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ARTICLE INFO ABSTRACT
Keywords: Cartilage injury represents a frequent dilemma in clinical practice owing to its inherently limited self-renewal
Cartilage repair capacity. Biomimetic strategy-based engineered biomaterial, capable of coordinated regulation for cellular and

Self-assembly glycopeptide hydrogels
Fucoidan
ROS scavenging

microenvironmental crosstalk, provides an adequate avenue to boost cartilage regeneration. The level of
oxidative stress in microenvironments is verified to be vital for tissue regeneration, yet it is often overlooked in
engineered biomaterials for cartilage regeneration. Herein, inspired by natural cartilage architecture, a fibril-
network glycopeptide hydrogel (Nap-FFGRGD@FU), composed of marine-derived polysaccharide fucoidan
(FU) and naphthalenephenylalanine-phenylalanine-glycine-arginine-glycine-aspartic peptide (Nap-FFGRGD),
was presented through a simple supramolecular self-assembly approach. The Nap-FFGRGD@FU hydrogels
exhibit a native cartilage-like architecture, characterized by interwoven collagen fibers and attached pro-
teoglycans. Beyond structural simulation, fucoidan-exerted robust biological effects and Arg-Gly-Asp (RGD)
sequence-provided cell attachment sites realized functional reinforcement, synergistically promoted extracellular
matrix (ECM) production and reactive oxygen species (ROS) elimination, thus contributing to chondrocytes-ECM
harmony. In vitro co-culture with glycopeptide hydrogels not only facilitated cartilage ECM anabolic metabolism
but also scavenged ROS accumulation in chondrocytes. Mechanistically, the chondro-protective effects induced
by glycopeptide hydrogels rely on the activation of endogenous antioxidant pathways associated with nuclear
factor erythroid 2-related factor 2 (NRF2). In vivo implantation of glycopeptide hydrogels successfully improved
the de novo cartilage generation by 1.65-fold, concomitant with coordinately restructured subchondral bone
structure. Collectively, our ingeniously crafted bionic glycopeptide hydrogels simultaneously rewired chon-
drocytes’ function by augmenting anabolic metabolism and rebuilt ECM microenvironment via preserving redox
equilibrium, holding great potential for cartilage tissue engineering.

1. Introduction as articular cartilage injury; it is a result of a knee collision or trauma or
occurs in conjunction with other knee joint injuries [1]. The overall
Damage to the thin cartilage that lines the ends of bones is referred to prevalence of cartilage injuries in athletes is estimated to be as high as
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36 % [2]. Most patients are limited in their activities, referred to as
“locking knee”, because of the presence of loose bodies floating within
the joints, rather than recurrent pain or audible clunks [3]. Current
treatment approaches for cartilage injuries include conservative man-
agement, i.e., oral or topical analgesics, or transplantation-based sur-
gical strategies [4]. Nonetheless, considering the limited capacity of
cartilage self-repair, the existing therapies have proved disappointing.
Bio-inspired materials are being developed to create bio-adaptive
matrices that facilitate tissue regeneration. The natural architecture of
cartilage’s extracellular matrix (ECM) is composed of a collagenous
network and proteoglycans, which synergistically define its mechano-
physical properties with exquisite elegance [5]. Accordingly,
collagen-derived proteins such as gelatin and gelatin methacryloyl
(GelMA) hydrogels are widely employed as ideal substrates due to their
excellent biocompatibility and biodegradability for cartilage tissue en-
gineering (CTE) [6]. Recently, peptide-based supramolecular hydrogels
have exhibited tremendous potential in the fields of drug delivery and
tissue regeneration [7]. Through non-covalent interactions, minute
molecules can self-organize and generate functional entities with the
remarkable properties of shear-thinning and immediate recovery,
rendering them the optimal carriers for drug delivery via an injectable
approach [8]. Significantly, the rational design of amino acid sequences
and peptide secondary structural domains can yield bespoke physico-
chemical performance under diverse circumstances [9]. Therefore,
peptide-based hydrogels that mimic the structure of cartilage ECM have
the potential to emerge as a novel contender for cartilage repair.

When cartilage is injured, an inflammatory response triggers an
endogenous repair process in the affected area. However, this process is
accompanied by excessive production of reactive oxygen species (ROS)
or MMPs [10], the aforementioned factors are accountable for disrupt-
ing the extracellular matrix of cartilage, consequently exacerbating the
progression of osteoarthritis (OA) [11]. It is widely acknowledged that
the accumulation of ROS not only serves as a detrimental factor for
cartilage degeneration, but also impedes the lineage commitment of
mesenchymal stem cells (MSCs) towards chondrocytes [12]. Despite the
emphasis on enhancing cellular recruitment or promoting chondrogenic
differentiation in cartilage repair, the crucial role of a harsh oxidative
stress microenvironment is often overlooked. Refocusing on the removal
of endogenous ROS to create a more conducive environment for annulus
fibrosus (AF) regeneration holds great potential in treating interverte-
bral disc degeneration (IVDD) [13]. Similarly, the scaffolds infused with
functional metal-organic frameworks (MOFs), such as zinc-cobalt
(Zn/Co) [14], exhibit robust antioxidant properties that enhance the
regeneration of cartilage and subchondral bone in refractory osteo-
chondral defects. The marine-derived polysaccharide fucoidan, extrac-
ted from brown seaweeds, exhibits remarkable efficacy in the treatment
of wound healing [15] and inflammatory diseases [16], owing to its
inherent anti-inflammatory and immune-modulating properties. Since
the presence of negatively charged ester-linked sulphate groups,
sulfated fucoidan exhibits remarkable antioxidant activity in Fenton
systems and is thus regarded as an efficient scavenger of ROS [17].
Moreover, long-term use of glucosamine sulphate, a natural compound
found in cartilage, can reduce pain symptoms and act as a disease
modifier agent for cartilage disorders [18,19]. With its unique sulphate
structure resembling the natural components of chondroitin sulphate
(CS) within ECM, fucoidan is recognized as a promising candidate for
cartilage rejuvenation. The composite hydrogels enhanced by fucoidan
mimics a natural ECM tailored to the cellular microenvironment [20]
and promotes chondrogenic differentiation of MSCs [21]. Thus, the
incorporation of fucoidan presents a significant potential for strength-
ened dual-effects on ROS scavenging and ECM regeneration for cartilage
repair.

