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ROS-responsive PPGF nanofiber membrane as a drug delivery
system for long-term drug release in attenuation of
osteoarthritis
Jianjun Wu1,2,6, Zainen Qin1,2,6, Xianfang Jiang3,6, Depeng Fang1,2, Zhenhui Lu 1,2✉, Li Zheng1,2✉ and Jinmin Zhao1,2,4,5✉

Excessive reactive oxygen species (ROS) are one of the leading mechanisms in the initiation and development of osteoarthritis (OA).
However, conventional injection of ROS-responsive drug delivery systems (DDSs) such as nanoparticles and hydrogels usually
cannot provide effective treatment due to rapid clearance and degradation or low bioavailability. In this study, a ROS-responsive
nanofiber membrane named PLA/PEGDA-EDT@rGO-Fucoxanthin (PPGF) is fabricated by electrospinning, wherein PEGDA-EDT
served as the ROS-responsive motif, reduced graphene oxide (rGO) as the drug carrier and fucoxanthin (Fx) as the antioxidative and
anti-inflammatory agent. The results demonstrated that the PPGF nanofiber membrane exhibited sustained and long-term Fx
release behavior (at least 66 days) in response to hydrogen peroxide (H2O2) in vitro. With low cytotoxicity and smart ROS
responsiveness, PPGF showed excellent anti-inflammatory and antioxidative effects on IL-1β-induced chondrocytes by potent ROS
scavenging potential and upregulation of antioxidative enzymes. It also demonstrated the attenuation of OA progression with the
reduced Osteoarthritis Research Society International (OARSI) score by 93.17% in 8 weeks. The smart ROS-responsive,
biodegradable and biocompatible nanofiber membranes possess great potential for OA therapy under arthroscopy.
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INTRODUCTION
Osteoarthritis (OA) which is distinguished by synovial inflamma-
tion, cartilaginous degradation, and damage to the subchondral
bone, is a global common chronic and progressive joint disease
and may lead to pain and disorders1. During the OA progression,
reactive oxygen species (ROS) are considered the main mechan-
ism of OA, which cause oxidative stress to disrupt cartilage
homeostasis and induce cell apoptosis and deoxyribonucleic acid
(DNA) damage in chondrocytes. ROS may activate pro-
inflammatory cytokines including matrix metalloproteinases
(MMPs) and interleukin-1 (IL-1β), to further increase ROS genera-
tion in turn2–4, contributing to cartilage degradation and OA
pathogenesis5.
Intra-articular (IA) injection of ROS-responsive drug delivery

systems (DDSs) that are controllable to release therapeutic drugs
upon the reaction with ROS and other free radicals is considered a
promising therapeutic strategy for OA. ROS-responsive nanoplat-
forms like PEGylated and phenylboronic acid-modified levodopa
nanoparticles, poly (lactic-co-glycolic acid)-based nanoparticles,
etc. have been applied to deliver the therapeutic drug into the OA
joints. They can smartly respond to excessive ROS and trigger
sustained drug release according to the severity of OA, exerting
prominent therapeutic efficacy6–8. However, the dense extracel-
lular matrix (ECM) of cartilage prevents the penetration of
nanoparticles due to the unspecific targeting to the cartilage
surface and fast clearance, which requires repetitive high-dose
administration in the joint cavity and may have the risk of
postoperative infection9–11. Electrospun nanofiber membranes
have been developed for DDSs due to their high drug

encapsulation and loading capacity, ability to modulate the
release of biomolecules, and ease of processing12. The extremely
large surface area and porosity of electrospun nanofiber
membranes enable the sustained delivery and sensitivity to
specific signals13. They are suitable for topical drug delivery in a
minimally invasive way such as arthroscopy, which may increase
the local drug concentrations in the joint and reduce the
frequency of drug administration14,15. Thus, ROS-responsive
nanofiber membranes may shed light on OA therapy, although
it has not been reported yet.
The introduction of ROS-sensitive motifs is important for ROS-

responsive DDSs, which enables the disassembly of the system in
an oxidative environment through carrier degradation and
solubility change16,17. There are various ROS-responsive functional
moieties applied in DDSs, such as polyproline, peroxalate ester,
boronic ester, aminoacrylate, polysaccharide, thioketal, selenium/
tellurium, and thioether18–20. Poly (ethylene glycol) diacrylate
(PEGDA)-1, 2-ethanedithiol (EDT) copolymer (PEGDA-EDT) is one of
the ROS-responsive materials, which converts hydrophobic
thioether groups into hydrophilic sulfone and sulfoxide groups
in responses of ROS. This motif has been applied for ROS-
responsive delivery of anti-oxidants to protect the cells from
oxidative damage, with the result of reduced oxidative stress and
restoration of the extracellular physiological state both in vitro and
in vivo, demonstrating its safety and potential for bio-
applications21,22.
For most fiber membranes as DDSs, long-term and sustained

drug release can hardly be attained because they only depend on
the diffusion-based release of drugs, which degrade within the
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range of nearly 35 days. Introducing the nanoparticles such as
mesoporous silica or bioactive glass nanospheres as drug carriers
into the nanofiber membranes prolonged the release time of the
drug up to >60 days23,24. However, most nanoparticles have
inferior biocompatibility and are unfavorable for cell growth25. As
one of the graphene-based nanomaterials, reduced graphene
oxide (rGO) has recently emerged as a potential drug carries for
various diseases due to its favorable biocompatibility and unique
tunable physicochemical properties, such as extremely large
surface area, modifiable active groups, etc26,27. The π–π conjugate
system on a hydrophobic flat region of rGO makes it easy to load
genes, chemical drugs, and other molecules28. GO-based compo-
site nanofibers have been successfully prepared by electrospin-
ning. Gao et al.29 prepared biomimetic gelatin-based electrospun
composite fibers containing chitosan, hydroxyapatite (HA), and
GO to simulate the ECM for bone regeneration. Lu et al.30

fabricated rGO/chitosan/poly (vinyl alcohol) nanofiber scaffolds for
wound healing and found that rGO is beneficial for cellular
attachment and growth.
In this study, we fabricated an intelligent ROS-responsive poly

(lactic acid) (PLA)/PEGDA-EDT@rGO-Fucoxanthin (PPGF) nanofiber
membrane as DDSs for OA therapy, wherein PLA served as the
backbone, PEGDA-EDT as the ROS-responsive motif, and rGO as a
drug carrier, with the intention to achieve smart responsiveness
followed by long-term sustained drug release (Fig. 1). fucoxanthin
(Fx), the dominant carotenoid in brown seaweed, is a marine drug
with potent antioxidative and anti-inflammatory potential, and
has been reported to attenuate arthritis31,32. This novel PPGF
system may potentiate the on-demand release of the drug in
response to ROS and greatly increase the retention time of drug,
thereby promoting therapeutic efficacy. The smart ROS-responsive
DDSs may provide a novel strategy for OA therapy under
arthroscopy.

