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Carbon dots derived from folic acid Gl

attenuates osteoarthritis by protecting
chondrocytes through NF-kB/MAPK pathway
and reprogramming macrophages

Yu Jin'", Qing Zhang?®', Xing Qin*', Zhen Liu', Zhenxia Li', Xiaoxia Zhong®’, Lunguo Xia"", Jie He*" and
Bing Fang'

Abstract

Background: Osteoarthritis (OA) is a common joint disorder worldwide which causes great health and economic
burden. However, there remains an unmet goal to develop an effective therapeutic method to prevent or delay OA.
Chondrocytes, as the major cells involved in OA progression, may serve as a promising therapeutic target.

Results: A kind of carbon dots (CDs) with excellent biocompatibility was fabricated from folic acid via hydrother-

mal method and could effectively attenuate osteoarthritis. It was demonstrated that CDs treatment could rescue
IL13-induced proinflammatory responses, oxidative stress, cartilage degeneration and extracellular matrix degrada-
tion. Moreover, CDs reprogrammed lipopolysaccharide (LPS)-induced macrophage inflammation and polarization.
Conditioned medium (CM) from CDs-treated macrophages could attenuate IL13-induced chondrocyte injury. Also,
CM from CDs-treated chondrocytes had immunoregulatory functions on macrophages. Mechanistically, CDs inhibited
the activation of nuclear factor-kB (NF-kB) and mitogen-activated protein kinases (MAPK) signaling pathways in IL13-
stimulated chondrocytes. In vivo, anterior cruciate ligament transection (ACLT) mice model was adopted and it was
indicated that intra-articular injection of CDs effectively delays OA pathogenesis.
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Conclusions: Taken together, these findings indicated CDs could mediate OA via promoting cartilage repair and
immunomodulating macrophages within local microenvironment, which may provide evidences for utilizing CDs as a

novel nanomaterial for OA treatment.
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Introduction

Osteoarthritis (OA) is a complex musculoskeletal disease
afflicts patients with physical and mental health and lay
great economic burden on society [1]. Pathologically,
OA is primarily characterized by cartilage degradation,
synovitis inflammation, and subchondral bone damage
[2]. However, there is still an unmet goal for treating OA
and current strategies could only relieve symptoms [3].
Therefore, a comprehensive understanding of potential
mechanisms underlying OA progression and developing
therapeutic targets to alleviate OA pathogenesis is greatly
needed.

The etiology for OA is complicated while inflamma-
tory environment was reported to be crucial in the ini-
tiation and progression of OA [1]. An elevated level
of interleukin-1p (IL-1p) was observed in the synovial
fluid from OA patients [4]. Also, multiple studies have
reported the ability of IL-1f to stimulate inflammatory
reactions, mediate cartilage matrix degradation, con-
sequently disturbing cartilage homeostasis [5]. Chon-
drocytes, as the main cells in the articular cartilage, are
mostly subjected to external stimuli and their abnormal
functions or impaired survival may initiate OA pathogen-
esis [6]. Thus, the development of novel regents which
could rescue IL-1B-induced chondrocyte dysfunction
may be helpful in OA therapy.

Emerging evidences have uncovered the significance
of macrophages in various chronic diseases, including
rheumatoid arthritis and OA [7, 8]. It was suggested
that macrophages play critical roles in the inflam-
matory and destructive responses during OA [9].
Also, macrophages may serve as crucial mediators in
immune defense and tissue repair process [10]. Briefly,
there are two major phenotypes, termed M1 mac-
rophage or M2 macrophage, under different conditions.
The imbalance of M1/M2 macrophage polarization
was proved to participate in various diseases [11]. M1
macrophages are activated by external stimuli such as
bacterial lipopolysaccharides (LPS), then produce vari-
ous proinflammatory cytokines and exacerbate carti-
lage matrix degradation. It was indicated that activated
macrophages contribute to OA initiation and facilitate
disease progression [12]. In contrast, M2 macrophages
are classified as anti-inflammatory macrophage closely
associated with tissue repair [13]. Therefore, we aimed
to develop innovative biomaterials that could alleviate

inflammatory reactions caused by M1 macrophages and
reprogram macrophages from M1 to M2 phenotypic
transition, which may be beneficial for OA treatment.

