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Nonaromatic and nonconjugated fluorescent materials have garnered
increasing attention in recent years. However, most non-classical chromo-
phores are derived from electro-rich nitrogen and oxygen atoms, which suffer
from short emission wavelengths, low efficiency, limited responsiveness, and
obscure luminescence mechanisms. Here we present an emission mechanism
in bioactive polycysteine, an aliphatic polymer that displays polymerization-
and aggregation-induced emission, high quantum yield, and multicolor
emission properties. We show that the hydrogen atoms bonded to the sulfur
atoms play a crucial role in luminescence. This enables reversible modulation
of polymer fluorescence under reducing and oxidizing conditions, facilitating

specific imaging and quantitative detection of redox species in cells and in
vivo. Furthermore, the polymer exhibits better anti-inflammatory and anti-
oxidative activities compared to first-line clinical antioxidants, offering a
promising platform for in vivo theragnosis of diseases such as osteoarthritis.

Many biological macromolecules display fluorescent properties in
nature. One of the most prominent example is green fluorescent
protein (GFP), which was first isolated from jellyfish and has since
become a ubiquitous biomarker and imaging tool for studying protein
localization and gene expression'?, revealing the molecular mechan-
isms of various biological processes’. Another example is cytochrome
¢, a mitochondrial protein that emits fluorescence when it forms
aggregates under certain conditions®, serving as a valuable probe for
apoptosis and autophagy research®®. Inspired by these fluorophores,
synthetic luminescent polymers have been developed for various
applications, such as imaging’, biosensing®, optoelectronics’, metal
ion and small molecule detection'®, and anti-counterfeiting". None-
theless, most of these polymers are depend on m-aromatic building
units as the emitting centers, which pose challenges such as compli-
cated synthesis, poor water solubility, and potential toxicity.
Alternatively, nonaromatic and nonconjugated fluorescent
materials without conventional chromophores have attracted
increasing attention in recent years. These materials have advantages
such as molecular flexibility, superior processability, excellent bio-
compatibility, and biodegradability’>. They usually rely on electron-

rich heteroatoms with lone-pair electrons or isolated unsaturated
bonds as the luminescent units”. However, the fundamental mechan-
ism of their nonconventional luminescence remains largely elusive.
Moreover, these materials often exhibit low fluorescence quantum
yields (QY) and emit in the ultraviolet range, and lack responsiveness
and bioactivity, which limit their in vivo applications. To our knowl-
edge, there are no reports on the use of nonclassical aliphatic fluor-
escent polymers for disease diagnosis and treatment in vivo.

In this work, we report a polycysteine (PCys) derived from natural
amino acids that exhibited intrinsic fluorescence and color switching
properties (Fig. 1a). The copolymer displays thiol-chromogenic and
molecular weight dependent fluorescence with a high QY of up to
51.6%, as well as typical aggregation-induced emission (AIE) char-
acteristics and multicolor luminescence. Moreover, the polythiol
structure offers abundant active sites for redox reactions and potential
antioxidative function. Notably, the fluorescence can be reversibly
switched off by thiol oxidation and on by reduction, allowing the
polymer to act as a multifunctional on-off sensor for intracellular or
in vivo quantification of reactive oxygen species (ROS) and glutathione
(GSH). Additionally, the bioactive polymer can be used as a drug-free
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Fig. 1| Design strategies and photophysical properties of fluorescent PCys.
a The chemical structure of Cys, PCys and PCys-s as well as their fluorescence
images under different excitation wavelengths (up to down: Ao, =415, 465, and
570 nm). b, ¢ Fluorescence spectra of PCys in H,O (b) and DMF (c) at different
excitation wavelengths. CIE coordinates of PCys obtained at different excitation.
d Photographs taken under 365 nm UV light and fluorescence spectra of PCys,,
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PCyss, PCysy;, PCys;s, PCysys PCysse and PCyseg at the same thiol content.

e Photographs taken under 365 nm UV light and fluorescence spectra of PCys in
H,0 (Aex =370 nm) with different concentrations. f Fluorescence spectra of PCys in
ether/DMF mixed solvents with different ether fractions (fz;) (Aex =370 nm). g UV-
vis spectra of Cys, PCys,, PCyss, PCysy;, PCys;s, PCys,s, PCysse and PCyseg at the
same thiol content.

and self-reporting system for diagnosis and antioxidant therapy of
osteoarthritis in vivo.

Results

Synthesis of PCys

We first synthesized a carbobenzoxy modified L-cysteine-N-carboxylic
anhydride (L-Cys-Cbz NCA) from L-Cys-Cbz using the Fuchs-Farthing
method (Supplementary Figs. 1 and 2) and then performed ring-
opening polymerizations (ROPs) of L-Cys-Cbz NCA with methox-
ypolyethylene glycol amine (MPEG-NH,, MW 5000) in anhydrous N,N-
Dimethylformamide (DMF) to produce MPEG-PCys-Cbz with con-
trolled molecular weights and narrow molecular-weight distributions
(Supplementary Fig. 3 and Table 1). The degrees of polymerization
(DPs) ranged from 2 to 66 as calculated from the integration of the
proton nuclear magnetic resonance spectra ("H NMR, Supplementary
Fig. 4 and Table 1). Next, we deprotected the Cbz group to obtain
MPEG-PCys with thiol moieties. For clarity, the polymers were named

PCys,, where x is the number of cysteine residues per chain. The suc-
cessful synthesis of PCys, was confirmed by 'H NMR and Fourier
transform infrared spectroscopy (FTIR, Supplementary Figs. 5 and 6).
The thiol group contents of the polymers were quantified with an
Ellman’s reagent (5,5-dithiobis-(2-nitrobenzoic acid), DTNB)® (Sup-
plementary Fig. 7). Based on a cysteine standard curve (Supplementary
Fig. 8), the numbers of thiol groups per chain were calculated to be 2.3,
4.7, 11.2, 18.3, 24.8, 36.4 and 65.8 for PCys,, PCyss, PCys;;, PCys;s,
PCys,s, PCysse and PCysee, respectively, which agree well with the 'H
NMR result.

Thiol luminophores: fluorescent properties and mechanism

Previous studies have demonstrated that electron-rich nitrogen or
oxygen moieties can potentially form cluster chromophores and emit
intrinsic fluorescence™. Sulfur, another electron-rich element with a
larger atomic radius, has yet to be explored for its luminescent
potential”. In addition, the role of the hydrogen atoms attached to
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Fig. 2| Mechanism and redox properties of fluorescence. a Electron distributions
and energy states of Cys, PCys and PCys-s, respectively, calculated using TD-DFT at
the level of B3LYP/6-31G(d). b Fluorescence spectra of FITC-labeled PCys assem-
blies with different dye contents (FITC/PCys). Insets show a photograph of jellyfish,
and the fluorescent images of assemblies under 365 nm UV light illumination.