RESULTS AND DISCUSSION
Synthesis and characterization of nanofiber membranes
Characterization of synthesized PEGDA-EDT. PEGDA-EDT copoly-
mer was synthesized using PEGDA and EDT based on the thiol-ene
click reaction (Fig. 2a). The structural changes of the synthetic
PEGDA-EDT were investigated by Fourier Transform Infrared
Spectroscopy (FTIR) and Hydrogen Nuclear Magnetic Resonance
(1H-NMR). The 1H-NMR was performed in CDCl3 to characterize the
monomers and the synthesized polymer (Fig. 2b). In PEGDA-EDT,
the original peak representing sulfhydryl in EDT (g) and vinyl in
PEGDT (a, b, a’) disappeared. In the spectrum of PEGDA-EDT, the
peaks corresponding to the ester groups in the linkage of
hydrophobic segments at δ= 2.88~2.78 ppm (i) and that of
hydrophilic segments at 2.70~2.60 ppm (h) appeared, suggesting
the successful thiol-ene polymerization and formation of the
periodical β-thiopropionate group in backbone.
As shown in FTIR spectrum, a new characteristic absorption

bands indicating sulfhydryl group (2611.66 cm−1) was observed in
synthesized PEGDA-EDT, due to the introduction of EDT
(2549.47 cm−1) (Fig. 2c). As consumed by thiol−ene reaction,
the absorption peak of -C=C- in PEGDA-EDT at ~1638.05 cm−1

was intensively decreased compared with that in PEGDA
(1645.09 cm−1). The results confirmed the successful conjunction
between PEGDA and EDT.

Fabrication and characterization of nanofiber membranes. To
determine the concentration of PEGDA-EDT for electrospinning,
the morphology of nanofiber membranes fabricated by PLA and
different concentrations of PEGDA-EDT were observed by scan-
ning electron microscope (SEM). The diameters were increased
gradually with the increase in the concentration of PEGDA-EDT
(Fig. 3a). However, fibers were barely produced and beads were

deposited when the concentration of PEGDA-EDT was up to 40%,
due to the increase of viscosity. Therefore, 30% of PEGDA-EDT was
chosen to prepare the PPF and PPGF nanofiber membranes for
further experiments.
The optimal concentration of Fx was screened according to the

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Cell viability was the highest when treated with Fx
at concentrations ranging from 20 to 50 μM, especially at 30 μM
(Supplementary Fig. S1). Concentration of Fx above 90 μM
exhibited significant cytotoxicity, as evidenced by dramatical
decline of cell viability. Assessed by the mass discrepancy, the
loading efficiency of Fx in the rGO was 51.85%. It has been
reported that graphene has at least a double external surface area
favoring the conjunction of drugs, genes, and other mole-
cules33,34, which has been widely used in drug delivery applica-
tions35.
As evidenced by energy-dispersive spectrometry (EDS) analysis,

sulfur elements only existed in the PPF and PPGF groups, which
contained the PEGDA-EDT (Supplementary Fig. S2). The morphol-
ogy of fabricated nanofiber membranes including P, PF, PGF, PPF
and PPGF was observed by SEM. Fibers in all membranes were
smooth and uniformly distributed and no beads were observed
(Fig. 3b). With the introduction of substances increased, the
diameter of P, PF, PGF, PPF, PPGF nanofiber membranes was
increased gradually (Fig. 3c).

ROS-responsive release profiles of nanofiber membranes
In response of ROS, the hydrophobic thioether groups of PEGDA-
EDT would be oxidized quickly into sulfone or sulfoxide groups21.
Figure 4a exhibited the chemical change of PEGDA-EDT copoly-
mer reacted with ROS. The morphology of nanofiber membranes
after soaking in PBS with 100 μM of hydrogen peroxide (H2O2) for
7 days was shown in Fig. 4b, in which, H2O2 is the most stable and
abundant type of ROS to cause oxidative stress36. For P, PF, and
PGF which were fabricated without PEGDA-EDT, the structure of
fibers was well preserved with only a few fractures. In comparison,
fibers in PPF and PPGF with ROS-responsive motifs showed
obvious destruction. Especially in PPF, some of the long thread-
shaped fibers were disrupted into small debris. For both PPF and
PPGF, PEGDA-EDT tends to be hydrated after reacting with ROS,
facilitating the degradation of fibers and the diffusion of drug22.
However, PPGF showed less disintegrated fibers than PPF, possibly
due to the protection of rGO against fast degradation.
In the absence of H2O2, the cumulative release rates of Fx in all

nanofiber membranes were low, within the range of
15.19~23.24% (Fig. 4c). For PF and PGF, the cumulative release
rate changed little in the presence of H2O2. However, the
cumulative drug release rates of PPF and PPGF with ROS-
responsive PEGDA-EDT increased sharply to above 70%, demon-
strating their responsiveness in ROS environment. For PPF, a burst
release of Fx occurred within 1 d with the release rate up to almost
63.84%. And the corresponding concentration of Fx was
112.91 μM which was far beyond the efficiency of Fx (30~50 μM)
(Fig. 4d). After the oxidative reaction, the hydrophilic groups of
nanofiber membranes can absorb the water, resulting in the
swelling of hydrogels which facilitates the high-content and fast
release of drug37,38. In contrast, sustained release of Fx was
observed in PPGF with rGO as a drug carrier, which showed a
gradual release of Fx from day 1 to 66 days. Fx release from rGO
in vitro only lasted 25 days (Supplementary Fig. 3). The
introduction of rGO into the hydrogel can decrease the water
uptake capacity, leading to low swelling and sustained drug
release39. Thus, the cooperation of PEGDA-EDT and rGO endowed
PPGF nanofiber membrane with ROS responsiveness and long-
term release of the drug.
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Cell viability
Cytotoxicity of P, PF, PGF, PPF, and PPGF nanofiber membranes on
chondrocytes induced with or without IL-1β was detected by
viability assay kit (CCK-8). The viability of chondrocytes without IL-
1β stimulation was unaffected by nanofiber membranes, as
compared with normal control, indicating the favorable cytocom-
patibility of the fibers (Fig. 5a). PLA is biodegradable and
biocompatible polyester and the PLA-based formulations have
been approved by Food and Drug Administration (FDA) for
multiple applications40. Fx was reported with low cytotoxicity and
has been widely applied in biomedical applications41. And rGO is
widely applied for tissue engineering, biosensing, drug delivery,
and so on for its biocompatible property42. Thus, compounded
polymers have little cytotoxicity.
After stimulation by IL-1β, one of the most classical pro-

inflammatory cytokines that contribute to the progression of OA43,
cell viability was dramatically dropped (Fig. 5b). This suggested
the oxidative stress injury induced by IL-1β. There was little
difference between IL-1β and P groups, suggesting that P has little
effect on the recovery of chondrocytes injured by IL-1β. However,
the other four nanofiber membranes rescued the IL-1β reduced
cell viability in the order of PPGF > PPF > PF > PGF. Particularly, the
cell viability was only reduced 32.8% and 12.56% in PPF and PPGF

groups, much higher than that in PF and PGF groups. Of all the
groups, PPGF group showed the highest cell viability. The results
indicated that PPGF effectively prevents the reduction of cell
viability induced by IL-1β via the synergic effect of ROS-responsive
motif and drug carrier rGO.