Nowadays, nanomaterials have been widely applied in
various fields among which carbon dots (CDs) received
more and more attention [14]. CDs have outstand-
ing properties such as good biocompatibility, small
size, facile preparation, low cost and excellent optical
properties [15-17]. More importantly, CDs derived
from raw materials could not only retain the primi-
tive functions of their precursors, but also improve the
effect or even possess other properties. For instance, it
was reported that CDs derived from onion could act
as strong antioxidant factors for diseases [18]. CDs
fabricated from adenosine and aspirin had improved
osteogenesis-promoting effect [19]. Moreover, CDs
prepared from zinc gluconate had higher biocompat-
ibility and greater osteogenic ability [20]. Neverthe-
less, the therapeutic applications of CDs in OA are
rarely investigated. Recently, emerging studies have
reported that folate receptors (FRs) are overexpressed
on inflammatory or malignant cells while expressed at
low levels in normal cells [21]. Some researchers have
utilized this feature to develop biomaterials which was
combined with folic acid so as to improve the targeting
efficiency and therapeutic effect [22, 23]. Given the fact
that activated macrophages within inflamed joint areas
also express abundant FRs on their surface [24, 25], we
determined to fabricate CDs from folic acid to detect
its potential therapeutic effect on OA pathogenesis.

Collectively, we synthesized novel folic acid CDs via
hydrothermal method and conducted a series of experi-
ments to evaluate its potential for cartilage repair in OA.
The results demonstrated that CDs could effectively alle-
viate OA progression through mediating inflammatory
responses, oxidative stress, cartilage degeneration and
extracellular matrix degradation. Moreover, CDs had the
immuno-modulatory effect to reprogram LPS-induced
macrophage inflammation and polarization. In depth
mechanistic investigation indicated the modulatory func-
tion of CDs may be achieved through targeting NF-«xB
and MAPK signaling pathways. Finally, we confirmed the
therapeutic effect of CDs in ACLT-induced OA model.
Taken together, our work provides a new promising bio-
material to treat OA through mediating cartilage homeo-
stasis and immunomodulating macrophages.
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Materials and methods

Synthesis and of characterization CDs

Specifically, 300 mg folic acid were added into 10 mL
deionized water and then dissolved by dropwise adding
the NaOH at concentration of 1 M. Rection was per-
formed in polytetrafluoroethylene autoclaves at 140 °C
for 6 h. After being centrifuged at 6000 rpm for 15 min,
solution was filtrated through 22 um ultrafiltration
membrane. After cooling down at room temperature,
the obtained clear brownish black solution was dia-
lyzed through deionized water for 24 h. The MWCO of
dialysis bag is 1000 D and the water is changed every
2 h. Finally, CDs we fabricated underwent lyophili-
zation in the freezer dryer for 4 days. For the charac-
terization of CDs, transmission electron microscope
(JEOL, JEM-2100F, Japan) was firstly used to manifest
the morphology structure of CDs. Particle components
analysis was performed by XPS (AXIS ULTRA DLD,
Kratos, Japan). Optical vibration spectra was analyzed
by UV-vis absorption spectroscopy (Avaspec-2048-
2-USB2, Avantes, Netherlands) and Fourier transform
infrared spectrometer (Nicolet 6700, Thermo Scientific,
USA). Chemical groups were determined by 600 MHz
nuclear magnetic (Avance III 600 MHz, Germany) and
FTIR (Nicolet 6700, Thermo Scientific, USA).

Cell culture and treatment

Primary chondrocytes were isolated from C57BL/6 ]
mice (3-week-old). Firstly, cartilage tissues were
obtained and digested in 0.25% trypsin—-EDTA for
30 min at 37 °C. Cartilage tissues were then cut into
1 mm?® pieces and digested in 0.02% collagenase II for
approximately 3 h at 37 °C. Afterwards, chondrocytes
were collected and resuspended in DMEM/F12 (Gibco,
USA) containing 10% fetal bovine serum (Gibco, AUS)
and 1% penicillin—streptomycin (Gibco, USA). Primary
chondrocytes from passage 1-3 were used for the fol-
lowing experiments. RAW264.7 macrophage cell line
was purchased from the American Type Culture Col-
lection (ATCC, USA) and cultured in DMEM (Gibco,
USA) with the same additives. Primary chondrocytes
were stimulated with IL-1f3 (10 ng/mL, Peprotech, USA)
to simulate in vitro OA environment. LPS (100 ng/mL,
InvivoGen, USA) was added into RAW?264.7 murine
macrophages for 24 h to polarize cells to M1 type.