¢ Concentration-dependent changes in emission intensity during the incubation of
PCys in H,0 with H,0; (0-8 mM) for 50 min (Aex =370 nm). d Fluorescence lifetimes

for PCys and PCys-s (Aex =370 nm). e Concentration-dependent changes in emis-
sion intensity during the incubation of PCys-s in H,O with GSH (0-10 mM) for
30 min (Aex =370 nm). f Photographs captured under 365 nm UV light and the
reversible cycle response of PCys fluorescence when exposed to H,0, and GSH
(Aex =370 nm). g Schematic illustration of the redox-switchable fluorescence

of PCys.

these electronegative elements in non-classical luminescence has not
been addressed. Here we show that PCys exhibits strong visible
fluorescence (A, ~462nm) under UV irradiation in various forms,
including solid, solution, and water dispersion (Supplementary
Figs. 9 and 10). This phenomenon is unexpected since non-traditional
chromogenic polymers such as poly(amino acid)s and polypeptides
generally do not emit fluorescence in aqueous environments'. More
intriguingly, PCys in water exhibited a significant enhancement of
fluorescence intensity and a red shift of optimal excitation wavelength
compared with that in DMF (Supplementary Fig. 11), which may be
attributed to the self-assembly of copolymer in water that facilitated
the aggregation of PCys segments. Dynamic laser scattering (DLS) and

transmission electron microscopy (TEM) measurements reveal that
PCys, self-assembled into spherical nanoparticles with diameters ran-
ging from 25 to 160 nm with a unimodal distribution (Supplementary
Figs. 12, 13 and Supplementary Table 2). The variation in particle dia-
meter is influenced by factors such as the hydrophilic/hydrophobic
ratio, polymer conformation, intermolecular interactions and the
aggregation number of the polymers" . Owing to the intrinsic fluor-
escence, the well-distributed spherical polymeric assemblies were also
visualized in a label-free manner using confocal laser scanning
microscopy (CLSM). Notably, the nanoparticles displayed diverse
fluorescent colors under different excitation wavelengths (Supple-
mentary Fig. 14), indicating that PCys can emit multicolor
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fluorescence. The multicolor emission was also verified by the
excitation-dependent fluorescence spectra of PCys in both DMF and
H,O0 (Fig. 1b, c and Supplementary Figs. 15 and 16). The emission peaks
shifted to longer wavelengths as the excitation wavelength increased
and reached up to 600nm, which is beneficial for biomedical
applications.

We hypothesize that the non-classical fluorescence of PCys ori-
ginated from the polymerization of thiol groups, as cysteine itself is
non-luminescent and PCys showed strong emission (Fig. 1d, Supple-
mentary Fig. 17). To test this hypothesis, we first examined the fluor-
escence properties of PCys with different molecular weights at fixed
thiol content. We found that the emission intensity and QY of PCys
increased with the chain length (Fig. 1d), indicating a polymerization-
induced emission (PIE) effect. At the degree of polymerization of 66,
PCys exhibited a QY of 51.6% (Supplementary Fig. 18), which was more
than ten times higher than those of chromophores containing only
sulfur atoms (4.5%)**. This QY could be further enhanced by increasing
the molecular weights. Notably, there is a strong linear correlation
between fluorescence intensity and both the degree of polymerization
and polymer concentration in water (Fig. le and Supplementary
Fig. 19), irrespective of variations in particle diameter (Supplementary
Figs. 12, 13 and Supplementary Table 2). These findings indicate that
the fluorescence intensity of PCys is primarily influenced by the degree
of polymerization and the content of thiol groups, with minimal
impact from the particle size of the self-assembled structures. Fur-
thermore, the addition of diethyl ether to a solution of PCys in DMF
resulted in a more than threefold increase in fluorescence intensity as
the diethyl ether fraction rose from 0 to 90% (Fig. 1f). This observation
is indicative of typical AIE behavior. The polymerization of cysteine is
an entropy-reduction process characterized by chain entanglement
and intra- and interchain interactions, which are further strengthened
by molecular aggregation, thereby bringing the thiol groups into clo-
ser proximity and facilitating through-space conjugation (TSC) inter-
actions. The TSC interactions lead to the formation of clusters with
extended electron delocalization and result in clusterization-triggered
emission of PCys®. The non-classical clustered chromophore was also
confirmed by ultraviolet-visible (UV-vis) spectra (Fig. 1g), where PCys
showed a broad absorption peak from 300 to 450 nm compared to the
Cys monomer, indicating that thiol polymerization produced the
chromophore and induced luminescence.

To elucidate the fluorescence mechanism of PCys, we per-
formed time-dependent density functional theory (TD-DFT) simula-
tions at the B3LYP/6-31G(d) level of theory®. We compared two
systems: one with four cysteine molecules (Cys) and another with
two dimers (PCys). The results revealed that electronic transitions
occurred near the thiol groups of PCys, suggesting that the lumi-
nescence originated from the thiols (Fig. 2a). Next, we simulated the
excited-state frontier molecular orbitals of Cys and PCys, including
the highest occupied molecular orbitals (HOMO) and lowest unoc-
cupied molecular orbitals (LUMO). The results showed that the
HOMO-LUMO gap decreased upon polymerization, where the energy
gaps of Cys and PCys were 3.758 and 2.325 eV, respectively (Sup-
plementary Table 3), indicating that PCys had a lower excitation
energy. Therefore, we reasoned that the polymerization reduced the
distance between the discrete sulfhydryl groups, enhanced the
electron delocalization and electron cloud overlap, increased TSC
interactions, and thus lowered the energy gap and facilitated the
electron transition and luminescence generation”*%,

On the other hand, one may ask whether the backbone hydrogen
bonding (H-bonding) interactions of peptide chains contributed to the
photoluminescence performance of PCys, as H-bond-promoted
emission has been reported for ionic fluorophores and peptidomi-
metic polymers®?°. To answer the question, we treated the PCys
assemblies with lithium chloride (LiCl) and urea (Supplementary
Fig. 20), which are known to disrupt H-bonds®**. We found that the

addition of these H-bond breakers did not affect the fluorescent
spectra of PCys, thus ruling out the role of backbone H-bonds in the
luminescence mechanism. Moreover, we examined whether the pro-
tonation state of thiol groups influenced their fluorescent properties.
We recorded the fluorescence spectra of PCys at different pH values. It
was found that the fluorescence intensity first increased and then
decreased moderately with increasing pH value (Supplementary
Fig. 21). The strongest emission was observed at ~-pH 8.2, which was
very close to the pKa of thiol groups (8.4)*. The result suggests that
both protonation and ionization may adversely affect the lumines-
cence capacity of thiol aggregates. In addition, it is known that thiol
groups exhibit high reactivity and instability under oxidative condi-
tions, potentially limiting the storage and application of PCys. To
address this concern, we monitored the fluorescence changes of PCys
in both aqueous solution and DMF over time. Encouragingly, the
polymers did not show noticeable fluorescence variation after 48 h of
exposure to air in H,O (Supplementary Fig. 22a). In contrast, the
fluorescence of PCys in DMF was significantly reduced (Supplementary
Fig. 22b). Concurrently, DTNB analysis revealed no significant decrease
in thiol content during incubation in H,O, whereas the thiol content in
DMF decreased markedly (Supplementary Fig. 23). Two factors likely
contribute to the enhanced stability of PCys in aqueous solution. First,
the self-assembly process encapsulated thiol moieties within a
hydrophobic microenvironment, which resembled life systems that
stabilize and regulate active sites through hydrophobic encapsulation
induced by protein folding**. Second, the relatively low solubility and
diffusion rate of oxygen in water reduced the likelihood of its inter-
action with the thiol groups®**’. Interestingly, PCys can also transfer its
energy to conjugated fluorescein isothiocyanate isomer I (FITC) probe
upon irradiation and result in yellow emissions (Fig. 2b). The fluores-
cence resonance energy transfer (FRET) behavior is quite similar to
that of yellow fluorescence proteins (YFP)*, This study presents an
example of polymers based on thiol fluorophores, offering a distinct
class of luminescent materials and providing valuable insight into non-
classical fluorescence phenomena.