Chondroprotective effect of PPGF
Cells were all well attached on the surface of the nanofiber
membranes (Fig. 5c). The live/dead cells in different nanofiber
membranes were detected by live/dead staining. Compared to
group P, dead cells (red) were decreased and live cells (green)
were increased in PF, PGF, PPF, and PPGF groups (Fig. 5d). Slight
increase of live cells was shown in PF and PGF groups. But in ROS-
responsive nanofiber membranes PPF and PPGF, especially the
PPGF, few dead cells and a large number of live cells were
presented.
Cell proliferation of IL-1β-induced chondrocytes cultured on

different nanofiber membranes was analyzed by DNA content. In
accordance with the results of the cell viability assay and live/dead
staining, cell proliferation was enhanced by nanofiber membranes
added with Fx (Fig. 5e). The DNA content was increased in the
order of PPGF > PPF > PF > PGF. Particularly, DNA content was the

Fig. 1 Schematic illustration of the PPGF nanofiber membrane as a ROS-responsive drug delivery system for sustained release of Fx in OA
treatment.
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highest in PPGF, demonstrating that PPGF greatly supported cell
proliferation after stimulation of IL-1β.
As the main component of cartilage ECM, glycosaminoglycans

(GAG) were analyzed by 1, 9-dimethylmethylene blue (DMMB)
assay and then normalized by the DNA content. As shown in Fig.
5f, GAG loss induced by IL-1β was slightly recovered by PF and
PGF. But the GAG synthesis was remarkably enhanced in the ROS-
responsive PPF and PPGF nanofiber membrane, compared with
the control (P). In particular, the PPGF nanofiber membrane
showed the highest production of GAG content, which is almost
two times higher than P.
The gene expression profile of collagen type II alpha 1 chain

(Col2a1), specific for articular cartilage, confirmed the results of the
GAG content. The trend of gene expression increased along the
PPGF > PPF > PF > PGF > P (Fig. 5g). In the comparison with P, level
of Col2a1 was increased slightly in the PF and PGF groups.
However, it was increased by 7.33 and 14.78-folds in the PPF and
PPGF group. The results indicated that ROS-responsive PPF and
PPGF, especially PPGF, effectively restored cartilage matrix loss by
IL-1β.

PPGF inhibited inflammatory induced by Il-1β
The anti-inflammatory effect of the nanofiber membranes was
evaluated by real-time quantitative polymerase chain reaction
(qRT-PCR). The expression levels of inflammatory markers includ-
ing interleukin 6 (Il6), tumor necrosis factor (Tnf-α), nitric oxide
synthase 2 (iNos), and catabolic biomarkers including matrix
metalloproteinases 1 (Mmp1), matrix metalloproteinases 3 (Mmp3),
matrix metalloproteinases 13 (Mmp13) were significantly inhibited
by the nanofiber membranes (PF, PGF, PPF, and PPGF) compared
to P (p < 0.05) (Fig. 6a). The levels of these markers showed the
trend of expression along PGF > PF > PPF > PPGF. PPGF and PPF
exhibited evident down-regulation of the expression of the
inflammatory markers which were elevated by IL-1β. Particularly,
PPGF showed the highest decrease in the expression of these
inflammation-related cytokines in all the groups. There was a
65.86%, 89.65%, and 91.03% decline for Il6, Tnf-α, and iNo and a
90.88%, 90.34%, and 84.35% decline for Mmp1, Mmp3, and Mmp13
respectively, compared with P.
The protein expression of inflammatory markers, including

MMP13, TNF-α, and IL6, in chondrocytes cultured on different
nanofiber membranes was examined by immunofluorescence
staining. It showed strong positive staining (green fluorescence) of
MMP13, TNF-α and IL6 in P and negative staining in Fx-loaded

nanofiber membranes (PF, PGF, PPF, and PPGF) which was in
accordance with the results of qRT-PCR (Fig. 6b). Studies have
demonstrated Fx can suppress the upregulation of pro-
inflammatory factors including COX-2, IL-1β, TNF-α, and iNOS
mediated by LPS-induced macrophages by inhibiting the phos-
phorylation of Akt, MAPKs, and IκB-α44,45. Fx was also reported to
the potential in the treatment of arthritis by reducing the
generation of NO and osteoclast differentiation32,46. Among the
five nanofiber membranes, PPGF showed the lowest expression of
inflammatory cytokines, indicating the potent effect on anti-
inflammation.

PPGF suppressed oxidation stress induced by IL-1β
Flow cytometry was used to determine the levels of intracellular
ROS in chondrocytes induced by Il-1β. The ROS was raised by IL-1β
to 62.01%, but inhibited by drug-loaded nanofiber membranes
including PF, PGF, PPF, and PPGF in the order of PPGF > PPF >
PF > PGF (Fig. 7a). In all the groups, PPF and PPGF showed the
most prominent decline of ROS. Especially, PPGF decreased the
ROS levels the most, with only 3.90% of ROS left.
The activity of antioxidative factors in IL-1β-induced chondro-

cytes cultured on different nanofiber membranes was detected by
qRT-PCR, enzyme-linked immune sorbent assay (ELISA), and
immunofluorescence staining. As shown in Fig. 7b, gene expres-
sion levels of glutathione synthetase (Gss), catalase (Cat) and
superoxide dismutase 1 (Sod1) showed the trend of PPGF > PPF >
PF > PGF. PPF and PPGF evidently upregulated the expression
levels of the Gss, Cat, and Sod1. Particularly, PPGF promoted the
expression of antioxidative factors the most prominently. Protein
expression of glutathione (GSH), CAT, SOD1, and nuclear factor
erythroid-2-related factor 2 (NRF2) by ELISA and immunofluores-
cence staining also confirmed the results of the PCR findings,
demonstrating the potent antioxidative effect of PPGF (Fig. 7c, d).
NRF2 is a transcription factor that acts as a core role in the
regulation of antioxidant47. Once activated, it will drive down-
stream pathways to produce a variety of antioxidative enzymes
such as the GSH, CAT, and SOD. SOD catalyzes the conversion of
O2· to less detrimental H2O2 which can be further reduced by
enzymes like CAT48. GSH is a co-factor for glutathione peroxidase
activity and a major cellular ROS scavenger49. Excessive produc-
tion of ROS causes lipid peroxidation in chondrocyte50 and leads
to cell apoptosis which was related to GSH-depleted51. CAT can
catalyze the H2O2 reduction into the water which acts a
compensatory and protective role in reducing the progression of

Fig. 2 The synthetic route and characterization of PEGDA-EDT. a Synthetic route of PEGDA-EDT. b 1H-NMR and c FTIR spectra of the
PEGDA-EDT.
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OA52. The results demonstrated the potent antioxidant role of
PPGF by upregulation of crucial antioxidative factors.

The retaining profile of Fx in the joints
The retention of Fx in cartilage was analyzed by high-performance
liquid chromatography (HPLC). The concentration of Fx in the
cartilage was decreased with the treatment time (Fig. 8a). Intra-
articular implantation of PF, PGF, or PPF for 4 and 8 weeks
exhibited similar concentrations of Fx. (p > 0.05). However, Intra-
articular implantation of PPGF exhibited a higher level of Fx in
cartilage compared to the PF, PGF, or PPF groups. Indicate the
long-term drug release profile of PPGF.