Cellular uptake assay

To investigate cell uptake of CDs, chondrocytes or
RAW?264.7 murine macrophages with different treat-
ment were cultured with CDs (0.2 mg/mL) for 24 h.
Cells were washed by PBS to remove dissociative
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CDs and then observed with an inverted fluorescence
microscope (ZEISS, Germany).

Cell cytotoxicity assay

A total of 3 x 10° chondrocytes or 8 x 10> macrophages
were seeded onto 96-well plates and treated with dif-
ferent concentrations of CDs for consecutive 3 days. At
indicated time, cells were incubated with 10% CCKS8
solution (New Cell & Molecular Biotech, China) for 2 h.
An absorbance of 450 nm was read an ELX Ultra micro-
plate reader (BioTek, USA).

Live & dead staining

Live & dead staining kit (BestBio, China) was utilized
to manifest live or dead cells. Cells were washed by PBS
and stained by Calcein-AM and PI solution in serum-
free culture medium for approximately 20 min. Stained
samples were observed and images were captured under
an inverted fluorescence microscope (ZEISS, Germany).
Green indicates live cells and red indicates dead cells.

Cell proliferation assay

Chondrocytes were seeded onto 96-well plates at a den-
sity of 3 x 10? cells per well and stimulated with or with-
out IL-1P for 24 h. Subsequently, cells were incubated
with different concentrations of CDs and CCK8 assay was
performed at 24 h, 48 h, and 72 h after CDs treatment.

Ethynyl-2’-deoxyuridine (EdU) staining

EdU staining was completed by Cell-Light EdU
Apollo567 In Vitro Kit (RIBOBIO, China) as instruc-
tions stated. Chondrocytes were reacted with 50 puM
EdU solution for 2 h and fixed by 4% paraformaldehyde.
Afterwards, chondrocytes were treated with 0.5% Tri-
tonX-100 and incubated with Apollo reaction solution
for 30 min protected from light. Hoechst 33,342 was uti-
lized to manifest cell nuclei and images were captured by
an inverted fluorescence microscope (ZEISS, Germany).

ROS detection

Intracellular ROS level of different samples was deter-
mined by a ROS kit (Beyotime, China). Chondrocytes
were labeled with DCFH-DA for 20 min at 37 °C incuba-
tor and then washed by PBS for three times. Fluorescence
signals were observed and captured by an inverted fluo-
rescence microscope (ZEISS, Germany).

JC-1 staining

To detect whether chondrocytes have mitochondrial dys-
function, JC-1 staining (Beyotime, China) was performed
as instructions indicated. Specifically, chondrocytes were
incubated with JC-1 working solution for 20 min at 37 °C
and washed with JC-1 buffer for three times. Images were
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observed and captured under an inverted fluorescence
microscope (ZEISS, Germany). A decreased ratio of red
fluorescence intensity to green one indicates mitochon-
drial dysfunction.

ATP level assay

ATP level was assessed using an ATP assay kit (Beyotime,
China). Chondrocytes were washed by PBS and lysis
buffer was added into the culture plate. After being cen-
trifuged at 12,000¢ for 5 min at 4 °C, 50 pL supernatant
from each group was extracted and mixed with 100 pL
ATP detection solution to detect luminescence intensity
by a fluorescence microplate reader.

RNA isolation and RT-qPCR

RNA was extracted by TRIzol reagent (Takara, Japan)
and reverse transcription was performed by PrimeScript
(Takara, Japan). Quantitative reverse transcriptase-pol-
ymerase chain reaction (QRT-PCR) was performed on a
Light Cycler 480 II (Roche) with Hieff UNICON® qPCR
SYBR Green Master Mix (YEASEN, China). All the prim-
ers were synthetized by Sangon Biotech (Shanghai) and
the detailed sequences were listed in Additional file 1:
Table S1. Relative gene expression was analyzed by 2 744Ct
method with B-actin acting as the housekeeping gene.