In this study, inspired that proteoglycan and collagen were randomly
interleaved within natural cartilage, the glycopeptide hydrogels, made
up of self-assembling peptide (Nap-FFGRGD) [22] for collagen fibrils
substitute and polysaccharide (fucoidan) as alternative staggered
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arranged proteoglycans, were skillfully designed using a supramolecular
self-assembly reaction (Scheme 1). The self-assembled peptides,
enriched with RGD residues, should create a conducive microenviron-
ment for in situ stem cells, thereby initiating an augmented regenerative
response toward injury. Furthermore, the bioactive fucoidan sustainably
released from hydrogels can provide dual biological cues by promoting
ECM secretion and scavenging overproduced ROS simultaneously, thus
exhibiting an exquisite balance between tissue regeneration and
oxidative stress management. Thus, our biomimetic glycopeptide
hydrogels will exhibit enhanced crosstalk of chondrocytes and cartilage
ECM, demonstrating great potential for rational cartilage regeneration.

2. Results and discussion

2.1. Preparation and characterization of self-assembly glycopeptide
hydrogels

To elucidate the microstructure of cartilage ECM, a porcine femoral
head was meticulously isolated and subjected to meticulous scanning
electron microscopy (SEM) analysis. Natural cartilage ECM is composed
of a heterogeneous and anisotropic alignment of collagen fibers,
creating an intricate structure (Fig. 1A). Subsequently, as observed
through SEM and transmission electron microscopy (TEM) analyses, the
self-assembling glycopeptide hydrogels exhibited micro/nanostructures
strikingly similar to those found in natural cartilage (Fig. 1B). Mean-
while, after modification with fucoidan, the ultrastructural morphology
by SEM had a 28.4 % lower pore size (Fig. S1A). TEM images revealed a
3D network made up of entangled nanofibers with a diameter ranging
between 10 and 15 nm (Fig. S1B). Elemental mapping analysis indicated
the presence of sulfur in Nap-FFGRGD@FU, thus confirming the suc-
cessful anchoring of fucoidan (Fig. 1C). The formation of hydrogels from
the solution was unveiled by means of a simple thermal cycling process
(Fig. 1D). Based on FTIR analysis, the characteristic peaks at 1544 em™!
and 1639 cm ™! represented the backbone of the self-assembling peptide
[23,24]. Moreover, the peaks of sulfation were represented by S—O at
1034 cm™! and C-O-S at 820 cm™!, accompanied by the
fucoidan-specific S-O peaks [25] at 1250 cm! (Fig. S2). Rheological
sweep revealed the kinetics of supramolecular hydrogelation, where the
storage modulus (G") was larger than the loss modulus (G"), indicating a
successful formation of a solid-like hydrogel (Fig. S3). Furthermore, the
self-assembling glycopeptide hydrogels exhibit a remarkable ability to
form and possess an excellent injectable property even in moist envi-
ronments (Fig. S4). According to the compressive test, a remarkable
enhancement in the mechanical modulus upon incorporating fucoidan
was revealed, effectively compensating for the limited mechanical
properties of self-assembly glycopeptide hydrogels (Fig. S5). Overall,
fucoidan imparts polysaccharide-like properties to self-assembly
hydrogel, tactfully forming a glycopeptide complex to mimic natural
cartilage ECM.

Fucoidan release and hydrogel degradation were comprehensively
determined through in vitro and in vivo models. The hydrogel integrity
remained intact when exposed to PBS solution for up to 3 weeks; how-
ever, more than half of the hydrogel degraded within 7 days and only
approximately 10 % remained after incubation with collagenases for 3
weeks (Fig. 1E-F). A chronological release pattern was observed for
fucoidan encapsulated within hydrogels using a toluidine blue O (TBO)-
based colorimetric method as previous reported [26] (Fig. S6). The
physically mixed fucoidan in hydrogels showed a rapid release rate of
33 % within the first stage, occurring within 24 h (Fig. 1G). In the
subsequent three weeks, the resident two thirds of crosslinked fucoidan
through hydrogen bonds were gradually released as the hydrogels un-
derwent degradation (Fig. 1H). Importantly, concentration monitoring
assays indicated that though fucoidan concentration was decreased
gradually accompanied with culture medium update, the dynamic range
could perfectly match the therapeutic windows of fucoidan (Fig. 1I)
[27-29]. The in vivo retention experiments further demonstrated that
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Scheme 1. Schematic illustration depicting the preparation and application of a self-assembly glycopeptide hydrogels to facilitate cartilage regeneration. Inspired by
the intricate architecture of natural cartilage (A), a cleverly crafted glycopeptide hydrogel composed of self-assembling peptide (Nap-FFGRGD) and polysaccharide
(fucoidan), mimicking collagen and proteoglycans, was ingeniously designed (B). The bionic glycopeptide hydrogels enhanced chondrocyte function by boosting
anabolic metabolism (C) and reconstructed the ECM microenvironment through maintaining redox equilibrium (D), thus serving as a viable alternative for cartilage

regeneration.

the hydrogels exhibited a responsive behavior towards highly activated
enzymes present in the joint cavity during the initial week, gradually
undergoing slow degradation within three weeks, both in sham and
posttraumatic OA mice (Fig. 1J-K). In summary, glycopeptide hydrogels
exhibited the remarkable ability to orchestrate a dual-phase release of
fucoidan, thereby eliciting both an “immediate response” and “sustained
maintenance” for optimal cartilage regeneration.

2.2. Glycopeptide hydrogels recoupled cartilage ECM metabolism by
releasing fucoidan

Rabbit-derived chondrocytes were co-cultured with low- or high-
concentration fucoidan hydrogels to assess the impact of glycopeptide
hydrogels on the equilibrium of cartilage ECM using a Transwell co-
culture system (Fig. S7A). Cell viability experiments revealed
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favorable biocompatibility of these glycopeptide hydrogels
(Figs. S7B-C). Meanwhile, chondrocytes proliferation (Fig. S7D) or
morphology (Fig. S7E) was barely affected by co-culture with hydrogels.
Alcian blue staining revealed a higher glycosaminoglycan (GAG) level in
the Nap-FFGRGD@FUy group compared to the untreated group
(Fig. 2A). Similarly, collagen type II (COLII) expression in chondrocytes
was significantly improved when cultured in the high-concentration
fucoidan hydrogels (Fig. 2B-C). To evaluate the beneficial effects of
conjugated RGD sequence on cellular adhesion, chondrocytes were
seeded onto Nap-FFG (RGD™) or Nap-FFGRGD (RGD™), respectively.
The RGD-modified self-assembly hydrogels, as anticipated, offered ad-
hesive sites to facilitate cellular proliferation and spreading (Fig. S8).
The Transwell migration and scratch assay further suggested that
fucoidan exhibited enhanced efficacy in promoting cell recruitment
(Fig. 2D-F), thereby establishing a solid foundation for subsequent “cell