PPGF attenuated OA progression in rats
The macroscopic observation and score of the cartilages from the
distal femur and tibial plateau were implemented to access the
therapeutic efficiency of nanofiber membranes on OA. Joint
cartilages with rough and erosive surface and synovium hyper-
plasia, which are OA characteristics, were observed in OA groups
after 4 weeks (Fig. 8b). In the treatment of P, the cartilage
destruction and the degree of degradation were not alleviated, as
compared with OA group. The recovery of cartilage lessons was
observed in PF, PGF, PPF, and PPGF groups, with the score of
P > PGF > PF > PPF > PPGF (Fig. 8c). Particularly, PPGF restored the
cartilage damage the most markedly with the smooth and
integrated surface, which is almost close to normal cartilage. At
week 8, cartilage defect and osteophyte formation were present in

Fig. 3 The morphology and diameter of nanofiber membranes. a The appearance of nanofiber membranes fabricated by PLA and different
concentrations of PEGDA-EDT was observed by SEM (Scale bar, 5 µm). b The morphological features and average diameters of P, PF, PGF, PPF,
and PPGF nanofiber membranes (Original low magnification: scale bar, 200 μm; original high magnification: scale bar, 5 μm). c The diameter
distribution of P, PF, PGF, PPF, and PPGF nanofiber membranes was calculated according to b.
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OA groups, indicating the deterioration of cartilage destruction
with time. The results in 8-week administration by nanofiber
membranes were in agreement with that in 4-week treatment.
PPGF displayed the most prominent therapeutic effect on OA in all
the groups, which decrease the macroscopic scores to 89.29% and
94.59% at 4 and 8 weeks, respectively.
The therapeutic efficiency of nanofiber membranes on OA was

further analyzed by the histological examination (Fig. 9). The
results were consistent with the macroscopic observation (Fig. 8b,
c). As shown by the hematoxylin–eosin (H&E) staining, in the
administration of anterior cruciate ligament transaction (ACLT)
lead to inflammatory hyperplasia, fibrillation, fissure, vertical
cracks, deformation of cartilage, and loss of proteoglycans
(Fig. 9a), which were deteriorated over time. In comparison,
morphological improvements, such as tidemark integrity, colum-
nar structure of chondrocytes, and smoothness of cartilage

surface, were prominently ameliorated by PF, PGF, PPF, or PPGF
nanofiber membranes. Positive staining (red staining) indicating
the secretion of GAG which is specific for articular cartilage was
also shown in Fx-loaded membranes. Particularly, PPGF exhibited
almost no cartilage erosion or synovial hyperplasia with strong
expression of proteoglycans by safranin O. The results of OARSI
score also confirmed that nanofiber membranes loaded with Fx
relieved the progress of OA, with the trend of PGF > PF > PPF >
PPGF (Fig. 9b). In particular, PPGF showed the most evident
therapeutic effect on the alleviation of the severity of OA, which
decreased the OARSI score to 84.93% and 93.17% at 4 and
8 weeks, respectively. In our previous work, we synthesized the
lignin and poly (ε-caprolactone) (PCL) nanofiber membranes OA
therapy by arthroscopic intervention based on the intrinsic
antioxidative ability of lignin9. Although effective in the delay of
OA progression in the early stage, the PCL/lignin can hardly

Fig. 4 Drug release and ROS responsiveness of nanofiber membranes. a The chemical structure of PEGDA-EDT before and after oxidation.
b The appearance of fibers in different nanofiber membranes after soaking in H2O2 was observed by SEM (Original low magnification: scale
bar, 10 μm; original high magnification: scale bar, 2 μm). c In vitro cumulative drug release profile of PF, PGF, PPF, and PPGF in PBS with or
without H2O2. d The real-time concentration of drug released from PF, PGF, PPF, or PPGF nanofiber membranes in PBS with or without H2O2.
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prevent cartilage degradation in the long term. In this study, a
combination of ROS responsiveness and long-term drug release
may be preferable for membranes in OA treatment. The functional

change of the joint was also investigated by giat analysis. As shown
in Supplementary Fig. 4, the footprint area and intensity of the rats
in PPGF group were significantly higher that OA group (p < 0.05).

Fig. 5 Chondroprotective effects of nanofiber membranes on IL-1β stimulated chondrocytes. a, b Cell viability of chondrocytes cultured on
different nanofiber membranes in the stimulation with or without IL-1β (**, ## means p < 0.001, * is the statistical difference compared with IL-
1β group and # is the statistical difference between the pairwise comparison). c Cell attachment of chondrocytes cultured on different
nanofiber membranes (Scale bars, 50 µm). d Live/dead assay of chondrocytes cultured on different nanofiber membranes after induced by IL-
1β (Scale bars, 100 µm). e DNA and f GAG contents of chondrocytes cultured on different nanofiber membranes after being induced by IL-1β.
g Relative mRNA expression levels of Col2a1 of chondrocytes cultured on different nanofibrous membranes after induced by IL-1β. The values
were presented as the mean ± SD (n= 3; statistics: one-way ANOVA;*, # means p < 0.05, **, ## means p < 0.01, ***, ### means p < 0.001, * is the
statistical difference between the P and Fx-loaded groups, and # is the statistical difference between the pairwise comparison among the Fx-
loaded groups).
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CONCLUSIONS
In summary, we fabricated a PPGF nanofiber membrane by
introducing PEGDA-EDT as ROS-responsive motif, rGO as a drug

carrier, and Fx as antioxidative and anti-inflammatory agent into
the PLA to achieve ROS-responsive and long-term drug release for
OA therapy. The novel nanofiber membrane DDS could “turn on”

Fig. 6 Inhibitive effect of nanofiber membranes on anti-inflammation in Il-1β induced chondrocytes. a Relative mRNA expression levels of
Il6, Tnf-a, iNos, Mmp1, Mmp3, and Mmp13 in IL-1β induced chondrocytes cultured on P, PGF, PF, PPF, or PPGF nanofiber membranes. b Protein
expression of MMP13, TNF-a, and IL6 in IL-1β induced chondrocytes cultured on P, PGF, PF, PPF, or PPGF nanofiber membranes (Scale bars,
100 µm). The values were presented as mean ± SD (n= 3; statistics: one-way ANOVA; # means p < 0.01, **, ## means p < 0.01, ***, ### means
p < 0.001, * is the statistical difference compare with P group and # is the statistical difference between the pairwise comparison).
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Fig. 7 Suppressive effect of nanofiber membranes on oxidative stress in Il-1β induced chondrocytes. a ROS content in IL-1β-induced
chondrocytes administrated with nanofiber membranes was evaluated by flow cytometry. b The expression of antioxidative related genes,
including Cat, Gss, and Sod1, in Il-1β induced chondrocytes treated with nanofiber membranes. c Expression of antioxidative factors, including
GSH, CAT, and SOD, in Il-1β-induced chondrocytes treated with nanofiber membranes, was detected by ELISA. d Expression of GSH, SOD1, and
NRF2 in Il-1β-induced chondrocytes treated with nanofiber membranes was detected by immunofluorescence staining. (Scale bars, 100 µm
and 20 µm). The values were presented as mean ± SD (n= 3; statistics: one-way ANOVA; *, # means p < 0.05, **, ## means p < 0.01, ***, ### means
p < 0.001, * is the statistical difference compare with P and # is the statistical difference between the pairwise comparison).
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Fig. 8 Macroscopic evaluation of articular treated by nanofiber membranes. a The concentration of Fx in the cartilage after implantation of
the nanofiber membranes for 4 and 8 weeks. b Macroscopic appearance and c score of articular from the distal femur and tibial plateau after
treatment by nanofiber membranes for 4 and 8 weeks. The values were presented as mean ± SD (n= 5; statistics: one-way ANOVA; ns means
p > 0.05, * means p < 0.05, ** means p < 0.01, *** means p < 0.001).
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in response to excessive ROS and prolong the residence time of
the Fx in the joint cavity, facilitating the effective concentration of
the drug to improve the therapeutic efficiency of OA. Therefore,
this system is an ideal candidate as a drug sustained release carrier
for OA therapy.