Redox-switchable polymer sensor

Proteins in organisms are rich in thiols and can modulate their phy-
siological activity through thiol-disulfide exchange reactions®™*.
Inspired by this, we hypothesized that the oxidation of thiol groups to
disulfide linkages may affect the luminescence behavior of PCys. To
test this hypothesis, the polymeric assemblies were treated with dif-
ferent concentrations of hydrogen peroxide (H,0,). As expected, the
fluorescence intensity of the solutions rapidly quenched upon oxida-
tion and reached equilibrium within 15 min (Fig. 2c). The quenching
rate was linearly correlated with H,O, concentrations, and the emis-
sion almost vanished in the presence of 8 mM of H,0,. The fluores-
cence quench was also confirmed by a significant decrease of lifetime
from 2.201 to 0.802ns (Fig. 2d). FTIR spectra verified the dis-
appearance of thiol groups and emergence of disulfide-linked copo-
lymers (PCys-s) upon oxidation (Supplementary Fig. 24). Furthermore,
we observed a notable reduction in the UV-vis absorption band
between 300-450 nm following oxidation (Supplementary Fig. 25),
indicative of chromophore disruption. These fundings reinforce the
concept that thiol groups are the origin of luminescence, while dis-
ulfide is nonfluorescent. To elucidate the fluorescence quenching
mechanism, we conducted TD-DFT calculations on the excited-state
frontier molecular orbitals of PCys-s (Fig. 2a and Supplementary
Table 3). The result revealed a larger energy in PCys-s compared to
PCys, suggesting a decreased excitability. Moreover, we noticed a
substantial modification in the electron cloud density surrounding the
sulfur atom in oxidized PCys, implying that the hydrogen atom played
avital role in the emission process. Further investigation is required to
elucidate the specific mechanisms of hydrogen atoms and their roles in
other chromophores.
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Fig. 3 | Multicolor cell imaging and quantitative detection of redox substances.
a CLSM images of 4T1 cells and chondrocytes after 2 h of incubation with PCys
(Aex =405, 488, and 561 nm). b Schematic illustration of PCys detecting H,0, and
GSH in cells (ER: endoplasmic reticulum). ¢ CLSM images of H,0,-pretreated or
untreated 4T1 cells incubated with PCys-Cys5 for 2 h. d H,0, levels in 4T1 cells with
or without H,0, pretreatment detected by PCys or H,0, assay kit. e CLSM images of

GSH-pretreated or untreated 4T1 cells incubated with PCys-s-Cy5 for 2 h. f GSH
levels in 4T1 cells with or without GSH pretreatment detected by PCys-s or GSH
assay kit. The scale barsin a, ¢, and e are 50 um. Data are presented as the mean with
SD (n = 3independent cells) in (d, f). Statistical differences were analyzed by a one-
way ANOVA with Tukey’s multiple comparisons test. ns means no significance. Each
experiment was repeated three times independently with similar results.

Considering the reversibility of thiol-disulfide exchange reac-
tion, we further reasoned that the reductive cleavage of disulfide
linkage would recover the fluorescence of copolymers. To validate
this hypothesis, we added glutathione (GSH) to the oxidized polymer
solution. We observed that the polymer fully restored its fluores-
cence within 10 min (Fig. 2e). More interestingly, the quenching and
recovery of fluorescence were reversible and could be repeated
multiple times by alternately adding H,O, and GSH (Fig. 2f and
Supplementary Movie 1). The redox reactions were further acceler-
ated in non-assembled polymer solutions (Supplementary Fig. 26).
These results demonstrate that PCys can serve as an “on-off”
switchable fluorescent probe for quantitative detection of redox

substances (Fig. 2g). To exploit this potential, we constructed ratio-
metric fluorescence probes by labeling the polymers with a redox-
insensitive 3,3"-diethylthiadicarbocyanine iodide (Cy5) dye. The PCys
and PCys-s probes exhibited high selectivity and sensitivity toward
H,0, and GSH, respectively. The fluorescence intensity ratio of PCys
to Cy5 was linearly correlated with the concentrations of H,0, and
GSH under various A.x (Supplementary Figs. 27-29). Consequently,
the concentrations of these redox substances can be accurately
determined using a standard curve. The detection limits for H,O, and
GSH were 5 and 2.5 pM, respectively, which are comparable to those
of established probes for these substances****. This study introduces
a non-conjugate polymer system that can switch its fluorescence in
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Fig. 4 | In vitro suppression of oxidative stress and protective effect of PCys on
chondrocytes. a Intracellular ROS detection with DCFH-DA obtained by fluores-
cence microscope after treatments with saline, NAC, and PCys. Scale bars: 100 pm.
b Image) analysis of DCFH-DA staining. ¢ Mitochondrial membrane potentials of
chondrocytes determined with JC-1 staining after treatments with saline, NAC, and
PCys. Scale bars: 20 pum. d ImageJ analysis of JC-1 staining. e Fluorescence images of
chondrocytes with TUNEL staining after treatments with saline, NAC, and PCys.
Scale bars: 100 um. f ImageJ analysis of TUNEL staining. g Immunofluorescence

0 + |
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staining for COL-2, AGG and MMP-13 after treatments with saline, NAC, and PCys.
Scale bars: 30 pm. h Image]J analysis of immunofluorescence staining (left to right:
**P=0.0065, **P=0.0008, **P=0.0068, **P=0.0004, **P=0.0074,

***P =0.0006). Statistical significance: **P < 0.01, **P < 0.001, ***P < 0.0001. Data
are presented as the mean with SD (n = 3 independent cells) in (b, d, f and h).
Statistical differences were analyzed by a one-way ANOVA with Tukey’s multiple
comparisons test. ns means no significance. Each experiment was repeated three
times independently with similar results.

response to redox changes and simultaneously quantify ROS and
GSH with high accuracy.

Multicolor cell imaging and redox detection

To explore the potential of PCys in biomedical applications, we incu-
bated the polymeric assemblies with 4T1 cancer cells and chon-
drocytes. The polymers did not show any inhibitory effect against the
cells even at a high concentration (5 mg/mL) with 24 or 48 h of incu-
bation (Supplementary Fig. 30). Owing to their intrinsic and excitation-
dependent emission characteristics, PCys exhibited distinct intracel-
lular fluorescence and outlined the cell contours clearly under differ-
ent excitation wavelengths (405, 488 and 561nm) (Fig. 3a),
demonstrating their great potential for multicolor cell imaging. Taking
advantage of the redox switchable fluorescence of PCys, we further
measured the contents of H,0, and GSH in 4T1 cells before and after
incubation with H,O, (1mM) or GSH (5 mM) (Fig. 3b). Based on the
standard curves established from ratiometric fluorescence probes, the
H,0, concentrations in 4T1 cells before and after H,0O, treatment were
calculated to be 0.032 and 1.006 mM, respectively (Fig. 3¢, d), while
the intracellular GSH levels before and after incubation with GSH were
determined to be 2.33 and 7.16 mM, respectively (Fig. 3e, f). The results
are in good agreement with those obtained by commercial H,0, and

GSH assay kits, demonstrating the great potential of this nonclassical
fluorescent polymer for detecting the intracellular redox
microenvironment.