Z. Zhao et al.

Bioactive Materials 32 (2024) 319-332

(A)  Natural Cartilage-Inspired (B) (&) GRGD GRGP
FF FF
. FG‘RGD NaPU NaPU
NaP” @r- @Fer
=@
W o (@]
%)
13
= ot
K . z
200 nm
Day 5 Week 1 Week 2 Week 3
§ ! | B ath o
c | | 1 '
S ' ap |
g - - P
= - - -
Q 1cm
3 .
= ~
1) \ I | 1 i \ ) 1 [}
& .
l HE B - -
(F) (G) (H) 0
_ 100~ PBS 3 40 z 100 S 250
X < < =
< Collagenase © Py © o ______.
e 75 2 30 2 75 g 200
© ° o g5
[] © e § 150
§ 50 % 20 % 50 Ss o
g 2 2 Nap-FFGRGD@FU, 2 2100 Therapeutic Window
B 2 BT Nap-FFGRGD@FU_ 2 254 Nap-FFGRGD@FUy 3 50
g E Nap-FFGRGD@FUy E i §
C| T T 1 L& 0'. T T T 1 Q 0'. T T 1 w 0'._ ______ |_ ______ |_ --- === ..
od 7d 14d 21d oh 6h 12h  18h  24h od 7d 14d 21d od 7d 14d 21d
(K)
_7 . S igg Sham
<= 400 oA
g 350
$ 300
'S 250
=
w20
5
5 10
©
0.4 © ol r T T
1d 1w 2w 3w

Fig. 1. Preparation and characterization of self-assembly glycopeptide hydrogels. (A) The gross and SEM images of natural cartilage derived from porcine
femur head. (B) Representative images of the ultrastructure of glycopeptide hydrogels by SEM and TEM. (C) The distribution of the major elements within glyco-
peptide hydrogels. (D) Optical images of the gel formation with a heating-cooling process-induced supermolecular self-assembly. (E-F) The degradation rate of
hydrogels in PBS or collagenase-mimicking injury microenvironment (n = 3). (G-H) The release profile of fucoidan during the initial 24 h (stage I) and the sub-
sequent three weeks (stage II) (n = 3). (I) The concentration of fucoidan in the culture medium was ascertained within three weeks. (J-K) In vivo distribution and
retention of injected hydrogels in sham or OA mice within three weeks (n = 5). Data are presented as mean £+ SD (*P < 0.05 or **P < 0.01 between the indi-

cated groups).

homing” during in situ implantation at the defect site [30]. Additionally,
the expression level of collagen type X (COLX) was effectively sup-
pressed in the chondrocytes treated with a high-concentration fucoidan
hydrogels (Fig. 2G). Co-culturing with glycopeptide biomimetic hydro-
gels led to a significant increase in cartilage ECM synthesis markers at
both the transcriptional and translational levels (Fig. 2H&J&S9A),
accompanied by a reduction in ECM degradation enzymes
(Fig. 21&K&S9B), suggesting that fucoidan facilitates a reorganized
metabolic homeostasis of the ECM. Among the many natural polymers,
fucoidan generated from seaweed is of abundant reserves due to the rich
marine resources, providing promising future applications [31]. The
composition and structure of fucoidan are diverse owing to the
discrepancy between seaweed species, and geographic or anatomical
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regions. Fucoidans from the seaweed Fucus vesiculosus L., Macrocystis
pyrifera L., or Undaria pinnatifida exert similar but not identical protec-
tive effects on OA fibroblast-like synoviocytes by regulating growth
factor-beta (TGF-B)/SMAD signaling pathway [32]. The treatment
benefits of fucoidan on collagen-induced arthritis depend on different
molecular weights; for instance, low molecular weight fucoidan allevi-
ates arthritis by suppressing T helper 1 (Thl)-mediated immune re-
actions [33]. To facilitate the regeneration of cartilage, we utilized
fucoidan extracted from Fucus vesiculosus L., a source renowned for its
ability to impede the onset of osteoarthritis [29]. Although some studies
have suggested that fucoidan treatment may promote the differentiation
of MSCs into chondrocytes [22,34], the precise role of fucoidan-induced
cartilage protection in the reconstruction of defects and the underlying
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Fig. 2. Glycopeptide self-assembling hydrogels recoupled cartilage ECM metabolism in vitro. (A) Representative images of anabolic markers of chondrocytes
stained by Alcian blue and COLII (B-C) Quantitative assessment of matrix production level and intensity of COLII immunofluorescence (n = 3). (D) Representative
images of cell migration determined by crystal violet and scratch assays, alongside the catabolic markers of chondrocytes stained by COLX. (E-G) Quantitative
evaluation of the number of migrating cells, area covered by migration, and intensity of COLX immunofluorescence (n = 3). (H-I) Protein levels of COLII, ACAN,
S0OX9, COLIL, COLX, and MMP13 were measured using western blot. (J-K) Gene expression of Col2al, Acan, Sox9, Collal, Col10al, and Mmp13 was determined using
RT-PCR assay (n = 4). Data are presented as mean + SD (*P < 0.05 or **P < 0.01 between the indicated groups).

mechanisms involved remain elusive [35]. Therefore, further in-
vestigations into the regulatory effects of fucoidan on MSC fate should
be pursued in future studies.