EXPERIMENTAL SECTIONS
Fabrication and characterization of the nanofiber membranes
Synthesis and characterization of PEGDA-EDT. The ROS-responsive
motif PEGDA-EDT was fabricated based on the thiol-ene click
reaction21. Firstly, 2.8 mmol (1.68 g) of PEGDA (Mn= 600 g/mol,
Aladdin, Shanghai, China), 2.94 mmol (0.277 g) of EDT (Macklin,
Shanghai, China) and 0.28mmol (0.43 g) of DBU (Macklin,
Shanghai, China) were mixed in a system containing 20mL of
chloroform and then stirred by a magnetic stirring (Changcheng,

Zhengzhou, China) for 24 h at room temperature under Ar gas
protection. Subsequently, the synthesized polymer was precipi-
tated by ice-cooling ethyl ether and refrigerated at −80 °C for 1 h.
Then it was separated and mixed with glacial acetic acid for
precipitation again. Finally, purified products were dried at
Vacuum Freeze Drying Plant (Foring, Beijing, China) for 72 h and
then stored at −80 °C. The reactants and synthesized polymer
were characterized by FTIR (Shimadzu, Japan) and Hydrogen
Nuclear Magnetic Resonance (1H-NMR) Spectroscopy (Bruker,
Germany).

Concentration screening of PEGDA-EDT for preparation of nanofiber
membranes. PEGDA-EDT was dissolved in hexafluoroisopropanol
(HFIP; Macklin, Shanghai, China) to prepare different concentration
of mixtures (0, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 50%
(w/v)). Then PLA was added into the PEGDA-EDT solutions for

Fig. 9 Histological analyses of articular in the treatment of nanofiber membranes. a H&E and b safranin O/fast green staining of the
cartilage after treatment by nanofiber membranes for 4 and 8 weeks. c OARSI score of the articular cartilage based on histological staining.
The values were presented as mean ± SD (n= 5; statistics: one-way ANOVA; ** means p < 0.01, *** means p < 0.001).
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electrospinning at a distance of 15 cm between the collector and
needle tip. The condition of electrospinning was under the electric
field of 15.5 kV and a flow rate of 0.8 mL/h. The nanofiber
membranes were obtained via vacuum drying.

Fx loading. For Fx loading, rGO was used as a carrier. In brief, 10mg
of rGO (XFNANO, Nanjing, China) was added to the ethanol (50mL)
for preparation of suspension, and then 20mg of Fx (ABPHYTO,
Chengdu, China) was dropped in and stirred gently for 1 d. The
resulting liquid was dialyzed through the dialysis tube (3000 kD;
Solarbio, Beijing, China) to get rid of the uncombined substances.
After drying, rGO-Fx complex was stored at room temperature for
subsequent experiments. The drug loading ratio (DL) was calculated
by the following formula where M is the weight of rGO-Fx and m is
the weight of rGO. The morphology of rGO loaded with Fx or not was
examined through an SEM (TESCAN, Czech).

DLð%Þ ¼ ðM�mÞ=M ´ 100

Preparation and of characterisation the nanofiber membranes. The
optimal concentration of PEGDA-EDT was chosen according to the
previous step. To fabricate the pre-electrospun solution, 240mg of
PLA was added to 3mL of PEGDA-EDT solution and stirred
magnetically for 24 h at room temperature. These solutions were
thoroughly mixed according to the formula in Table 1 for premix
preparation. The mixed solution was electrospun into nanofibers
according to the condition in the previous step. The surface
morphology of the synthesized nanofiber membranes was
observed using the SEM. And the fiber diameter distributions in
the SEM images were measured by Image J. The EDS of the
nanofibrous membranes was also investigated.

ROS responsiveness and Fx release of nanofiber membranes
in vitro
In vitro drug release from PF, PGF, PPF, PPGF nanofiber
membranes, and rGO was investigated by soaking in PBS
containing H2O2 (100 μM) or not under gentle stirring at 37°C.
The Ultraviolet Spectrophotometer (Shimadzu, Japan) was used to
measure the dose of released Fx at various time points (0, 0.5, 1, 5,
9, 13, 17, 21, 25, 29, 38, 45, 52, 59 and 66 d). Cumulative release
rate (Q) was calculated according to the following formula, in
which, Ct and Ci are the concentration of Fx at t times and i times,
V0 and Vi are the initial volumes and the volume at i times
(V0= 4mL, Vi= 1mL), W is the total loaded mass of Fx in the
nanofiber membrane. The morphological changes of the post-
oxidative (treated with 100 μM of H2O2 for 7 days) nanofiber
membranes were observed and photographed by SEM.

Q %ð Þ ¼ CtV0 þ
Xt�1

i¼1

CiVi

 !
=W ´ 100

Chondrocytes isolation and culture
Chondrocytes were isolated from Sprague Dawley (SD) rats and
cultured by enzymatic digestion53. Cartilage was harvested and

digested by trypsin for 30 min and then incubated with
collagenase type II for 3 h. The digested supernate was
centrifuged for cell collection. Chondrocytes in passage 2 were
utilized for the following experiments. All experiments involving
animals were performed following the Animal Ethics Committee
standards of the Guangxi Medical University.

MTT assay
The optimal concentration of Fx in IL-1β-stimulated chondrocytes
was screened by MTT assay. For this purpose, 200 μL of
chondrocytes suspension were seeded in each well of 96-well
plate at a density of 5 × 103 cells/mL. After 24 h of culture, gradient
concentrations of Fx (0–100 μM) were added to the well and co-
culturing with IL-1β (10 ng/mL) for 1 d. Subsequently, the culture
medium was refreshed and added with 10 μL of MTT (5 mg/mL).
After incubation for 4 h, crystals were dissolved with dimethylsulf-
oxide and the absorbance at 490 nm was measured by a
Microplate Reader (Thermo Fisher Scientific, USA) to evaluate
the viability of chondrocytes.

Cell treatments
Nanofiber membranes were placed in the bottom of the 96-well or
six-well plates and seeded with chondrocytes. The cells were
divided into five groups according to the culture conditions: (1) P
(PLA) group: chondrocytes cultured on the P nanofiber mem-
branes; (2) PF (PLA@Fx) group: chondrocytes cultured on the PF
nanofiber membranes; (3) PGF (PLA@rGO-Fx) group: chondrocytes
cultured on the PGF nanofiber membranes; (4) PPF (PLA/PEGDA-
EDT@Fx) group: chondrocytes cultured on the PPF nanofiber
membranes; (5) PPGF (PLA/PEGDA-EDT@rGO-Fx) group: chondro-
cytes cultured on the PPGF nanofiber membranes. All groups were
stimulated by 10 ng/mL of IL-1β and cultured for 24 h.

Cell attachment
The morphology and attachment of the cells on the nanofiber
membranes were observed by SEM. Cells were fixed with 2.5% of
glutaraldehyde (Macklin, Shanghai, China) for 12 h at 4°C. After
washing with PBS three times, samples were further fixed with 1%
of osmium tetroxide (Ted PELLA Inc., USA) for 1 h. And then
gradient alcohol was used for dehydration. After vacuum drying
and spraying with gold, SEM was performed by JEOL (Tokyo,
Japan) JSM-6300V.