In vitro antioxidant and anti-inflammatory activity

PCys emerges as a promising candidate for the theragnosis of diseases
associated with oxidative stress, owing to its antioxidative thiol groups
and excellent fluorescence properties. To validate this potential, we
chose chondrocytes as a model and induced an oxidative and inflam-
matory response via interleukin-1f (IL-1B) stimulation. Subsequently,
the inflamed cells were treated with PCys, using a clinically established
frontline antioxidant N-acetylcysteine (NAC) as a control. We first
detected the intracellular ROS generation induced by IL-1 using 2’,7"-
dichlorodihydrofluorescein diacetate (DCFH-DA) as a probe. DCFH-DA
penetrates the cell membrane, undergoes intracellular esterase
hydrolysis to form dichlorofluorescin (DCFH), which is subsequently
oxidized by ROS to yield fluorescent dichloro-fluorescein (DCF)*.
Notably, cells in the saline group exhibited intense green fluorescence,
indicative of elevated ROS levels (Fig. 4a, b). Contrastingly, treatments
with both NAC and PCys effectively alleviated cellular oxidative stress.
Intriguingly, PCys demonstrated a markedly better antioxidative effect
compared to NAC, despite equivalent thiol content. To explore this
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phenomenon, we conducted in vitro antioxidant analyzes using H,O,
and hydroxyl radical (-OH) as representative ROS. We found that PCys
scavenged these ROS more rapidly and efficiently than NAC (Supple-
mentary Fig. 31). This enhanced efficacy can be attributed to the
hierarchical structure of the polymer, which likely promoted the
interactions between thiol groups and ROS or facilitated a synergistic
effect among the thiol groups*®*.

Oxidative stress is a well-documented inducer of apoptosis and
disruptor of mitochondrial membrane integrity*®. This mitochondrial
dysfunction within apoptotic chondrocytes further escalates the pro-
duction of ROS. Consequently, we assessed the effect of antioxidant
therapy on mitochondrial membrane potential, a primary indicator of
early apoptosis*®, using JC-1 staining. Under normal conditions, mito-
chondria exhibit high membrane potential, manifested as red fluor-
escence. In contrast, our observations revealed that inflamed cells
showed abundant green fluorescence, reflecting severe mitochondrial
damage (Fig. 4¢, d). NAC treatment resulted in a reduction in green
fluorescence intensity, suggesting an alleviation of mitochondrial
damage. Impressively, PCys treatment nearly eradicated green fluor-
escence, indicating minimal mitochondrial impairment. We also eval-
uated cellular apoptosis using terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeled (TUNEL) assay and flow cytometry
(Fig. 4e, f and Supplementary Fig. 32). It was found that both PCys and
NAC effectively hindered oxidative stress-induced cell death. Notably,
PCys exhibited a significantly lower apoptosis rate (5.8%) than the NAC
(16%) and saline-treated group (28.7%). Furthermore, we investigated

the expression of cartilage phenotype and inflammatory markers to
assess the progression of inflammation. This included an analysis of
cartilage catabolic inflammatory genes (tumor necrosis factor-o (TNF-
«), interleukin-6 (IL-6), cyclooxygenase-2 (COX-2), matrix
metalloproteinases-13 (MMP-13) and thrombospondin motifs-5
(ADAMTS-5)) and chondrogenic markers genes (cartilage-specific
genes collagen type-2 (COL-2), aggrecan (AGG) and sry-type high-
mobility-group box 9 (SOX-9)) through quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR) and immuno-
fluorescence techniques (Fig. 4g, h and Supplementary Fig. 33). The
results revealed that oxidative stress led to an upregulation of
inflammatory genes and a downregulation of osteogenic genes,
thereby exacerbating inflammation. Notably, PCys treatment normal-
ized the expression of these genes to levels comparable to those of the
normal group, demonstrating its potent efficacy in suppressing that
oxidative stress-induced inflammation.

In vivo theranostics of osteoarthritis

Antioxidant plays a key role in the early intervention of OA, yet com-
monly used small molecule drugs such as NAC are limited by rapid
metabolism and the need for frequent administration. This not only
poses the risk of toxic side effects, but also adversely affects patient
compliance®. In this context, PCys showed not only enhanced anti-
oxidative, anti-inflammatory, and anti-apoptotic activities but also a
linear fluorescence response to the redox microenvironment, ren-
dering it a promising candidate for both OA treatment and real-time
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Fig. 6 | Histopathological and immunohistochemical analysis. a H&E and
safranin O/fast green staining of rat OA knee joints after different treatments. Scale
bars: 200 um. Each experiment was repeated three times independently with
similar results. b Immunohistochemical staining of COL-2, AGG and MMP13. Scale
bars: 200 pm. Each experiment was repeated three times independently with
similar results. ¢-f The levels of TNF-a (¢, ***P=0.0008), IL-6 (d **P=0.0007),
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MMP-13 (e **P=0.0009), and GSH (f) in the synovial fluid after different treat-
ments. Statistical significance: **P < 0.001, ***P < 0.0001. Data are presented as the
mean with SD (n = 5) independent samples in (c-e) n = 3 independent samples in
(f). Statistical differences were analyzed by a one-way ANOVA with Tukey’s multiple
comparisons test. ns means no significance.

disease progression monitoring (Fig. 5a). To study the retention of the
polymer in the joint cavity, we first injected Cy5-labeled PCys and free
Cy5 dye into the joint cavity of healthy rats. In vivo imaging revealed
that the fluorescence from free Cy5 almost vanished within 2 d, while
the polymer-treated group maintained strong CyS5 fluorescence after
7d, indicating prolonged persistence of the macromolecule in the
joint cavity (Supplementary Fig. 34). This property has the potential to
improve the efficacy and longevity of OA therapy, thereby reducing
the frequency of drug administration. Furthermore, to evaluate the

utility of PCys in OA theragnosis, we established an OA rat model by
intra-articular injection of monosodium iodoacetate (MIA). The rats
received various treatments at 0, 7, 14, 21, and 28 d. In healthy rats, the
fluorescence of PCys was sustained for over 7 d (Fig. 5b). In contrast, in
the OA group, PCys fluorescence was rapidly quenched and became
undetectable within 2 d (Fig. 5b), due to the oxidation of thiol groups
by elevated levels of ROS present in the synovial fluid. This finding
confirmed the successful establishment of the OA model and under-
scored the sensitivity of PCys to the oxidative environment
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characteristic of OA pathology. As treatment progressed and oxidative
stress diminished, PCys fluorescence gradually recovered. After five
treatments, the reduced ROS levels in the synovial fluid allowed the
fluorescence of PCys to persist for an extended duration, similar to
that observed in healthy joints (lasting beyond 7 d). In addition, ROS
concentration in the synovial fluid was estimated to be -10.2 pM using
the ratiometric fluorescent probe (Supplementary Fig. 35), which is
similar to that in normal rats (-8 uM)*". The result indicates that PCys
not only effectively treated OA but also enabled real-time monitoring
of ROS levels in the joint cavity. The rats were then euthanized and the
femur and tibia were examined macroscopically (Fig. 5c). The saline
group showed severe erosion of the femur and tibia, and the NAC
group had some therapeutic effects but still exhibited minor erosion.
The articular surface was irregular and extensively eroded in the saline
and NAC-treated OA groups. In contrast, the normal and PCys groups
had smooth and glossy articular surfaces. Further micro computed
tomography (Micro-CT) imaging confirmed significant bone destruc-
tion and osteophyte formation in the saline group, while the PCys
group more effectively prevented OA progression and cartilage
degradation compared with other groups (Fig. 5d).