2.3. Glycopeptide hydrogels augmented the antioxidant properties and
mitochondrial functions

Considering the robust production of ECM induced by fucoidan, we
delved into the underlying mechanisms through which it exerts its ef-
fects. Based on this premise, we extracted the differentially expressed
genes (DEGs) associated with cartilage degeneration from the Gene
Expression Omnibus (GEO) database (GSE169077) to unveil potential
molecular cascades underlying ECM degradation. The pooled findings
revealed that the progression of ECM loss coincided with the modulation
of chemokines belonging to the C-C motif superfamily, such as
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chemokine ligand 4 (CCL4) and CCL20 (Fig. 3A&S10A) [36]. Further
enrichment analysis implied the involvement of oxygen metabolism and
oxidative stress in the cartilage degeneration (Fig. 3B-C&S10B-C).
Elaborating on this, in degenerated cartilage samples, the expression
levels of superoxide dismutase 1 (SOD1), SOD2, and SOD3 were
significantly diminished when compared to those observed in normal
patients (Fig. S10D). Accordingly, intricate redox balance pathways
involving the generation of ROS and the presence of antioxidant ele-
ments were subsequently meticulously elucidated.
Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay revealed that
intracellular ROS were down-regulated in high-concentration fucoidan
hydrogels (Fig. 3D). Furthermore, at the subcellular level, treatment
with glycopeptide hydrogels effectively suppressed the generation of
ROS in mitochondria. The activity of NRF2, an important regulator of
antioxidant response was improved in the Nap-FFGRGD@FUy group
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Fig. 3. Glycopeptide hydrogels attenuated ROS levels and advocated mitochondrial functions. (A) The volcano plot for differentially genes (DEGs) expression
as OA progress. (B-C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and Gene Ontology (GO) enrichment function analysis. (D-E) Repre-
sentative images of chondrocytes stained by intracellular or mitochondrial ROS staining, and NRF2 immunofluorescence in normal or H,O,-stimulated oxidative
stress environment. (F-G) Protein levels of antioxidant elements or MRC components were measured using western blot. (H) The glycopeptide hydrogels exhibit
enhanced antioxidant properties and promoted mitochondrial respiration. Data are presented as mean + SD (*P < 0.05 or **P < 0.01 between the indicated groups).

than in the untreated group (Fig. S11A). The efficacy of ROS elimination
and NRF2 reinforcement was significantly demonstrated under the
conditions of oxidative stress induced by H>O5 stimulation, highlighting
the robust redox modulation exerted by fucoidan (Fig. 3E&S11B).
RT-PCR and western blot experiments confirmed the motivation of
glycopeptide hydrogels on intracellular antioxidant elements including
heme oxygenase 1 (HO-1), SOD1, and SOD2 (Fig. 3F&S11C). As evi-
denced by the transcript and protein assay (Fig. 3G&S12), treatment
with Nap-FFGRGD@FUy resulted in improved mitochondrial respira-
tory chain (MRC) complex function in chondrocytes (Fig. 3H). The
remarkable antioxidant properties of fucoidan are harnessed in a
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nanofibrous scaffold, ingeniously designed to combat the inflammatory
and oxidative microenvironment in IVDD [37]. Since mitochondria act
as a primary source of free radicals, the maintenance of mitochondrial
functions, particularly for MRC is indispensable. Mitochondrial dysre-
gulation may cause cartilage degeneration by oxidative injury, defective
chondrocyte biosynthesis, or matrix catabolism [38]. Our recent inves-
tigation has demonstrated that the targeting of sirtuins can effectively
safeguard chondrocytes from OA-induced damage by reinvigorating
dysfunctional mitochondria, thus emphasizing the crucial role of mito-
chondrial charging capacity in cartilage regeneration [39,40]. None-
theless, the purified fucoidan from Sargassum polycystum induces
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apoptosis through mitochondria-mediated DNA damage in tumorigen-
esis [41]. Therefore, further elucidation is required to understand how
fucoidan modulates mitochondrial dynamics in chondrogenesis.

2.4. Glycopeptide hydrogels-induced cartilage protection was contingent
upon NRF2 pathway

To unravel the crucial role of NRF2 in enhancing cellular antioxidant
potency and promoting cartilage ECM synthesis, chondrocytes were pre-
treated with ML385, a specific inhibitor of NRF2, prior to co-culturing
with glycopeptide hydrogels. Immunofluorescence staining revealed
that treatment with ML385 downregulated NRF2 expression compared
with Nap-FFGRGD@FUy-treated chondrocytes (Fig. 4A-B). NRF2
mRNA and protein levels were found to be downregulated following
ML385 treatment (Fig. 4C-D). Moreover, the expression levels of anti-
oxidant components downstream of the NRF2 pathway were suppressed

Bioactive Materials 32 (2024) 319-332

(Fig. 4E&S13A). The treatment of ML385 resulted in a simultaneous
down-regulation of GAG and COLII expression, while up-regulating the
level of COLX in chondrocytes (Fig. 4F-G). Disruption of anabolism and
catabolism by NRF2 knockdown was verified at the transcript or trans-
lational levels (Fig. 4H&S13B-C). By binding to the specific antioxidant
response element (ARE) in the nucleus, NRF2 orchestrates a vast array of
proteins involved in antioxidant and anti-inflammatory defenses, as well
as safeguarding our mitochondria. Global deletion of Nrf2 in vivo ag-
gravates oxidative stress injury and cartilage degradation in rheumatoid
arthritis (RA) [42], and promotes cartilage ECM loss through secretion
of proteinases and proinflammatory cytokines in OA [43]. Our previous
study revealed that anti-arthritic effects induced by kartogenin (KGN), a
chondrogenic molecule in OA depend on NRF2 upregulation at its
post-transcript level [44]. NRF2/HO-1-related antioxidant signaling
systems play a role in the fucoidan-mediated prevention of kidney dis-
eases [45]. Arguably, this study unveiled the protective potential of the
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Fig. 4. Glycopeptide hydrogels yielded chondroprotective effects via activation of NRF2. (A) Representative images of chondrocytes stained by NRF2
immunofluorescence. (B) NRF2 expression were determined by RT-PCR and fluorescent intensity (n = 3). (C-E) Protein levels of antioxidant elements markers were
measured using western blot (n = 3). (F) Representative images of ECM markers of chondrocytes stained by Alcian blue, COLII, and COLX immunofluorescence. (G)
Quantitative assessment of matrix production level and intensity of COLII or COLX immunofluorescence (n = 3). (H) Protein levels of ECM synthesis and degradation
markers were measured using western blot. (I) Scheme of the NRF2 cascade scheme implicated in fucoidan-mediated chondroprotection. Data are presented as mean