Immunofluorescence staining

Cells were immobilized by 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. The fixed cells
were incubated with primary antibodies against iNOS
(proteintech, USA), COX-2 (CST, UK), COLII (pro-
teintech, USA), MMP13 (proteintech, USA), p65 (CST,
UK), CD68 (proteintech, USA), Argl (Abclonal, USA)
and CD206 (proteintech, USA) at 4 °C overnight. Next
day, cells were stained with Alexa Fluor 488-conjugated
or Alexa Fluor 647-conjugated secondary antibodies
(Abcam, USA) protected from light. Finally, cell nuclei
was manifested by DAPI (YEASEN, China). Fluorescence
microscope (ZEISS, Germany) was used to observe and
capture the fluorescence images.

Western blot

Total cell protein was extracted with SDS lysis buffer
(Beyotime, China). Cytoplasmic and nuclear protein
extracts from cells were separated by using Nuclear
and Cytoplasmic Extraction Reagents (Beyotime,
China). Western blot assay was completed as previ-
ously described [26]. Primary antibodies against COX-2
(CST, UK), iNOS (CST, UK), COLII (proteintech, USA),
MMP13 (proteintech, USA), Nrf2 (proteintech, USA),
HO-1 (proteintech, USA), p-p65(CST, UK), p65 (pro-
teintech, UK), p-IxBa (CST, UK), p-ERK(CST, UK), ERK
(CST, UK), p-JNK (CST, UK), JNK (CST, UK), p-p38
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(CST, UK), p38 (CST, UK), Histone H3 (CST, UK) and
B-actin (proteintech, USA) was incubated with mem-
branes at 4 °C overnight. After HRP-conjugated second-
ary antibodies incubation, protein bands were observed
on an Amersham600 Chemiluminescence System. The
relative intensity of protein band was analyzed by Image

J.

Conditioned medium (CM) collection

Cell supernatants were collected and centrifugated
at 1000g for 5 min and stored at — 80 °C until use. CM
from different groups were obtained to culture cells
to investigate the crosstalk between chondrocytes and
macrophages.

ELISA assay

The concentration of proinflammatory mediators
(TNF-a and IL6) in supernatant from different samples
was determined by ELISA kit (Multisciences, China) fol-
lowing the manufacturer’s instructions.

Griess assay

The release of nitric oxide was detected by Griess assay
kit (Beyotime, China) as the instructions indicated. The
absorbance at 540 nm was measured on an ELX Ultra
microplate reader (BioTek, USA).

In vivo osteoarthritic model

Animal experiments involved in this study were approved
by the Ethics Board of Shanghai Ninth People’s Hospi-
tal affiliated to Shanghai Jiao Tong University School of
Medicine. In the present study, anterior cruciate ligament
transection (ACLT) surgery was performed on the left
knee of C57BL/6 ] mice to construct OA model as pre-
viously described [27, 28]. A total of 12 male C57BL/6 ]
mice (12-week-old) was included and randomly allo-
cated to three groups, with four mice in each group
(Sham, ACLT, and ACLT + CDs). Two weeks after ACLT
operation, intra-articular injection of 2 mg/mL CDs
was performed on ACLT +CDs group twice per week
for consecutive six weeks. All the mice were sacrificed
8 weeks after surgery operation and tissues were immedi-
ately collected for following experiments.

Histological analysis and immunohistochemistry assay

Collected tissues were immediately fixed in 4% para-
formaldehyde for 48 h and then decalcified in 10%
EDTA for one month. Samples were embedded in par-
affin and slices were obtained at approximately 5 pum
thick. For histological analysis, samples were stained
with hematoxylin—eosin (HE) and Safranin-O-fast green.
Osteoarthritis Research Society International (OARSI)
scoring system [29] was used to evaluate OA severity. For
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immunohistochemistry assay, samples were deparaffi-
nized, dehydrated, and then incubated in 0.3% hydrogen
peroxide. Proteinase K incubation method was used for
antigen retrieval. Specimen were probed with antibodies
of COLII (Proteintech, USA) and MMP13 (Proteintech,
USA) at 4 °C overnight. DAB solution was used to stain
samples following secondary antibody incubation (Gene
Tech, China). Cell nuclei was finally manifested by hema-
toxylin and pictures were captured on a light microscope
(Nikon, Japan). The relative staining intensity was calcu-
lated by Image] software.