The decalcified tissue specimens were sectioned and stained to
evaluate the therapeutic effects of PCys by histological assessment
(Fig. 6a). The H&E staining revealed that the normal group had orderly
and compact chondrocytes, with smooth and intact articular cartilage
surface, while the saline group displayed typical OA features, such as
surface disruption, erosion, fissures and evident chondrocyte degen-
eration or necrosis. PCys treatment could markedly inhibit cartilage
damage, with abundant bone marrow cells in the bone marrow cavity
and normal morphology of the articular cartilage matrix. Safranin-O (S-
0) staining was conducted to examine extracellular cartilage matrix
(ECM) changes. It was found that PCys treatment could enhance the
expression of proteoglycans in articular cartilage. Further immuno-
histochemical analysis indicated that the expression levels of COL-2
and AGG were the highest in the PCys group, while the expression level
of MMP-13 was reduced, suggesting that PCys could better protect the
ECM from degradation (Fig. 6b). In addition, enzyme-linked immuno-
sorbent assay (ELISA) kits were used to measure the expression levels
of TNF-a, IL-6 and MMP-13 in the synovial fluid (Fig. 6¢c-e). The results
indicated that PCys could significantly decrease the expression of
these pro-inflammatory factors in vivo, alleviating the inflammation
caused by OA.

To investigate the therapeutic mechanism of PCys, we used PCys-s
as a reducing probe to measure the GSH content in the synovial fluid of
different treatment groups (Fig. 6f). Interestingly, we found that the
GSH concentration in the synovial fluid of the PCys group was even
higher than that of the normal group. The same conclusion was also
confirmed by using a commercial GSH detection kit, which further
validated the accuracy of PCys-s for detecting reductive substances in
vivo. The results suggest that the antioxidant mechanism of PCys
involves not only the thiol-mediated depletion of ROS (direct anti-
oxidant) but also the stimulation of GSH production (indirect anti-
oxidant). This dual mechanism is similar to that of NAC since the
degradation product of PCys, L-cysteine, can be utilized for GSH
synthesis in vivo®>™*, It is worth noting that the GSH content in the
synovial fluid of the PCys group was slightly higher than that of the
normal group. This may be because the process of GSH generation in
the joint was still ongoing at the time of sampling. The lower GSH
content in the NAC group was mainly attributed to its shorter retention
time in the joint cavity and lower ROS scavenging ability. Finally, the
H&E staining analysis of the main organs did not show any abnorm-
ality, indicating excellent biocompatibility of PCys (Supplementary
Fig. 36). Therefore, PCys, as a polymer material with bioactivity and
biocompatibility, demonstrates better therapeutic effects for OA
compared to first-line clinical antioxidants. Additionally, it possesses
dynamic fluorescence imaging capabilities that traditional drugs lack,

highlighting its great potential for the theragnosis of ROS-related
diseases such as cancer, inflammatory, and degenerative diseases.
Ongoing studies in our laboratory are further exploring these
applications.

Discussion

In conclusion, we report a non-classical luminescent aliphatic polymer
utilizing aggregated thiols as chromophores. The polymer showed
molecular weight-dependent high QY, excellent multicolor lumines-
cence and imaging properties. Moreover, the fluorescence of the
polymer could be reversibly switched off and on under oxidative and
reductive conditions, respectively, enabling quantitative detection of
ROS and GSH in cells and in vivo. In addition, the bioactive polymer
demonstrated greater and more enduring antioxidant properties
compared to first-line clinical antioxidants, enabling long-term treat-
ment and diagnosis of OA. This fluorescent polymer featured a simple
structure, good biocompatibility, a distinctive luminescence mechan-
ism, and numerous active sites for functionalization. It is expected to
advance bioactive imaging materials with potential for clinical trans-
lation in biosensing, drug delivery, and disease theragnosis
applications.

Methods

Ethical regulations

The research presented here complies with all relevant ethical reg-
ulations. All experiments involving animals were reviewed and
approved (20220711001) by the institutional ethics committee of West
China Hospital, Sichuan University.

Materials

Methoxypolyethylene glycol amine (MPEG-NH,, MW 5000) was pur-
chased from Suzhou Nords Parson’s Pharmaceutical Technology Co.,
Ltd. (Suzhou, China). L-cysteine (99%), benzyl chloroformate (98%)
and triphosgene (99%) were obtained from Aladdin. Fluorescein iso-
thiocyanate isomer I (FITC, 90%) was obtained from Acros Organics
(New Jersey, USA). Glutathione (GSH) was purchased from Biofroxx
(Einhausen, German). 2,7-Dichlorodihydrofluorescein diacetate
(DCFH-DA) and 3, 3, 5, 5’-tetramethylbenzidine (TMB) were obtained
from Adamas Reagent, Ltd. (Shanghai, China). Cell counting kit-8
(CCK-8) was purchased from Beijing Labgic Technology Co., Ltd.
(Beijing, China). 5,5-Dithiobis-(2-nitrobenzoic acid) (DTNB) was
acquired from Shanghai Haohong Scientific Co., Ltd. (Shanghai,
China). 3,3-Diethylthiadicarbocyanine iodide (Cy5) was obtained from
Alfa Aesar (China) Chemistry Co., Ltd. (Shanghai, China). H,0, (30
vol.%) was purchased from Chengdu JinShan Chemical Regent Co., Ltd.
(Chengdu, China). Tetrahxydrofuran (THF) and n-hexane were
attained from General-Reagent and purified by refluxing with sodium
wire and benzophenone under nitrogen, followed by fractional dis-
tillation. N,N-Dimethylformamide (DMF) was purchased from General-
Reagent and dried over CaH, (5% w/w), then distilled at 20 mm Hg and
stored over 4 A molecular sieves. All other reagents were used as
received from commercial sources.

Characterization

cProton nuclear magnetic resonance spectroscopy ('H NMR,
400 MHz) was recorded on a Bruker Avance Ill HD spectrometer using
tetramethylsilane (TMS) as an internal standard and CF;COOD or
DMSO-d; as solvent at room temperature. Fourier transform infrared
(FTIR) spectroscopy was recorded from 4000 to 500 cm™ using a
Nicolet iS10 spectrometer (Thermo Electron Corporation, U.S.A). Gel
permeation chromatography (GPC) was carried out on an HLC-8320
(TOSOH Corporation, Japan) at room temperature using DMF/LiBr
(2g L™ as an eluent. Fluorescence measurement was conducted on an
F-4600 FL spectrophotometer (Hitachi, Ltd., Japan). UV-vis absorbance
spectra were obtained using a UV2600 spectrophotometer
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(Techcomp, Ltd., China). Dynamic light scattering (DLS) was per-
formed on a Malvern nano-zeta sizer instrument (Malvern Instruments
Ltd., UK) at room temperature at an angle of 90°. Transmission elec-
tron microscopy (TEM) was performed on model H-600-4 (Hitachi,
Ltd., Japan) with an accelerating voltage of 75 kV. The Image J software
was used to measure the fluorescence intensity of images.