+ SD (*P < 0.05 or **P < 0.01 between the indicated groups).
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fucoidan-NRF2-antioxidant axis on cartilage metabolism, providing
preliminary evidence that the activation of NRF2 induced by fucoidan
and its subsequent intrinsic antioxidant cascade should serve as a potent
enhancer for ECM remodeling (Fig. 4I). Nonetheless, the potential
oscillator upon NRF2, particularly under cartilage repair conditions,
remains to be clarified. Classical theory opines that the down-regulation
of Kelch-like-ECH-associated protein 1 (KEAP1)-dependent ubiquitina-
tion of NRF2 acts as a primary source of newly synthesized NRF2 [46].
Our prior study demonstrated that non-coding microRNA-146a-5p
(miR-146a-5p) blocks the translational process of NRF2 by targeting 3'
untranslated regions (3' UTRs) to amplify inflammation-induced carti-
lage destruction [47]. Future research will continue to uncover the novel
regulation underpinning the antioxidant effects of fucoidan.
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2.5. Glycopeptide hydrogels facilitated cartilage regeneration through
redox rejuvenation

A full-thickness cartilage defect was created and subsequently filled
with hydrogels in a rabbit model to assess the potential therapeutic ef-
fects of glycopeptide biomimetic hydrogels on cartilage regeneration in
vivo. The rabbits treated with Nap-FFGRGD@FUy exhibited optimal
cartilage repair 12 weeks post-surgery, as evidenced by significantly
higher ICRS and MODS scores compared to the untreated group
(Fig. 5A-C). According to histological staining, implantation of glyco-
peptide biomimetic hydrogels also increased the regenerative area by
1.65-fold (Fig. 5D). On the front of ECM rebuilding, the Nap-
FFGRGD@FUy group displays a harmonious expression of collagen, as
evidenced by an increased ratio of hyaline cartilage marker COLII to
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Fig. 5. Glycopeptide hydrogels boosted articular cartilage regeneration in a rabbit full-thickness cartilage defect model. (A) Representative images of gross
observation of cartilage defects of the defects and histology images of trochlear groove stained by hematoxylin and eosin (H&E). Sulfated glycosaminoglycans (GAGs)
were detected by Safranin O (S.0.) and toluidine blue (T.B.) staining. The triangles symbolized the encompassing indigenous cartilage, while the stars denoted the
repaired tissues. (B—C) Quantification of cartilage repair using ICRS or MODS system (n = 6). (D) Quantification of the percentage of repaired cartilage area (n = 6).
(E) Representative immunohistochemical (IHC) images of trochlear groove stained by COLII or COLI. (F-G) Quantification of the percentage of positively stained
areas for COLII or COLI (n = 6). Data are presented as mean + SD (*P < 0.05 or **P < 0.01 between the indicated groups).
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fibrous cartilage marker COLI (Fig. 5E-G). Moreover, treatment with
glycopeptide hydrogels demonstrated a remarkable improvement in the
process of subchondral bone remodeling (Fig. 6A-B&S14). Importantly,
the glycopeptide hydrogels elicited endogenous NRF2 activation and its
downstream pathways, as evidenced by elevated expression of SOD2
and HO-1 (Fig. 6C-F). Accordingly, the glycopeptide hydrogels signifi-
cantly inhibited the level of oxidative DNA damage marker 8-OHdG,
indicating a rebalanced antioxidant/pro-oxidant equilibrium for local
ROS damage (Fig. 6G-H). Standard tissue engineering comprises three
key elements, including cells, materials, and cytokines, which have been
extensively used for CTE [48]. Nonetheless, cell viability following
transplantation or immune rejection limits the generalization to clinical
practice. Mimicking ECM is a novel direction for tissue-adaptive
biomaterial design, allowing cell adhesion, proliferation, or
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differentiation by autologous cell mobilization [49]. Owing to cartilage
ECM is heterogeneous in composition, well-designed biomimetic mate-
rials that simultaneously process collagen and proteoglycan are neces-
sary. The RGD-enriched self-assembly peptide provides an ideal
environment for cell attachment, which is required to recruit neigh-
boring stem cells for tissue reconstruction. On the other hand, fucoidan
incorporation into an innovatively constructed glycopeptide structure
increases biological activities and renders key polysaccharide compo-
nents to an extraordinary ECM-driven agenda for cartilage repair. By
mimicking natural hyaluronic acid molecules, supramolecular GAG-like
glycopeptide nanofibers induce chondrogenesis and healing of osteo-
chondral defects [50]. Importantly, the fucoidan-reinforced antioxidant
properties can effectively eliminate local accumulation of ROS, thereby
creating a redox-friendly microenvironment for tissue repair and
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(A) Representative images micro-CT coronal, sagittal, or 3D

reconstructed view of the defects. (B) Quantification of the bone morphometric bone volume (BV) versus tissue volume (TV) value (n = 6). (C) Representative
Immunohistochemical (IHC) images of trochlear groove stained by NRF2, SOD2, HO-1. The triangles symbolized the encompassing indigenous cartilage, while the
stars denoted the repaired tissues. (D-F) Quantification of the percentage of positively stained areas for NRF2, SOD2, HO-1 (n = 6). (G) Representative [HC images of
trochlear groove stained by 8-OHdG. (H) Quantification of the percentage of positively stained areas for 8-OHdG (n = 6). Data are presented as mean + SD (*P < 0.05

or **P < 0.01 between the indicated groups).
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regeneration.
3. Conclusion

A self-assembly glycopeptide hydrogel incorporating RGD-functional
peptide and polysaccharide fucoidan was rationally developed to mimic
an adaptive ECM, inspired by a natural structure of hyaline cartilage. Co-
cultivation of chondrocytes with glycopeptide hydrogels not only
enhanced the deposition of cartilage ECM, but also improved intracel-
lular antioxidant properties to counteract ROS damage. Mechanistically,
the chondroprotective effects of glycopeptide hydrogels were dependent
upon the activation of the NRF2-associated antioxidant signaling path-
ways. The in-situ implantation of glycopeptide hydrogels facilitated the
generation of novel cartilage and reinstated collagen balance by reor-
ganizing local redox equilibrium. Overall, our proposed glycopeptide-
based ECM biomimetic strategy holds immense potential for cartilage
regeneration, while activation of the fucoidan-NRF2-antioxidant axis
has the capacity to revolutionize bionic therapies in tissue engineering.