Cell viability assay
The cell viability of chondrocytes was analyzed by a cell viability
assay kit (CCK-8; KeyGEN bio, Jiangsu, China) according to the
manufacturer’s protocols. Each well was added with CCK-8
solution and incubated for 4 h. Then the absorbance at 450 nm
was detected by a Microplate Reader.
In addition, the live/dead assay was also implemented to detect

the viability of the chondrocytes. The nanofiber membranes were
seeded with chondrocytes and stimulated by IL-1β for 24 h, then
washed by PBS three times and stained with a live/dead staining
kit (Thermo Fisher Scientific, USA) in the dark at 37 °C for 5 min.
Imaging was photographed using a Laser Scanning Confocal
Microscope (LSCM; Leica, Germany).

Quantitation of DNA and GAG content
DNA and GAG contents were detected to investigate the
proliferative effect of nanofiber membranes on and ECM secretion
of chondrocytes. Chondrocytes on the nanofiber membranes were
collected and digested with proteinase K (Sigma-Aldrich, USA) at
56 °C for 16 h. The DNA content was measured using Hoechst
33258 (Solarbio, Beijing, China) dye and quantified by the stander
curve constructed by calf thymus DNA. Total secretion of GAG was

Table 1. The formula of electrospun premix.

Nanofiber membranes P PF PGF PPF PPGF

PLA 240mg 240mg 240mg 240mg 240mg

PEGDA-EDT - - - 900mg 900mg

Fx - 1 mg - 1mg -

rGO-Fx - - 2 mg - 2mg

HFIP 3mL 3mL 3mL 3mL 3mL
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measured using DMMB (Sigma-Aldrich, USA) with chondroitin
sulfate as standard for building a standard curve. GAG production
was qualified on a standard curve and normalized to the total DNA
contents.

qRT-PCR analysis
Total RNA of chondrocytes culture on different nanofiber
membranes after being stimulated by IL-1β for 1 d was harvested
through a total RNA extraction kit (Magen, Guangdong, China).
The RNA was reverse transcript and qRT-PCR was performed at the
condition of 95 °C for 10 min, followed by 95 °C for 15 s and 60 °C
for 1 min by a detection System (Roche, Switzerland)54,55. The
mRNA expression of Col2a1, iNos, Tnf-α, Il6, Mmp1, Mmp3, Mmp13,
Cat, Gss, and Sod1was analyzed. And the primary sequences of the
genes are exhibited in Table 2.

Immunofluorescence staining
The expression of MMP13, TNF-α, IL6, SOD, GSH, and NRF2 was
analyzed by immunofluorescence staining. Cell-scaffold compo-
sites were immobilized with 4% of paraformaldehyde. H2O2 and
normal goat serum from a SPlink detection kit (ZSGB-Bio, Beijing,
China) were used to block any endogenous peroxidase activity
and eliminated nonspecific staining. Then cells were incubated
with primary antibodies against MMP13 (BA2204, dilution ratio
1:400, Boster, Wuhan, China), TNF-α (bs-10802R, dilution ratio
1:500, Bioss, Peking, China), IL6 (BA4339, dilution ratio 1:400,
Boster, Wuhan, China), SOD1 (bs-1079R, dilution ratio 1:500, Bioss,
Peking, China), GSH (bs-11756R, dilution ratio 1:500, Bioss, Peking,
China) and NRF2 (66504-1-Ig, dilution ratio 1:200, Proteintech,
Wuhan, China) overnight in a cool condition. Subsequently, they
were incubated with a secondary antibody (Bioss, Beijing, China)
for 1 h. The cell nucleus was stained by 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI; Solarbio, Beijing, China).
Fluorescence imaging was captured by LSCM. All procedures were
conducted in the dark.

ELISA
Oxidative stress parameters, including GSH, CAT, and SOD, were
detected by using ELISA kits (Meimian, Jiangsu, China). Chon-
drocytes on nanofiber membranes were harvested by trypsiniza-
tion and then analyzed according to the performance manually. A
Microplate Reader was utilized to measure the absorbance at
wavelengths of 412 nm (GSH), 520 nm (CAT), and 450 nm (SOD),
respectively. The contents were calculated based on the standard
curves.

Intracellular ROS detection
A fluorescent 2, 7-dichlorodihydrofluorescein diacetate kit (DCFH-
DA; Beyotime, Shanghai, China) was used to determine the levels
of intracellular ROS. After incubation with 10 nmol/L of DCFH-DA
protected from light at 37 °C for 0.5 h, cells were washed with PBS
and detected by a Flow Cytometer (BD, USA).

Construction of OA model treatment of nanofiber membranes
Totals of 70 rats (200~250 g, male) were used in this study.
Pentobarbital sodium (40mg/kg) was injected intraperitoneally for
anesthetization. 60 rats received ACLT operations to establish OA
model, and the other 10 rats were recruited into the control group
that underwent sham operations without ACLT. 4 weeks later, OA
rats were divided into 6 groups randomly and different
membranes (volume= 6mm× 2mm× 0.5 mm) were attached to
the cartilage surfaces of the knee joint. The animals were grouped
as followed: (1) Control group: sham operation group; (2) OA
group: treated without any membranes; (3) P group: treated with
PLA membranes; (4) PF group: treated with PLA@Fx membranes,
(5) PGF group: treated with PLA@rGO-Fx membranes; (6) PPF
group: treated with PLA/PEGDA-EDT@Fx membranes; (7) PPGF
group: treated with PLA/PEGDA-EDT@rGO-Fx membranes.

Fx retention in articular cartilage
Nanofiber membranes were respectively implanted into the knee
joint of OA mice for 4 and 8 weeks to investigate the retention of
Fx in the cartilage. Rats were sacrificed and then the cartilage was
collected. And then added with PBS and grinded. Follow by
centrifugation at 8265×g for 10 min. The supernatants were
assayed by HPLC.

Gait, macroscopic, and histological analysis
Gait analysis was performed at week 4 after the therapy by using
the VisuGait analysis system (Shanghai Xinruan Information
Technology Co., Ltd., Shanghai, China). After that articular cartilage
in every group was collected and observed. The macroscopic
score was performed through 3 valuators who were blinded to the
groups according to the scales of 0–453. After being fixed by 4% of
paraformaldehyde for 7d, total knee joints were demineralized for
1 month using ethylene diamine tetraacetic acid (EDTA)-decalcify-
ing solution (Macklin, Shanghai, China). Subsequently, total joints
were embedded in paraffin and sliced into sections. Histological
staining was carried out using the modified safranin O-fast green
FCF Cartilage Stain Kit (Solarbio, Beijing, China) and H&E kit
(JianCheng Biotech, Nanjing, China). OARSI system was used for
histological evaluation and scored by 3 independent estimators
who were not known the treated groups.

Table 2. Primer sequences used in qRT-PCR.

Gene name Forward primer (5′-3′–) Reverse primer (5′–3′)

Col2a1 TGCTGGAAAACCTGGTGATG GTAACCTCTGTGACCCTTGAC

iNos GGTGAGGGGACTGGACTTTTAG TCTCCGTGGGGCTTGTAGTT

Tnf-α GAGTGACAAGCCTGTAGCC CTCCTGGTATGAGATAGCAA

Il6 GGCATGACTCTCACAATGCG ACAGTGCATCATCGCTGTTC

Mmp1 TGGACCTGAATATGGACTTGCT GCTGGATGGGATTTGGGGAA

Mmp3 GGCTGTGTGCTCATCCTACC TGGAAAGGTACTGAAGCCACC

Mmp13 GGACAAAGACTATCCCCGCC GGCATGACTCTCACAATGCG

Cat AGAGGAAACGCCTGTGTGAG TAGTCAGGGTGGACGTCAGT

Gss AATGCCGTGGTGCTACTGAT GCAGCTCGTTCTCTATGGCA

Sod1 GTGGCATCAGCCCTAATCCA CACCAGTGTGCGGCCAATGA

Gapdh TCCAGTATGACTCTACCCACG CACGACATACTCAGCACCAG
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Statistical analysis
Statistical analysis was performed by using SPSS 21.0. Data were
presented as mean ± standard deviation (SD). One-way analysis of
variance (ANOVA) was used to analyze the differences between
the groups. p < 0.05 was considered with statistical significance.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
All data associated with this study are present in the paper or the Supplementary
Information. All relevant data are available from the authors.