Statistical analysis

Statistical analysis was performed by GraphPad Prism 8.0
software throughout this study. Analysis of two or more
groups was conducted by Student’s t-test or one-way
ANOVA and P<0.05 was considered as statistically sig-
nificant in all analyses.

Results

Synthesis and characterization of CDs

CDs were synthesized from folic acid through hydrother-
mal method as described in the Materials and Methods
section and the procedures were summarized in Fig. 1A.
Transmission electron microscope (TEM) images
showed CDs were uniformly dispersed and the parti-
cle size distribution (PSD) results indicated CDs were
primarily distributed between 1.0 and 1.6 nm (Fig. 1B),
which could facilitate its entrance into cells. High-resolu-
tion TEM images indicated the lattice distance is 0.21 nm
(Fig. 1B). Subsequently, X-ray photoelectron spectros-
copy (XPS) assay was conducted to identify chemical
composition. Full-scale spectrum illustrated that CDs
has a composition of carbon (65.97%), nitrogen (17.95%),
and oxygen (16.09%) (Fig. 1C). Moreover, high-resolution
spectrum of C 1 s demonstrated the presence of —-C=0
(288.07 eV), —-C-O/C-N (285.83 €V), and —-C=C/-C-C
(284.7 eV) (Fig. 1C). High-resolution spectrum of N 1 s
revealed the presence of two nitrogen species of pyri-
dinic N (399.4 eV) and Graphitic N (401.01 eV) (Fig. 1C).
High-resolution O 1 s spectrum indicated the existence
of C=0 (531.13 eV), C=C/C-C (532.4 V), and C=C/C-
C (535.38 eV) (Fig. 1C). UV-vis absorption spectrum
showed that CDs is featured by two absorption bands,
one band at 280 nm resulted from i — m* transition and
the other one at 320 nm is assigned to n— 1* transition
(Fig. 1D). FL spectrum results indicated the FL emission
of CDs is located at approximately 460 nm, presenting
an excitation independent behavior at excitation wave-
length ranging from 260 to 380 nm (Fig. 1E). Afterwards,
we detected whether prepared CDs maintain the pterin
structure of folic acid, which is responsible for the selec-
tive binding to the folate receptor. The UV-vis spectra
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showed that folic acid features two absorption bands
in which the absorption band at 280 nm resulted from
— * transition of para-aminobenzoic acid and the
absorption band at 365 nm is assigned to n— n* tran-
sition of pterin (Fig. 1F), which is mainly responsible
for folate receptor binding [30, 31]. In the case of CDs,
absorbance at 280 nm and 365 nm are highly maintained
(Fig. 1F). Furthermore, FL comparison were presented in
Fig. 1G. When excited at 360 nm, both folic acid and CDs
featured similar FL emission at 445 nm. As the FL spec-
tra of folic acid is determined by the structure of pterin,
thus, this result also revealed that the pterin responsible
for the selective binding to the folate receptor is main-
tained in the prepared CDs. To further confirm the pterin
structure on the CDs, we also performed H NMR and
FTIR experiments. As was shown in Additional file 1:
Fig. S1, the absorption of folic acid at 3417 cm™!is due to
hydroxy (OH) stretching vibration. Absorption peaks at
3542 and 3322 cm™! correspond to stretching vibration
of amino groups (-NH). Peaks at 1695 cm ™ are attrib-
uted to the vibration of carbonyl (-C=0) from carboxylic
acid group. Peaks at 1604 cm ™! are caused by the bend-
ing mode of amino group vibration. Fingerprint of pterin
(C3N3) and benzene rings are confirmed by absorption
peaks around 1485 cm™!. Compared to that of folic acid,
CDs features vibration of hydroxy (~-OH) at 3415 cm™™.
The vibration of part -NH groups (3542 and 3322 cm™?)
and —C=0 (1695 cm™') groups disappear. The vibra-
tion of structure pterin and benzene rings are highly
reserved, which indicates the pterin group of folic acid
responsible for folate receptor binding is fully contained
within the prepared CDs. HI NMR spectra of folic acid
and CDs were presented Additional file 1: Fig. S2 and S3.
It was illustrated that the H atom of pterin ring within
folic acid features chemical shifts at 8.65 ppm. Vibration
of hydrogen within benzene ring locate at 6.64 ppm and
7.65 ppm. The amino group (-NH,) and oxhydryl (—-OH)
vibration locate at 3.34 ppm and 2.49 ppm (Additional
file 1: Fig. S2). In the case of CDs shown in Additional
file 1: Fig. S3, the vibration of amino (-NH,) and oxhy-
dryl (-OH) groups seems not be affected. While the H
atom vibration belongs to pterin and benzene ring largely
decreases. This indicates part of the pterin and benzene
ring may be destroyed during the preparation. However,
by zooming up the picture, it can be observed that the
hydrogen vibration belongs to pterin ring and benzene
ring locating around 8.65 ppm, 6.64 ppm and 7.65 pm
are still reserved. Collectively, the above results indicate
that the pterin of folic acid responsible for folate receptor
binding retains in the prepared CDs. The findings were
consistent with our previous published work and other
literatures [32, 33], indicating that the structure of pterin
responsible for the folate receptor binding is still residual
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on the CDs and can also give the CDs excellent targeting
ability to the cells with folate receptor overexpression in
spite of the high temperature fabrication process.