4. Material and methods
4.1. Preparation of glycopeptide hydrogels

Nap-FFGRGD peptide (10 mg, PeptideValley, Nanjing, China) was
dissolved in 1 mL of PBS solution (pH = 7.4) to form a precursor of the
hydrogel. 0.2 pL of 1 M NayCOs solution was incrementally added,
followed by thorough stirring and pH measurement using ultra-sensitive
PH test paper until a pH value of 7.4 was achieved. The mixture was
heated to 90 °C using a metal bath until the compound achieved
transparency, followed by rapid hydrogel formation upon cooling to
room temperature. To prepare the glycopeptide hydrogels with varying
concentrations, 1 mg or 10 mg of fucoidan (Sigma-Aldrich, St Louis, MO,
USA) were respectively dissolved in 1 mL of PBS. After being completely
dissolved, 10 mg of Nap-FFGRGD polypeptide was added to the solution
containing fucoidan. After thorough mixing, the solution was adjusted
to a pH of 7.4. Subsequently, the self-assembled glycopeptide hydrogels
were formed through a heating and cooling process. Following this, the
hydrogels were utilized for animal and cell experiments.

4.2. Rheology test

Rheological properties of hydrogels were measured using a strained-
controlled rheometer (AR 2000ex, TA Instruments) with a parallel plate
geometry (40 mm diameter) and a gap of 500 mm. A dynamic frequency
sweep between 0.1 and 100 rad s~! was performed at a strain of 1 %.
Notably, all samples were measured at 37 °C.

4.3. Fourier transform infrared spectroscopy test (FTIR)

The FTIR spectra were acquired using the Themo Nicolet 6700 FTIR
instrument (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with attenuated total reflection (ATR) mode. The hydrogels (100 pL)
were freeze-dried and finely powdered before being deposited onto the
ATR diamond crystal. After performing a background scan using the PBS
buffer, each sample was subjected to 64 scans with a resolution of 4000
and 400 cm ™! using the FTIR spectrometer for spectral recording.

4.4. Scanning electron microscope (SEM)

The hydrogels were fixed with 2.5 % neutral glutaraldehyde for a
duration of 4 h. Following PBS washing, the samples were subjected to
dehydration using gradient concentrations of alcohol (50 %, 60 %, 70 %,
80 %, and 90 % each for an hour, followed by complete immersion in
100 % alcohol for 2 h). The samples were subsequently dehydrated using
a carbon dioxide critical dryer (Tousimis, Rockville, MD, USA). The SEM
images were acquired using a Zeiss Merlin scanning electron microscope
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(Germany) equipped with an in-lens detector, operating at an acceler-
ation voltage of 3 kV.

4.5. Transmission electron microscopy (TEM)

The microstructure of hydrogel samples was observed using a
MODEL H-800 electron microscope at an acceleration voltage of 100 kV.
A CDD camera was used to acquire digital images. All samples were
applied onto carbon-coated copper grids. Subsequently, 10 pL of ura-
nium acetate was added to dye samples. Excess dye was removed using a
clean filter paper, then the gels were overnight dried in a dryer.

4.6. Biodegradability assays

The glycopeptide hydrogel samples (1 wt%, 500 pL) were incubated
in PBS (5 mL/sample) or PBS (5 mL/sample) containing 1 ng/mL
collagenase type I (Thermo Fisher Scientific) at a temperature of 37 °C
and a CO, concentration of 5 % in a humidified shaker incubator for
durations of 1, 3, 5, 7, 14, and 21 days. The immersion extracts were
replaced on a daily basis, and each sample was measured using an ultra-
high precision electronic scale after the drying process. The initial
weight is represented as W. The weight of the degraded hydrogel is
indicated as Wn. The degradation rate (%) can be calculated using the
formula: (Wo-Wn)/Wy x 100 %.

4.7. Fucoidan release

The glycopeptide hydrogel samples (500 pL/well) were prepared in
6-well transwell chamber and incubated in 5 mL of PBS buffer. The
concentrations of fucoidan were measured by aspirating 2.5 mL sample
solutions at predetermined time points (1, 5, 7, and 12 h; and 1, 3, 5, 7,
14, and 21 days). An equal volume of PBS was added to the plates. The
aspirate was then mixed with toluidine blue O (TBO) (Sigma-Aldrich) to
form a complex prior to the addition of n-hexane. The supernatant was
subjected to spectrophotometric analysis at 631 nm using a microplate
spectrophotometer (Bio-Tek, Winooski, VT, USA) after 1 min of incu-
bation. The obtained absorbance value corresponded to the concentra-
tion of fucoidan.

4.8. In vivo imaging systems (IVIS) imaging

The degradation of glycopeptide hydrogels in the joint cavity of mice
was evaluated using the IVIS in vivo imaging system (Spectrum, Perki-
nElmer). After mice were anesthetized with isopentane, 10 pL of Cy5-
labeled glycopeptide hydrogel (10 mg/mL) was injected into the joint
cavity of each mouse. Days 1, 7, 14, and 21 later, the mice were anes-
thetized using the same method. The mice were meticulously positioned
on the imaging chamber stage upon completion and testing temperature
was maintained at 37 °C, and the exposure procedure was conducted.
The exposure duration and imaging parameters were adjusted to opti-
mize visualization and parameters were consistently maintained for
each subsequent imaging session. Imaging kinetic curves were acquired
after completing the imaging of all mice. The region of interest (ROI)
was defined as the joint cavity area in each mouse. The IVIS imaging
system (Xenogen) was utilized for the integration of bioluminescence
signals. The imaging signals were quantified to determine the average
radiance, and the resulting ROI photon flux was considered indicative of
hydrogel retention in the joint cavity of mice.

4.9. Mechanical test

The hydrogels were prepared into cylindrical shapes (diameter: 1
cm, height: 4 mm) through a heating-cooling process in order to eval-
uate their compressive mechanical properties. The hydrogels were
incubated at 4 °C overnight to facilitate the formation of a stable self-
assembling peptide system. Subsequently, each of the three samples
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was meticulously transferred onto the testing platform. The excess water
around the sample is blotted with filter paper. The hydrogels were
subjected to uniaxial compression experimental testing using a me-
chanical testing system, with a test speed of 1 mm/min, until failure
occurred.

4.10. Isolation and culture for rabbit articular chondrocytes

After administering anesthesia, articular cartilage tissue was har-
vested from 6-week-old New Zealand white rabbits. Two rabbits were
utilized simultaneously to procure chondrocytes from the condyles of
femur for subsequent experimental procedures. Thereafter, samples
were sectioned into small fragments and digested within 0.4 % colla-
genase II (Gibco, USA) in a humidified 37 °C, 5 % CO; incubator. Pri-
mary chondrocytes were filtered using a 100 pm nylon mesh (BD,
Biosciences, San Jose, CA, USA). Cells were seeded into culture flasks
(CoStar, Tewksbury, MA, USA) and kept in Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 (DMEM/F12) with 10 % fetal bovine
serum (FBS, Gibco, heat-inactivated), penicillin (100 U/mL final con-
centration) and streptomycin (100 U/mL). Chondrocytes at passage one
were used for subsequent experiments.