Received: 19 February 2022; Accepted: 12 September 2022;

REFERENCES
1. Hunter, D. J. & Bierma-Zeinstra, S. Osteoarthritis. Lancet 393, 1745–1759 (2019).
2. Hall, C. J. et al. Blocking fatty acid-fueled mROS production within macrophages

alleviates acute gouty inflammation. J. Clin. Invest. 128, 1752–1771 (2018).
3. Li, X., Rommelaere, S., Kondo, S. & Lemaitre, B. Renal purge of hemolymphatic

lipids prevents the accumulation of ROS-induced inflammatory oxidized lipids
and protects drosophila from tissue damage. Immunity 52, 374–387 (2020).

4. Kim, S. Y. et al. Pro-inflammatory hepatic macrophages generate ROS through
NADPH oxidase 2 via endocytosis of monomeric TLR4-MD2 complex. Nat. Com-
mun. 8, 2247 (2017).

5. Lepetsos, P., Papavassiliou, K. A. & Papavassiliou, A. G. Redox and NF-κB signaling
in osteoarthritis. Free Radic. Biol. Med. 132, 90–100 (2019).

6. Zhao, C. et al. Structural transformative antioxidants for dual-responsive anti-
inflammatory delivery and photoacoustic inflammation imaging. Angew. Chem.
Int. Ed. Engl. 60, 14458–1446 (2021).

7. Wu, X. et al. ROS-sensitive nanoparticles co-delivering dexamethasone and
CDMP-1 for the treatment of osteoarthritis through chondrogenic differentiation
induction and inflammation inhibition. Front. Bioeng. Biotechnol. 9, 608150 (2021).

8. Chung, M. F., Chia, W. T., Wan, W. L., Lin, Y. J. & Sung, H. W. Controlled release of
an anti-inflammatory drug using an ultrasensitive ros-responsive gas-generating
carrier for localized inflammation inhibition. J. Am. Chem. Soc. 137, 12462–12465
(2015).

9. Liang, R. et al. Implantable and degradable antioxidant poly(ε-caprolactone)-
lignin nanofiber membrane for effective osteoarthritis treatment. Biomaterials
230, 119601 (2020).

10. Rahimi, M., Charmi, G., Matyjaszewski, K., Banquy, X. & Pietrasik, J. Recent
developments in natural and synthetic polymeric drug delivery systems used for
the treatment of osteoarthritis. Acta Biomater. 123, 31–50 (2021).

11. Mei, L., Wang, Y., Tong, A. & Guo, G. Facile electrospinning of an efficient drug
delivery system. Expert Opin. Drug Deliv. 13, 741–753 (2016).

12. Song, J. et al. Electrospun nanofibrous silk fibroin membranes containing gelatin
nanospheres for controlled delivery of biomolecules. Adv. Healthc. Mater. 6,
https://doi.org/10.1002/adhm.201700014 (2017).

13. Said, S. S. et al. Fortifying angiogenesis in ischemic muscle with FGF9-loaded
electrospun poly(ester amide) fibers. Adv. Health. Mater. 8, e1801294 (2019).

14. Chen, S., Li, R., Li, X. & Xie, J. Electrospinning: an enabling nanotechnology
platform for drug delivery and regenerative medicine. Adv. Drug Deliv. Rev. 132,
188–213 (2018).

15. Li, J. et al. Locally deployable nanofiber patch for sequential drug delivery in
treatment of primary and advanced orthotopic hepatomas. ACS nano 12,
6685–6699 (2018).

16. Lee, H. J. & Jeong, B. ROS-sensitive degradable PEG-PCL-PEG micellar thermogel.
Small 16, e1903045 (2020).

17. Xiang, Y. et al. Rapid and superior bacteria killing of carbon quantum Dots/ZnO
decorated injectable folic acid-conjugated PDA hydrogel through dual-light
triggered ROS and membrane permeability. Small 15, e1900322 (2019).

18. El-Mohtadi, F., d’Arcy, R. & Tirelli, N. Oxidation-responsive materials: biological
rationale, state of the art, multiple responsiveness, and open issues. Macromol.
Rapid Commun. 40, 1800699 (2019).

19. Wang, M. L. et al. High co-loading capacity and stimuli-responsive release based
on cascade reaction of self-destructive polymer for improved chemo-
photodynamic therapy. ACS nano 13, 7010–7023 (2019).

20. Saravanakumar, G., Kim, J. & Kim, W. J. Reactive-oxygen-species-responsive drug
delivery systems: promises and challenges. Adv. Sci. 4, 1600124 (2017).

21. Wang, H. et al. Bioinspired antioxidant defense system constructed by
antioxidants-eluting electrospun F127-based fibers. ACS Appl. Mater. interfaces 9,
38313–38322 (2017).

22. Luan, X. et al. Biomimicking dual-responsive extracellular matrix restoring
extracellular balance through the Na/K-ATPase pathway. ACS Appl. Mater. Inter-
faces 11, 21258–21267 (2019).

23. Hu, C. et al. Long-term drug release from electrospun fibers for in vivo inflam-
mation prevention in the prevention of peritendinous adhesions. Acta Biomater.
9, 7381–7388 (2013).

24. Kang, M. S., Kim, J. H., Singh, R. K., Jang, J. H. & Kim, H. W. Therapeutic-designed
electrospun bone scaffolds: mesoporous bioactive nanocarriers in hollow fiber
composites to sequentially deliver dual growth factors. Acta Biomater. 16,
103–116 (2015).

25. Pérez-Garnes, M. et al. Engineering hollow mesoporous silica nanoparticles to
increase cytotoxicity. Mater. Sci. Eng. C., Mater. Biol. Appl. 112, 110935 (2020).

26. Panwar, N. et al. Nanocarbons for biology and medicine: sensing, imaging, and
drug delivery. Chem. Rev. 119, 9559–9656 (2019).

27. Lu, N., Wang, L., Lv, M., Tang, Z. & Fan, C. Graphene-based nanomaterials in
biosystems. Nano Res 12, 247–264 (2019).

28. Qu, Y. et al. Advances on graphene-based nanomaterials for biomedical appli-
cations. Mater. Sci. Eng. C., Mater. Biol. Appl. 90, 764–780 (2018).

29. Gao, Y., Wang, Y., Wang, Y. & Cui, W. Fabrication of gelatin-based electrospun
composite fibers for anti-bacterial properties and protein adsorption. Marine
Drugs 14, 192 (2016).

30. Lu, B. et al. Graphene-based composite materials beneficial to wound healing.
Nanoscale 4, 2978–2982 (2012).

31. Giriwono, P. E., Iskandriati, D., Tan, C. P. & Andarwulan, N. Sargassum seaweed as
a source of anti-inflammatory substances and the potential insight of the tropical
species: a review. Marine Drugs 17, 590 (2019).