Synthesis of S-carbobenzoxy-L-cysteine (L-Cys-Cbz)

L-Cysteine (12.12 g) was dissolved in 120 mL of ice-cooled ether con-
taining triethylamine. To this solution, benzyl chloroformate (17.2 g) in
200 mL of ether was added dropwise added with vigorous stirring. The
reaction mixture was stirred at 0°C for 1h and then at room tem-
perature for 12 h. The precipitation was filtered, washed with ethanol,
acetone, and ether in sequence, and dried under vacuum to afford
L-Cys-Cbz as a white powder (74% yield).

Synthesis of S-carbobenzoxy-L-cysteine-N-carboxyanhydride
(L-Cys-Cbz NCA)

L-Cys-Cbz (10.0 g) was dissolved in dry THF (140 mL) in a Schlenk flask
and treated with triphosgene (4.5 g) in anhydrous THF (60 mL) drop-
wise under argon. The mixture was stirred under argon at 50 °C for 4 h.
The resulting clear solution was concentrated under reduced pressure
and recrystallized from dry THF/n-hexane three times. The obtained
product was dried under a vacuum to provide L-Cys-Cbz NCA as a
white powder (72% yield).

Synthesis of MPEG-PCys-Cbz

MPEG-PCys-Cbz was synthesized by ring opening polymerization of
L-Cys-Cbz NCA initiated by MPEG-NH, according to previous reports'.
Briefly, L-Cys-Cbz NCA (0.31, 0.51, 2.04, 3.06, and 4.08 g) was dissolved
in anhydrous DMF (20 mL) in a Schlenk tube. Then MPEG-NH, (2.0 g) in
anhydrous DMF (5 mL) was added and the reaction was carried out for
3 d at 37 °C under argon. The product was isolated by precipitation in
ice-cold diethyl ether three times and obtained as a pale-yellow solid
(72% yield).

Synthesis of MPEG-PCys (PCys,)

MPEG-PCys-Cbz (2.0g) was dissolved in 20 mL of CF;COOH in a
Schlenk tube and treated with an appropriate amount of 33% HBr. The
mixture was stirred at 0 °C for 2h and the volatiles were removed
under reduced pressure using a rotary evaporator. The residue was
coevaporated with small volumes of CH,Cl, several times to remove
TFA and HBr. The mixture was precipitated in ice-cold diethyl ether
three times to give a pale-yellow solid (81% yield).

Self-assembly of copolymers

PCys, assemblies were prepared by a dialysis method®. In brief, PCys
(10 mg) in 1 mL of DMF was added dropwise to 9 mL of deionized water
with rapid stirring. The resulting solution was transferred to a dialysis
bag (MWCO 3500) and dialyzed against deionized water for 3d,
changing the water every 4 h. Finally, the solution was centrifugalized
for 15 min at 861 xg and filtered through a 0.45 um pore-sized syringe
filter (Millipore, Carrigtwohill, Co. Cork, Ireland).

Determination of free thiol group content

The content of thiol groups was determined by 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB, Ellman’s reagent). DTNB was dissolved in
0.1 M sodium phosphate buffer (pH 8.0) containing 1mM EDTA at a
concentration of 100 ug mL™. PCys in H,O or DMF was added to the
same buffer at a concentration of 2.5 mg mL™. Then 20 uL of the PCys
solution was mixed with 180 uL of the DTNB solution in a microplate
and incubated for 15 min at room temperature. The absorbance was
measured at 412 nm using a microplate reader (DNM-9602, Nanjing
Perlove Medical Equipment Co., Ltd., China). A cysteine standard curve
was used to calculate the content of free thiols in the polymer.

Fluorescence quantum yield (QY) measurement

The QYs of PCys in H,O were measured in reference to quinine sulfate
in 0.1M H,S0, (literature quantum yield 54% at 350 nm excitation)®’.
The same excitation wavelength and slit band widths were applied for
the two samples. The formula used for QY measurements was as fol-
lows.

QY =(I/Ig) * (Ag /A) x (n/ng)* X QY M

where QY is the quantum yield of the sample, / is the integral area
under the fluorescence spectrum, 7 is the refractive index of the sol-
vent used, and A is the absorbance at the excitation wavelength. The
subscript R represents the reference. To minimize reabsorption
effects, absorbencies were kept under 0.05 at the excitation wave-
length of 350 nm.

AIE properties of PCys

Fluorescence spectra (Aex =370 nm) of PCys in DMF-ether mixtures
(0.04 mg mL™) with varying ether fractions (fz,) were recorded on an
F-4600 FL spectrophotometer (Hitachi, Ltd., Japan) at 25 °C, using an
emission slit width of 5nm and constant scan rate.

Fluorescence resonance energy transfer (FRET) study

Samples for the FRET studies were prepared by adding appropriate
concentration of FITC (receptor) in deionized water (0.2 mL) to 2 mL
PCys assemblies (donor, 1 mg mL™) with constant stirring for 1h, and
then ultrasonated for 2 h. the aqueous solution was transferred to a
dialysis bag (MWCO 3500) and dialyzed against water for 24 h, chan-
ging the water every 3 h. Then, the donor was excited at 370 nm and
the emission spectra were recorded on an F-4600 FL spectro-
photometer (Hitachi, Ltd., Japan).

Film preparation

The polymer film was prepared by a solution casting method as fol-
lows. A copolymer solution (5mgmL™ in DMF) was cast onto glass
plates and dried at 50 °C until the solvent was completely evaporated.
The resulting film was peeled off from the glass plates and vacuum-
dried at room temperature for 24 h before characterization.

Fluorescence stability of PCys

PCys assemblies and PCys dissolved in DMF were exposed to air at
25 °C with continuous stirring. The fluorescence spectra of PCys in H,O
(Aex =370 nm) and DMF (A¢, =330 nm) were recorded at various time
intervals using an F-4600 FL spectrophotometer (Hitachi, Ltd., Japan),
all measurements were conducted at 25 °C.

Responsiveness of PCys and PCys-s

Both PCys and PCys-s in H,O or DMF (2 mg mL™) were treated with
different concentrations of H,O, and GSH, respectively. The fluores-
cence intensity of the samples over time was monitored using an
F-4600 FL spectrophotometer (Hitachi, Ltd., Japan) with A, 0of 370 nm
for H,0 and 330 nm for DMF. To investigate the reversibility of fluor-
escence, the fluorescence intensity of PCys assemblies after treatment
with H,O0, and GSH was repeatedly measured. The addition of H,0,
and GSH was conducted multiple times for the measurements.

Theoretical calculation study

The fluorescence mechanism of PCys was elucidated through time-
dependent density functional theory (TD-DFT), with calculations were
performed using the ORCA 4.0.0.2 program package. The computa-
tions were carried out at the B3LYP/6-31 G(d) level of theory.