4.11. Co-culture of glycopeptide hydrogels and chondrocytes

The transwell chamber was selected as the optimal platform for the
co-culture of hydrogels and chondrocytes. Initially, the hydrogel was
seeded in the upper chamber while chondrocytes were seeded in the
lower chamber. The upper chamber was fully immersed in DMEM/F12
medium to ensure complete coverage of the hydrogel. The RT-PCR,
western blotting, fucoidan release, and hydrogel degradation experi-
ments were conducted in six-well plates, with a hydrogel volume of 500
pL in the upper chamber and a culture medium volume of 5 mL. The
cytological and immunofluorescent stains were performed in 24-well
plates, with a hydrogel volume of 125 pL in the upper chamber and a
culture medium volume of 1.25 mL. The cell proliferation assays were
conducted using 96-well plates, with a hydrogel volume of 31.25 pL in
the upper chamber and a culture medium volume of 312.5 pL. The
medium in the above co-culture system was replaced at 12 h, day one,
day two, and day five respectively.

4.12. Cell proliferation test

Cell proliferation was measured using the Cell Counting Kit-8 (CCK-
8, Beyotime, Shanghai, China). Briefly, 3000 cells were seeded into 96-
well plates. After 24 h, cells were co-cultured with different hydrogel
samples for 1, 3, 5, and 7 days as mentioned above. Subsequently, the
CCK-8 solution was added to 96-well plates for 2 h at 37 °C. The
absorbance was measured at 450 nm using a microplate spectropho-
tometer (Bio-Tek).

4.13. Cytoskeleton staining

Staining was performed using the phalloidin kit (Abcam, Waltham,
MA, USA) as per the manufacturer’s instructions. After being incubated
with hydrogels for a duration of seven days, the cells were fixed using 4
% paraformaldehyde (PFA) for 30 min. Cells were incubated with FITC-
phalloidin dilution (1:500) for 30 min in the dark to stain the F-actin.
Nuclei were counterstained with DAPI (Invitrogen, Carlsbad, CA, USA)
for 1 min. Images were observed under a microscope (Zeiss, Axiolmager,
Germany).

4.14. Live/dead staining
Cell toxicity of the hydrogels was performed using a Live/dead cell

staining kit (Beyotime). Briefly, cells were cultured in the 24-well plates
(10° cells/well) and incubated with hydrogels for seven days. Afterward,
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cells were incubated at 37 °C for 30 min with fluorescent buffer as per
the manufacturer’s recommendations. After washing twice with PBS,
live (green) or dead (red) chondrocytes were observed under a fluo-
rescence microscope (Zeiss Axiolmager, Germany). The semi-
quantitative analysis of live/dead cell staining images was determined
utilizing the Image J software.

4.15. Immunofluorescence staining

After being incubated with hydrogels for a duration of seven days,
cells were fixed with 4 % PFA for 30 min. After washing twice with PBS
and permeabilization with 0.3 % Triton (Sigma-Aldrich), cells were
blocked using bovine serum albumin (BSA) at room temperature for 1 h.
Subsequently, cells were incubated with primary antibody (COLIL,
ab34712 or NRF2, ab62352) with appropriate dilutions (1:500) over-
night at 4 °C. Cells were then washed three times with PBS, before
staining with the corresponding secondary antibody (ab150075, 1:500)
for 1 h. Nuclei were counterstained with DAPI for 1 min. Images were
captured using a Zeiss Axiovert 40CFL fluorescence microscope. The
fluorescence intensity analysis was conducted using the Image J soft-
ware. Briefly, the fluorescence images were adjusted to 16-bit single-
channel mode through the software, while also removing background
color and optimizing parameters such as threshold to maximize inclu-
sion of valid fluorescence signals. The region of interest (ROI) was
selected to fluorescence intensity of all pixels within the designated area,
the average fluorescence intensity within the ROI was calculated.

4.16. Alsian blue staining

The hydrogels and cells were co-cultured following the aforemen-
tioned protocol. After the seven days, the medium was discarded and
rinsed with PBS buffer. The samples were then fixed with 4 % para-
formaldehyde at room temperature for 30 min. After washing, a solution
of Alcian blue staining (Sigma-Aldrich) was added to each well of a 24-
well plate (200 pL/well), and the plate was stained at room temperature
for 1 h. The images were observed and collected using an Olympus IX73
inverted microscope, followed by rinsing with deionized water. The
Alcian blue level, representing the deposition of glycosaminoglycan
chondrocyte matrix, was analyzed using Image J software. The RGB
channels of the images were converted to mode with a 16-bit depth.
Subsequently, the parameters were adjusted and an appropriate ROI was
selected gray value analysis after eliminating the background color. The
average Alcian blue percentage was calculated by dividing the gray
value by the area of ROI The Alcian blue percentage of the control group
was standardized to 100 % for statistical analysis.

4.17. Intracellular and mitochondrial ROS levels

Chondrocytes were seeded at a density of 20,000 cells per well in 24-
well cell culture plates and co-cultured with hydrogel using the afore-
mentioned method. When the cell confluence reaches 60-70 % on day 7,
remove the medium and carefully wash with PBS. DCFH-DA (Beyotime
Biotechnology) or MitoSOX (Thermo Fisher Scientific, USA) staining
working solution (prepared by mixing DCFH-DA or MitoSOX in a ratio of
1:1000 with DMEM/F12 medium) was added to the 24-well plate and
incubated at 37 °C in a dark cell culture incubator for 30 min. The nu-
cleus was subsequently counterstained with a nuclear dye for a duration
of 1 min. The images were subsequently acquired using a fluorescence
microscope and the average fluorescence intensity within the ROI was
calculated using the Image J software.

4.18. Real-time polymerase chain reaction (RT-PCR)
The hydrogels and cells were co-cultured following the aforemen-

tioned protocol. After the seven days, total RNA was isolated by Trizol
reagent (Invitrogen) and the concentration of samples was calculated
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using NanoDrop2000 (Thermo Fisher Scientific, USA). RNA was
reversely transcribed into cDNA using reverse transcription reagents
(TaKaRa, Shiga, Japan). RT-PCR was performed on a CFX96 Real-Time
system (Bio-Rad, Shanghai, China). Gene expression levels were
normalized with glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
expression as endogenous control and then analyzed using the Ct
(2722 method. Primer sequences are available in Supplementary
Table 1.