Biocompatibility and cellular uptake CDs
Biocompatibility of CDs was evaluated by CCK-8 assay.
It was shown that different concentration of CDs (up
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to 0.2 mg/mL) have no evident cytotoxicity on primary
chondrocytes or RAW?264.7 macrophages (Fig. 2A, Addi-
tional file 1: Fig. S4A). Live & dead staining assay also
showed no dead cells under CDs treatment (Fig. 2B,
Additional file 1: Fig. S4B). Therefore, CDs have excellent
biocompatibility and could be used for further biologi-
cal applications. To observe the cellular uptake of CDs,
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Fig. 2 Biocompatibility and cellular uptake CDs in primary chondrocytes. A CCK8 assay of chondrocytes with different concentration of CDs
incubation. B Live & dead staining of chondrocytes incubated with different concentration of CDs for 24 h. Scar bar: 100 um. € Cellular uptake of
CDs in chondrocytes with or without IL-1( stimulation, or IL1B-induced chondrocytes with FRs pre-blocked. Scar bar: 50 um
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cells with or without IL-1B/LPS stimulation were cul-
tured with CDs for 24 h. As was shown in Fig. 2C and
Additional file 1: Fig. S4C, cells without stimuli have lit-
tle fluorescence while large amounts of CDs were inter-
nalized by cells under inflammatory conditions. From
our perspective, the non-opsonic phagocytosis of CDs
in macrophages is dependent on the activation status.
Next, we wondered whether the cellular uptake of CDs
was achieved through FRs on the cell surface, we added
excessive folic acid (200 pg/mL) into the culture medium
for 2 h after which incubated with CDs. It was indicated
that folic acid pretreatment significantly decreased cellu-
lar uptake of CDs (Fig. 2C), suggesting that CDs entered
into cells via FRs.

CDs alleviated the effect of IL-1p on chondrocyte
proliferation

We utilized CCKS assay to investigate the effect of CDs
on primary chondrocytes proliferation. It was indicated
that IL-1p stimulation significantly suppressed cell pro-
liferation while CDs treatment alleviated this negative
impact in dose-dependent manners (Fig. 3A). Subse-
quently, EAU staining was performed and the results also
showed that CDs could partially rescue the decreased cell
viability caused by IL-1f (Fig. 3B, C).