Extracellular H,O, scavenging activity
The H,0, scavenging capacity of PCys was measured by the Hydrogen
Peroxide Detection Kit (Nanjing JianCheng Bio Inst, Nanjing, China).

Nature Communications | (2024)15:10078

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54473-x

H,0, reacts with ammonium molybdate to form a yellow complex with
an absorbance peak at 405 nm. PCys (1 mg mL™) was incubated with
2 mM H,0, at 37 °C for 2 h. After the reaction, the concentration of the
remaining H,0, was determined according to the manufacturer’s
instructions and the H,0,-eliminating capacity was calculated. NAC
(0.48 mg mL™) was used as a positive control and tested by the same
method.

Extracellular hydroxyl radical (-OH) scavenging activity

The -OH scavenging activity of PCys was evaluated by the TMB chro-
mogenic method®. OH was generated by the Fenton reaction between
H,0, and Fe*, which can oxidize TMB to oxTMB with a characteristic
absorption at 652 nm. The concentration of the remaining -OH can be
determined by monitoring the absorption of oxTMB at 652 nm. In
detail, the test solutions containing 250 uM TMB, 2 mM H,0,, 1mM
FeSO, and PCys (1 mg mL™) in HAc/NaAc buffer (0.5M, pH 4.5) were
prepared in the dark and rested for 5 min. Then the absorbance peak at
652nm of the solution was measured with a UV-vis spectro-
photometer. NAC (0.48 mgmL™) was used as a positive control and
tested by the same method.

Cell lines

4T1 cells and chondrocytes were selected for cellular assays. The
4T1 cells, obtained from the Shanghai Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences, were first cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, GIBCO), 100 units per mL of
penicillin, and 100 units per mL of streptomycin (Sigma). This culture
was maintained in a 5% CO, atmosphere at 37 °C. Chondrocytes were
isolated from rat cartilage. The cartilage was first treated with a 0.25%
trypsin solution for 30 min, followed by a 12-h digestion in a 0.1%
collagenase Il solution. Post-digestion, the chondrocytes were har-
vested and subsequently cultured in DMEM supplemented with 10%
fetal bovine serum (FBS), under the same conditions of temperature
and CO, concentration as the 4T1 cells.

Cell viability

4T1 cells and chondrocytes were seeded in 96-well plates at a density
of 5000 cells per well. Following a 24-h incubation, the media was
discarded, and a serial of different concentrations of PCys were
introduced into fresh RPMI 1640 complete medium and added to the
wells. After incubation periods of 24 or 48 h, the cells were washed
three times with PBS. Subsequently, 100 pL of fresh media containing
1mg mL™ of CCK-8 (Dojindo, Japan) was dispensed into each well. The
absorbance at 490 nm was measured using a microplate reader. Cell
viability as calculated using the formula:

Cell viability(%) = (OD49¢,mOf the sample/OD 490, 0f the control) x 100%

Multicolor cell imaging

4T1 cells and chondrocytes (both 1x10°%) were plated on coverslips in
six-well plates. After 24 h, the cells were treated with 200 pg mL™ of
PCys for 4 h. Then, the cells were washed with PBS three times and
fixed with 4% formaldehyde for 30 min. Finally, the cells were imaged
on a CLSM under various channels (Olympus FV1000, Japan). Condi-
tions: Aex =405 nm, Aer = 410-750 nm; Ay = 488 nm, A, = 515-750 nm;
Aex =561 nm, A, =575-750 nm.

Intracellular ROS detection

Chondrocytes (1x10°) were plated on coverslips in six-well plates.
After 24 h, the cells were exposed to different concentrations of H,0,
(0 and 1 mM) for 60 min. Then, the cells were treated with 1 mg mL™ of
PCys-Cy5 for 2 h. Afterwards, the cells were washed with PBS three

times and fixed with 4% formaldehyde for 30 min. Finally, the cells
were observed on a CLSM under various channels (Olympus FV1000,
Nikon AIRMP, Japan). Moreover, the ROS levels in the cell homogenate
were examined by using H,0, assay kits (Nanjing JianCheng Bio Inst,
Nanjing, China),

Intracellular GSH detection

Chondrocytes (1x10°) were plated on coverslips in six-well plates.
After 24 h, the cells were treated with different concentrations of GSH
(0 and 5 mM) for 60 min. Then, the cells were incubated with 1 mg mL™
of PCys-s-Cys5 for 2 h. Next, the cells were washed with PBS three times
and fixed with 4% formaldehyde for 30 min. Finally, the cells were
imaged on a CLSM under various channels (Olympus FV1000, Nikon
AIRMP, Japan). In addition, the GSH levels in the cell homogenate were
determined by using GSH assay kits (Nanjing JianCheng Bio Inst,
Nanjing, China), following the manufacturer’s instructions.

Cell apoptosis assay

Cell apoptosis was evaluated using the Annexin V-FITC/PI apoptosis
detection kit and TUNEL staining analysis. Chondrocytes (1 x 10°) were
seeded in six-well plates and subjected to treatments with or without
10 ng mL™ IL-1B, in conjunction with NAC and PCys. After 24 h of
incubation, cells were washed and resuspended in Binding Buffer
containing Annexin V-FITC and PI (KeyGEN, China). Flow cytometry
(BD Biosciences, USA) was employed for the detection of apoptotic
cells. For TUNEL staining, cells were processed using an apoptosis
detection kit (Roche), adhering to the manufacturer’s protocol. Briefly,
after 24 h of incubation, cells were washed and fixed with 4% paraf-
ormaldehyde for 20 min at room temperature, followed by permea-
bilization with 0.1% Triton X-100. After fixation in proteinase K for
15 min, cells were stained with the TUNEL mixture for 60 min, incu-
bated with DAPI for 5min, and visualized using fluorescence
microscopy.

Intracellular ROS scavenging activity

Chondrocytes (1% 10°%) were seeded in six-well plates and treated with
or without 10 ngmL™ IL-1B, along with NAC and PCys in different
groups. After 48 h, the cells were washed three times with PBS and
incubated for 20 min with serum-free DMEM containing 2’,7-dichlor-
odihydrofluorescein diacetate (DCFH-DA, Beyotime, China). The
intracellular green fluorescence intensity was measured at Ae/
Aem=488/525nm and then imaged and analyzed using Image)
software.

Mitochondrial membrane potential determination
Mitochondrial membrane potential was evaluated in chondrocytes
using JC-1 staining. Chondrocytes (1 x 10°) were plated in six-well plates
and subjected to treatments with or without 10 ng mL™ IL-1B, alongside
NAC and PCys in different experimental groups. Following treatments,
chondrocytes were harvested and incubated with JC-1 (5 ug mL™) for
25 min at 37 °C. After staining, cells were washed thrice with PBS to
eliminate excess JC-1. Flow cytometry analysis was conducted using a
BD Accuri C6 plus flow cytometer.