4.19. Western blot analysis

Total protein was isolated from chondrocytes using RIPA buffer
(Beyotime). Protein concentration was measured using the BCA protein
assay kit (Beyotime). An equivalent protein of each sample was sepa-
rated using 10 % SDS-PAGE, then transferred to nitrocellulose mem-
branes. The membranes were blocked using Western blocking buffer
(Beyotime) at room temperature for 1 h then incubated overnight with
the following primary antibodies at 4 °C: COLII (ab188570, 1:5000),
ACAN (ab3778, 1:3000), SOX9 (A19710, 1:3000), MMP13 (A11148,
1:2000), COLI (A16891, 1:2000), COLX (ab58632, 1:2000), NRF2
(ab62352, 1:5000), HO-1 (ab52947, 1:5000), SOD1 (ab52950, 1:5000),
SOD2 (ab68155, 1:5000), ND4 (A9941, 1:2000), SDHA (A13852,
1:2000), COX4I2 (A6564, 1:2000), ATP5A (A11217, 1:2000), or
a-Tubulin (ab7291, 1:5000). After washing twice with TBST, the blots
were incubated with corresponding HRP-conjugated secondary anti-
bodies (Abcam) at room temperature for 1 h. The protein bonds were
observed with a chemiluminescence detection system (Bio-Rad).

4.20. RNA sequencing and bioinformatic analysis

The Gene Expression Omnibus datasets were utilized for and
downloading the identified GSE169077, which comprised 5 normal
samples and 6 osteoarthritis cartilage samples, based on the Genome-
wide U133A Affymetrix oligonucleotide array. The genes that exhibi-
ted a false discovery rate (FDR) of less than 0.05 and a fold change
greater than 2 were considered as differentially expressed genes (DEGs).
Enrichment analysis was conducted utilizing gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis.

4.21. Rabbit models with a full-thickness cartilage defect

The protocol was approved by the Ethics Committee of Soochow
University (Ethics approval number: SUDA20221009A02). New Zealand
white rabbits (2.2-2.4 kg) were to build cartilage defects model for
evaluating the regenerate effect of various hydrogel samples. A dose of
30 mg/kg of 3 % sodium pentobarbital was administered via the rabbit
ear margin vein. After the rabbits were anesthetized, the knee joint was
incised and the surrounding tissues were carefully isolated. Thereafter,
the femoral trochlea was exposed, then an electric drill was used to
create a hole (height: 3 mm, diameter: 4 mm). The defect regions were
implanted with 40 pL of glycopeptide hydrogel according to grouping,
while the blank control group underwent drilling without hydrogel
implantation. Each experimental group consisted of three rabbits with a
bilateral defect model. The rabbits received a three-day course of post-
operative penicillin (100,000 U/kg) to combat infection, while daily
monitoring the progress of incision healing. After a duration of 12
weeks, the animals were humanely euthanized, following which the
femoral condyles were harvested for subsequent experimental
procedures.

4.22. Micro-CT analysis

The New Zealand white rabbits used as a model for cartilage defects
were humanely euthanized, and distal femoral specimens were obtained
12 weeks post-surgery. The muscles and ligaments surrounding the joint
were meticulously dissected. Subsequently, fixed in a 4 %

330

Bioactive Materials 32 (2024) 319-332

paraformaldehyde solution for 48 h, and the femoral trochlea samples
underwent analysis using a high-resolution Micro-CT system (SkyScan
1176, Aartselaar, Belgium). The initial scan was conducted at 60 kV,
170 mA, and 0.7° with an 18 pm resolution. The specimen was posi-
tioned on the testing station and scanned using consistent parameters.
Each specimen underwent a 20-min testing process to ensure the
integrity of the scanned layers, followed by reconstruction and quali-
tative analysis of three-dimensional microstructure images using NRe-
con and Data Viewer software. The defect site was defined as a ROI for
the assessment of bone volume to tissue volume ratio (BV/TV), trabec-
ular separation (T.Sp), trabecular thickness (Tb.Th), and trabecular
number (Tb.N). These parameters were utilized to evaluate both bone
density and microstructure.

4.23. Histological staining and immunohistochemistry

Samples of femoral trochlea were fixed in 4 % paraformaldehyde at
room temperature for 48 h. The samples were decalcified with 10 %
EDTA (pH = 7.4, Sigma-Aldrich) and embedded in paraffin (Leica,
Germany). Tissues were sectioned into slices of 6 pm thickness. To
examine cartilage deposition, the specimens were stained using hema-
toxylin and eosin (H&E, Sigma-Aldrich), Safranin O/Fast Green (S.O.,
Sigma-Aldrich), and Toluidine Blue O (T.B., Beyotime) following the
manufacturer’s instructions. The specimens of tissue were imaged under
an optical microscope. Cartilage regeneration was evaluated using the
International Cartilage Repair Society system (ICRS) [51] or modified
O’Driscoll scale (MODS) [52]. The regenerative area percentage was
determined by calculating the proportion of the defect surface covered
with repaired tissue, using the formula: (original defect area - defect area
at sacrifice)/original defect area x 100 % [53]. Tissue slices were heated
and dewaxed in xylene for IHC staining. Afterward, they were dehy-
drated in gradient ethanol before antigen retrieval and blocking with
goat serum. Slices were overnight incubated with primary antibodies
against COLII, COLI, or NRF2 at 4 °C. Secondary antibody (Vector
Laboratories, Burlingame, CA, USA) was selected to incubate sections at
room temperature for 1 h, followed by treatment with ABC kit (Vector)
and color development with DAB Substrate (Vector). Slides were
observed and imaged under an optical microscope. The Image J software
was used to analyze the percentage of positive cells. The detailed in-
formation regarding histological assessment criteria was provided in
Supplementary Tables 2 and 3

4.24. Statistical analysis

All values were presented as the standard error (mean + SD). All
statistical analyses were performed using the GraphPad Prism 9.3 soft-
ware. For normally distributed data, Student’s t-test and One-Way
ANOVA were used for two groups and multiple groups, respectively;
the Mann-Whitney U test or Kruskal-Wallis test were used to analyze for
non-normal distribution. P value < 0.05 was considered statistically
significant.
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