CDs inhibited IL-1B-induced oxidative stress

and mitochondrial dysfunction

Since oxidative stress exists in OA pathogenesis and its
level is closely related with chondrocyte apoptosis, cata-
bolic processes, and matrix degradation, we next inves-
tigated whether CDs could mediate IL-1p-stimulated
oxidative stress. Immunofluorescence assay showed that
the intracellular ROS production was greatly reduced
by CDs (Fig. 4A). Also, mRNA level of oxidative-related
genes, including iNOS and COX-2, was modulated by
CDs (Fig. 4B). Western blot results suggested the dose-
dependent inhibitory effect of CDs on iNOS and COX-2
(Fig. 4C). Additionally, immunofluorescence staining
showed similar results, with a lower staining intensity
of iNOS and COX-2 in chondrocytes with CDs treat-
ment (Fig. 4D). In most cases, ATP production is medi-
ated by oxidative stress. It was manifested in Fig. 4E that
the decreased ATP level in activated chondrocytes was
dramatically increased after CDs administration. Given
the importance of Nrf2/HO-1 signaling in oxidative
stress, we determined to examine whether CDs func-
tion through mediating Nrf2/HO-1 pathway. Firstly, sev-
eral oxidative-related markers (Nrf2, HO-1, GPX, CAT,
SOD1, SOD2, and SOD3) were evaluated and the results
suggested that CDs influence oxidative stress (Fig. 5A).
Further experiments showed that IL-1p induced a
remarkable increase of Nrf2 and HO-1 in chondrocytes
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(Fig. 5B). On the contrary, CDs treatment remarkably
decreased Nrf2 and HO-1 expression (Fig. 5B). Collec-
tively, our findings implied Nrf2/HO-1signaling path-
way may be responsible for CDs-mediated attenuation
of the negative impact of IL-1p on chondrocytes. Since
mitochondrial dysfunction may occur in inflammation-
related diseases, we used fluorescent probe JC-1 to moni-
tor mitochondrial membrane potential under different
treatment. Normally, JC-1 presents red fluorescence
while once mitochondrial is damaged, the fluorescence
will shift from red to green. As was shown in Fig. 5C,
mitochondrial membrane potential was impaired after
IL-1p stimulation while CDs could rescue this impact.

CDs protected chondrocytes against IL-1B-induced
extracellular matrix degradation and inflammatory
responses

We implemented a series of experiments to evaluate
markers representing ECM degradation in chondrocytes
with different treatment. Firstly, qPCR results showed
IL-1Bp treatment remarkably suppressed ACAN and
COLII expression while promoted MMP3 and MMP13
expression and these changes were reversed by CDs to
a great extent (Fig. 6A). Western blot assay consistently
indicated the modulatory effect of CDs on COLII and
MMP13 protein expression (Fig. 6B). In addition, immu-
nofluorescence staining demonstrated that CDs signifi-
cantly alleviated IL-1p-stimulated COLII degradation
and MMP13 overexpression in chondrocytes (Fig. 6C).
These results suggested the protective role of CDs against
IL-1B-induced ECM degradation. Subsequently, the
modulatory functions of CDs on IL-1B-induced chon-
drocyte inflammation was investigated by evaluating
proinflammatory mediators. mRNA level of TNF-a and
IL-6 was remarkably upregulated upon IL-1p stimula-
tion while CDs treatment attenuated this effect (Fig. 6D).
ELISA assay showed consistent results that the induced
production of TNF-a and IL-6 was significantly inhibited
by CDs (Fig. 6E).

CDs inhibited NF-kB and MAPK pathway activation in OA
chondrocytes

NF-kB and MAPK pathway is widely acknowledged
as essential signaling pathways involved in inflamma-
tion and multiple diseases [34, 35]. We next intended
to explore the potential mechanism underlying CDs-
mediated OA pathogenesis. Target proteins in the
NF-«B pathway were detected and it was showed that
the phosphorylation of p65 and IkBa increased remark-
ably after IL-1f stimulation while CDs treatment sup-
pressed this effect (Fig. 7A). Immunofluorescence
staining results indicated p65 translocated from cyto-
plasm to nucleus upon IL-1B stimulation while CDs
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inhibited this trend (Figs. 7B, C). Meanwhile, cytoplas-  stimulation (Fig. 7D, E). Additionally, p-ERK, p-JNK,
mic and nuclear protein extracts were obtained and and p-p38 was consistently activated in IL-1f stimu-
western blot assay indicated similar results that CDs lated chondrocytes and CDs treatment effectively sup-
administration could partially suppress the transloca- pressed this activation (Fig. 7F, G). The above results
tion of p65 from cytoplasm to nucleus caused by IL-1p  suggested that CDs may regulate OA pathogenesis
through NF-kB and MAPK signaling pathways.
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CDs orchestrated macrophage polarization