Quantitative real-time polymerase chain reaction (RT-qPCR)
analysis

Chondrocytes (1 x 10°) were cultured in six-well plates and subjected to
treatments with or without 10 ng mL™ IL-1f, in combination with NAC
and PCys, across various groups. The gene expressions of TNF-a, IL-6,
COX-2, ADAMTSS, MMP-13, SOX-9, COL-2, and AGG were analyzed
using RT-qPCR. The total RNA isolated from the cells employing TRIzol
reagent (Invitrogen, USA) according to the manufacturer’s protocol.
To minimize randomization error, each gene expression analysis was
performed in triplicate.
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Immunofluorescence

The expression of OA catabolic biomarkers MMP-13 and chondrogenic
markers genes (COL-2 and AGG) in chondrocytes was assessed by
immunofluorescence. Chondrocytes were seeded onto sterile glass
coverslips in 24-well plates at a density of 2 x 10° cells per well, treated
with IL-1B, and incubated with saline, NAC and PCys for 12 h. The cells
were washed with PBS, fixed in 4% paraformaldehyde for 10 min,
treated with 0.1% Triton X-100 for 15 min, and incubated in 3% bovine
serum albumin/PBS for 30 min at room temperature. Subsequently,
the cells were washed with PBS and incubated with primary antibody as
follows: MMP-13 (Life Tech, USA, 1:200 dilution), COL-2 (Life Tech,
USA, 1:200 dilution) and AGG (Life Tech, USA, 1:200 dilution) at 4 °C
overnight. After incubation, the cells were washed with PBS again and
incubated with appropriate Alexa Fluor conjugated secondary anti-
bodies (Molecular Probes, Life Tech, USA, 1:400 dilution) at room
temperature for 1 h. The 4, 6-diamidino-2-phenyindole dilactate (DAPI,
Life Tech, USA) and Alexa Fluor 594 phalloidin (Life Tech, USA) were
used to counterstain cellular nuclei and actin rings, respectively. The
immunofluorescence images were acquired by using the laser scan-
ning confocal microscopy. The protein expression levels of MMP-13,
COL-2 and AGG were also acquired based on the fluorescence intensity
of the images for quantitative comparison using Image J software.

OA model and in vivo therapy

The male Sprague Dawley rats (6-8 weeks old) were obtained from
Vital River Company (Beijing, China) and treated according to the
standard guidelines approved by the institutional ethics committee
of West China Hospital, Sichuan University. The rats were anesthe-
tized by intraperitoneal injection of 0.5% sodium pentobarbital
(10 mLkg™) before each intervention. OA was induced by a single
intra-articular injection of MIA (50 puL, 30 mgmL™; Sigma-Aldrich)
into the right knee joint through the infrapatellar ligament. The left
knee joint received an equal volume of saline as a control. Three
weeks after MIA injection, the rats were randomly divided into three
groups (n=5) and treated with intra-articular injections of saline,
NAC (50 mgmL™), or PCys (104 mg mL™) into the right knee joint.
The thiol content of NAC and PCys was equivalent and corresponded
to the typical clinical dose. The treatment was repeated every seven
days for a total of five times. The first day of treatment was designed
as day 0. Five weeks after the initial MIA injection, the rats were
euthanized by an overdose anesthesia and the knee joints were col-
lected for further analysis.

IVIS imaging
To evaluate the retention of the injected materials in the knee joint, six
OA rats were randomly assigned to two groups (n=3) and anesthe-
tized with isoflurane. The rats received an intra-articular injection of
Cy5 or PCys-Cys5 in saline solution. The rats were then imaged by an
in vivo imaging system (IVIS) at an excitation wavelength of 640 nm
and emission wavelength of 680 nm at different time points.
Similarly, three normal rats and five OA rats were anesthetized
with isoflurane and injected with PCys-Cy5 solution intra-articularly.
The rats were imaged by IVIS at excitation wavelength of 480 nm or
640 nm and emission wavelength of 520 nm or 680 nm, respectively,
at various time points.

Macroscopic observation

After carefully removing the muscles, ligaments, and meniscal tissues
around the knee joint, the femoral condyle was separated from the
tibial plateau, and the gross appearance of articular cartilage was
evaluated under direct visualization.

Micro-CT arthrography
The rats were euthanized at 5 weeks, and the knee joint samples were
collected for arthrography using a high-resolution micro-CT imaging

system (SkyScan 1172, Bruker BioSpin, Belgium). The relative osteo-
phytes volume was quantified based on the micro-CT scanning and
reconstruction results.

H&E and Safranin-O staining

The extent of cartilage degeneration was assessed by hematoxylin-
eosin (H&E) staining and Safranin-O staining. For H&E staining, the
sections were immersed in hematoxylin solution for 5min, washed
running water and 95% alcohol, and then counterstained with 1% Eosin
Y solution for 3 min. For Safranin-O staining, which specifically detects
proteoglycan in cartilage, the sections were stained with Weigert's
hematoxylin working solution for 10 min, followed by fast green
solution for 5min and 1% acetic acid. The sections were then stained
with 0.1% Safranin-O solution for 5min. The slides were examined
under an Olympus DP70 inverted microscope (Japan) to evaluate the
inflammation and cartilage degeneration.

Immunohistochemistry analysis

For immunohistochemical staining and immunofluorescent analysis,
the sections were deparaffinized, rehydrated and blocked with 2%
bovine serum albumin (BSA) containing 0.1% Triton X-100 for 1h at
room temperature. The sections were then incubated overnight at4 °C
with primary antibodies against COL-2, AGG and MMP13, followed by
FITC-conjugated anti-rat secondary antibody (Ybscience, China, 1:100
dilution) for 1.5 h at room temperature in the dark. The sections were
rinsed three times with PBS and stained with 4,6-diamidino-2-pheny-
lindole (DAPI) for 10 min. Fluorescence images were obtained with a
microscope and analyzed with Image-Pro Plus software, version 6.0
(Media Cybernetics, Inc., Rockville, USA).

Measurement of TNF-«, IL-6 and MMP-13 level in synovial fluid
Inflammatory markers within the synovial fluid, including TNF-a, IL-6,
and MMP-13, were quantified by an enzyme-linked immunosorbent
assay (ELISA) with a commercial ELISA kit (NanJing JianCheng Bio Inst,
Nanjing, China) according to the instructions provided by the manu-
facturer. Absorbance was measured at a wavelength of 450 nm using a
plate reader (Thermo Fisher, USA).

Measurement of GSH level in synovial fluid

The GSH levels within joint synovial fluid were determined by an
enzyme-linked immunosorbent assay (ELISA) using a commercial
ELISA kit (NanJing JianCheng Bio Inst, Nanjing, China) according to the
instructions provided by the manufacturer. Absorbance readings were
taken at a wavelength of 450 nm using a plate reader (Thermo Fisher,
USA). In addition, GSH concentrations in the synovial fluid were
determined using PCys-s-Cys5.

Histological studies

The biological safety of the treatment in vivo was assessed through
H&E staining. Major organs (heart, liver, spleen, lung, and kidney) were
harvested from rats post-treatments. The collected organs were fixed
in 10% paraformaldehyde, embedded in paraffin, sectioned into slices
~4 um thick, and stained with H&E. Fluorescence microscopy was uti-
lized to observe and assess histopathological alterations.

Statistical analysis

The quantitative data were presented as means * standard deviations
(SD). Statistical analysis was performed using IBM SPSS statistics
software, Version 19 (IBM, New York, USA). Student’s t-test or one-way
analysis of variance (ANOVA) was used to assess the statistical sig-
nificance of the data at 95% confidence levels (P < 0.0001).

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

The raw data generated in this study are provided in the Supplemen-
tary Information/Source Data file. Source data are provided with
this paper.
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