, likely due to the larger porosity giving more binding
sites for cellular growth. Notably, although not significant, cell numbers
on 3DS-E were lower compared to 3DS, which may be attributed to
catechins inhibiting key enzymes in the cell cycle, potentially tempo-
rarily suppressing cell metabolism [30]. However, under inflammatory
conditions, 3DS-E displayed superior cell protective abilities. The co-
ordination of metal ions with EGCG stabilized the MPNs within the
scaffold, and when the ionic interactions were destroyed, EGCG was
protonated and thus released [31]. By releasing EGCG, 3DS-E not only
eliminated free radicals but also downregulated pro-apoptotic genes and
upregulated anti-apoptotic gene expression. Studies have indicated that
phenolic compounds may remove the free radicals plausibly through
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phenol-mediated aromatic ring resonance stabilization, resulting in the
stimulation of cellular anti-apoptotic/oxidant signaling pathways [32].

When cartilage defects occur, acute inflammation is triggered,
initiating a healing cascade reaction. Without timely balancing inflam-
mation and anti-inflammation, the persistent release of inflammatory
cytokines in a chronic inflammatory environment will hinder the syn-
thesis of cartilage matrix [33]. Therefore, designing a scaffold capable of
alleviating inflammation and decreasing ECM degradation is crucial.
Herein, IL-1p was used to stimulate the inflammatory response after
joint damage. The presence of IL-1p accelerated the degradation of ECM,
but 3DS-E significantly downregulated inflammatory genes expression
in chondrocytes and promoted matrix secretion, indicating a positive
effect of MPNs on the improvement of the microenvironment for

cartilage regeneration. Nrf2 is a member of the capncollar-basic leucine
zipper (CNC-bZIP) transcription activator family and exists in cytoplasm
as inactivation under physiological conditions. In response to inflam-
mation, the conformation of Nrf2 changes, translocating into the nu-
cleus, where it binds to antioxidant response elements (ARE) and
regulates the expression of antioxidative enzymes SOD-1 and HO-1 [34].
3DS-E can protect chondrocytes in an inflammatory environment by
activating the Nrf2 pathway, upregulating the expression of SOD-1 and
HO-1, reducing cartilage matrix degradation, thus creating a favorable
microenvironment for cartilage remodeling. Scaffold incorporating
specific ions represents an emerging method for tissue repair [35].
Strontium, as an essential trace element, has been used in the manage-
ment of cartilage diseases for decades [36]. In addition to promoting
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cartilage matrix remodeling, strontium also promotes the chondrogenic
differentiation of stem cells [37]. Moreover, strontium has been proven
to inhibit pro-inflammatory cytokines expression by modulating
macrophage phenotype [38,39]. Enhanced cartilage formation in the
3DS-E group may be concurrently associated with strontium release

promoting secretion of cartilage matrix. Although this study has
demonstrated effective results of 3DS-E in rabbit joint cartilage repair,
further research is necessary to assess its regenerative capabilities in
larger animals. The mechanical properties of the gas foam scaffold are
currently suboptimal, and enhancing these properties through in-situ
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biomineralization and chemical cross-linking could satisfy the demands
for hard tissue regeneration. Moreover, the potential development of the
gas foam scaffold into a gradient structure that supports osteochondral
regeneration represents a promising direction for future applications.

5. Conclusion

In conclusion, we have proposed a porous MPNs-modified 3D
nanofibrous scaffold to alleviate inflammation and promote cartilage
matrix remodeling for cartilage regeneration. The modified scaffold
featured a low density, appropriate porosity, and an integrated multi-
layer nanofiber structure. The 3D scaffold maintained stable mechani-
cal properties and low cytotoxicity, which supported enhanced cellular
proliferation and infiltration in comparison with 2D scaffolds. In
contrast to other groups, 3DS-E can better protect chondrocytes in a
simulated inflammatory environment, promote the formation of
cartilage-specific ECM, decrease cellular apoptosis, and mitigate the
inflammatory microenvironment. Overall, the approach of designing
bioactive biomimetic scaffolds based on gas foaming and MPNs modi-
fication may hold broad implications for CTE applications.
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