32. Gong, D. et al. Effect of fucoxanthin alone and in combination with
D-glucosamine hydrochloride on carrageenan/kaolin-induced experimental
arthritis in rats. Phytother. Res. 28, 1054–1063 (2014).

33. Madni, A. et al. Graphene-based nanocomposites: synthesis and their theranostic
applications. J. Drug Target. 26, 858–883 (2018).

34. Liu, J. Y. et al. Synthesis of phospholipid monolayer membrane functionalized
graphene for drug delivery. J. Mater. Chem. 22, 20634–20640 (2012).

35. Liu, Z., Robinson, J. T., Sun, X. & Dai, H. PEGylated nano-graphene oxide for
delivery of water insoluble cancer drugs. J. Am. Chem. Soc. 130, 10876–10877
(2008).

36. Yu, Y. et al. Osteogenesis potential of different titania nanotubes in oxidative
stress microenvironment. Biomaterials 167, 44–57 (2018).

37. Gupta, P., Vermani, K. & Garg, S. Hydrogels: from controlled release to pH-
responsive drug delivery. Drug Discov. Today 7, 569–579 (2002).

38. Zhao, L. et al. Competitive binding-accelerated insulin release from a polypeptide
nanogel for potential therapy of diabetes. Polym. Chem. (2015).

39. Liang, Y. et al. Adhesive hemostatic conducting injectable composite hydrogels with
sustained drug release and photothermal antibacterial activity to promote full-
thickness skin regeneration during wound healing. Small 15, e1900046 (2019).

40. Tyler, B., Gullotti, D., Mangraviti, A., Utsuki, T. & Brem, H. Polylactic acid (PLA)
controlled delivery carriers for biomedical applications. Adv. Drug Deliv. Rev. 107,
163–175 (2016).

41. Lin, W. C. et al. Inhibitory effects of high stability fucoxanthin on palmitic acid-
induced lipid accumulation in human adipose-derived stem cells through mod-
ulation of long non-coding RNA. Food Funct. 6, 2215–2223 (2015).

42. Zhou, K. et al. Hierarchically porous hydroxyapatite hybrid scaffold incorporated
with reduced graphene oxide for rapid bone ingrowth and repair. ACS Nano 13,
9595–9606 (2019).

43. Arra, M. et al. LDHA-mediated ROS generation in chondrocytes is a potential
therapeutic target for osteoarthritis. Nat. Commun. 11, 3427 (2020).

44. Lee, J. Y. et al. Hexane fraction from Laminaria japonica exerts anti-inflammatory
effects on lipopolysaccharide-stimulated RAW 264.7 macrophages via inhibiting
NF-kappaB pathway. Eur. J. Nutr. 52, 409–421 (2013).

45. Xiao, H. et al. Advances in studies on the pharmacological activities of fucox-
anthin. Marine Drugs 18, 634 (2020).

46. Ha, Y. J. et al. Fucoxanthin suppresses osteoclastogenesis via modulation of MAP
kinase and Nrf2 signaling. Marine Drugs 19, 132 (2021).

47. Zhuang, Y. et al. Resveratrol attenuates oxidative stress-induced intestinal barrier
injury through PI3K/Akt-mediated Nrf2 signaling pathway. Oxid. Med. Cell. Longev.
2019, 7591840 (2019).

48. Dickinson, B. C. & Chang, C. J. Chemistry and biology of reactive oxygen species
in signaling or stress responses. Nat. Chem. Biol. 7, 504–511 (2011).

49. Fu, Y. et al. Aging promotes SIRT3-dependent cartilage SOD2 acetylation and
osteoarthritis. Arthritis Rheumatol. 68, 1887–1898 (2016).

J. Wu et al.

14

npj Regenerative Medicine (2022)    66 Published in partnership with the Australian Regenerative Medicine Institute

https://doi.org/10.1002/adhm.201700014


50. Tiku, M. L., Shah, R. & Allison, G. T. Evidence linking chondrocyte lipid perox-
idation to cartilage matrix protein degradation. Possible role in cartilage aging
and the pathogenesis of osteoarthritis. J. Biol. Chem. 275, 20069–20076 (2000).

51. Del Carlo, M. Jr & Loeser, R. F. Nitric oxide-mediated chondrocyte cell death
requires the generation of additional reactive oxygen species. Arthritis Rheum. 46,
394–403 (2002).

52. Bolduc, J. A., Collins, J. A. & Loeser, R. F. Reactive oxygen species, aging and
articular cartilage homeostasis. Free Radic. Biol. Med. 132, 73–82 (2019).

53. He, Y. et al. Rational engineering of ferritin nanocages for targeted therapy of
osteoarthritis. Nanomed.: Nanotechnol. Biol. Med. 28, 102210 (2020).

54. He, M. et al. A pH-responsive mesoporous silica nanoparticles-based drug
delivery system with controlled release of andrographolide for OA treatment.
Regener. Biomater. 8, rbab020 (2021).

55. Heng, S. et al. Injectable calcium phosphate ceramics prevent osteoclastic dif-
ferentiation and osteoporotic bone loss: potential applications for regional
osteolysis. Mater. Sci. Eng. C. 110, 110691 (2020).

ACKNOWLEDGEMENTS
J.W., Z.Q., and X.J., contributed equally to this work. This study was financially
supported by the Guangxi Science, Technology Base, and Talent Special Project
(Grant no. GuikeAD19254003), the Guangxi Natural Science Foundation (Grant no.
2018GXNSFBA050043) and the National Natural Science Foundation of China (Grant
no. 81972120 and 81860390).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41536-022-00254-3.

Correspondence and requests for materials should be addressed to Zhenhui Lu, Li
Zheng or Jinmin Zhao.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

J. Wu et al.

15

Published in partnership with the Australian Regenerative Medicine Institute npj Regenerative Medicine (2022)    66 

https://doi.org/10.1038/s41536-022-00254-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	ROS-responsive PPGF nanofiber membrane as a drug delivery system for long-term drug release in attenuation of osteoarthritis
	Introduction
	Results and discussion
	Synthesis and characterization of nanofiber membranes
	Characterization of synthesized PEGDA-EDT
	Fabrication and characterization of nanofiber membranes

	ROS-responsive release profiles of nanofiber membranes
	Cell viability
	Chondroprotective effect of PPGF
	PPGF inhibited inflammatory induced by Il-1β
	PPGF suppressed oxidation stress induced by IL-1β
	The retaining profile of Fx in the joints
	PPGF attenuated OA progression in rats

	Conclusions
	Experimental sections
	Fabrication and characterization of the nanofiber membranes
	Synthesis and characterization of PEGDA-EDT
	Concentration screening of PEGDA-EDT for preparation of nanofiber membranes
	Fx loading
	Preparation and of characterisation the nanofiber membranes

	ROS responsiveness and Fx release of nanofiber membranes in�vitro
	Chondrocytes isolation and culture
	MTT assay
	Cell treatments
	Cell attachment
	Cell viability assay
	Quantitation of DNA and GAG content
	qRT-PCR analysis
	Immunofluorescence staining
	ELISA
	Intracellular ROS detection
	Construction of OA model treatment of nanofiber membranes
	Fx retention in articular cartilage
	Gait, macroscopic, and histological analysis
	Statistical analysis
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Competing interests
	ADDITIONAL INFORMATION