Since more and more researches have uncovered the
importance of macrophages in OA [13, 36, 37], we won-
dered whether CDs we synthesized regulated OA pro-
gression through immunoregulatory effect. It was shown
in Fig. 8A that an intensive inflammatory response was
observed in LPS-stimulated Raw264.7 cells. Moreover,
M1-related markers including iNOS, CD68, CD86 and
CCR7 were greatly induced in response to LPS stimula-
tion (Fig. 8A). Meanwhile, M2-related markers (IL-4,
IL-10, CD163, CD206, TGF-B, Argl, and Fizzl) were
downregulated by LPS (Fig. 8A). After adding different
concentrations of CDs into LPS-treated macrophages,
it can be observed that CDs was capable of inhibit-
ing various inflammatory factors and reprogramming
M1-macrophages in a dose dependent manner (Fig. 8A).
Moreover, immunofluorescence staining presented an
increased percentage of iNOS and CD68-positive cells in
the LPS-treated group while CDs significantly reduced
M1 polarization (Fig. 8B). The decreased level of M2-type
macrophage markers (Argl and CD206) was obviously
rescued with the treatment of CDs (Fig. 8B). ELISA
assay indicated the elevated concentration of TNF-a and
IL-6 was remarkably suppressed by CDs (Fig. 8C). To
further evaluate the anti-inflammatory effects of CDs,
the protein expression level of iNOS and the release
of nitric oxide were detected by western blot assay and
Griess assay. The results indicated a significant upregu-
lated protein level of iNOS and a large amount release of
nitric oxide upon LPS stimulation, which validated the
inflammatory status. Furthermore, the anti-inflammatory
effects of CDs could be observed by the downregulated
level of iNOS and nitric oxide in a dose-dependent man-
ner (Fig. 8D, E). Collectively, these data demonstrated
that CDs could effectively prevent the polarization of
RAW?264.7 cells to proinflammatory state, so as to atten-
uate OA progression.

The crosstalk between macrophages and chondrocytes
mediated by CDs

To examine the relationship between macrophages and
chondrocytes mediated by CDs, conditioned medium
(CM) was collected and used for the investigation of
potential crosstalk between two cell types. Representative
markers of inflammation and ECM degradation showed
that LPS-CM (CM from LPS-treated macrophages)
treated chondrocytes presented a lower expression
of ACAN and COLII while highly expressed MMP3,
MMP13, iNOS, COX-2, TNF-a and IL-6 (Fig. 9A). CDs
treatment significantly alleviated the negative effect of
LPS-CM on chondrocytes (Fig. 9A). The same results
could be observed by immunofluorescence staining of
COLII, MMP13, iNOS, and COX-2 (Fig. 9B, C). ELISA
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assay also showed CDs administration effectively alle-
viated the stimulation of TNF-a and IL-6 in chondro-
cytes under LPS-CM incubation, signifying that CDs
may mediate OA through reprogramming macrophages
(Fig. 9D). Subsequently, we attempted to detect the
potential effect of chondrocytes on macrophages. CM
from chondrocytes with different treatment was adminis-
trated to RAW264.7 cells and major markers were deter-
mined. As was shown in Fig. 10A, markers for M1-like
macrophages were upregulated and M2-type-related
markers were downregulated in IL-13-CM treated cells
while CM from CDs-treated chondrocytes effectively
reprogrammed macrophages. Immunofluorescence assay
also showed the regulatory functions of CDs on iNOS,
CD68, Argl and Fizzl protein expression in IL-13-CM
treated macrophages (Fig. 10B). The concentration of
TNF-a and IL-6 was lower in IL-1f+4 CDs-CM when
compared to that in IL-1B-CM-treated macrophages
(Fig. 10C). From above findings, it came to the conclu-
sion that a comprehensive crosstalk between chondro-
cytes and macrophages occur in CDs-mediated OA
pathogenesis.

CDs alleviated OA progression in vivo

The therapeutic effect of CDs on OA was verified by
ACLT mice model. Mice in the ACLT 4 CDs group were
intra-articular injected with 2 mg/mL CDs for consecu-
tive 6 weeks and collected for further analysis. H&E
staining and Safranin-O fast green staining showed when
compared to Sham group, ACLT group presented higher
OARSI score and prominent cartilage defects, while
the ACLT 4 CDs group alleviated the destructive effect
(Fig. 11A, B). Moreover, immunohistochemical stain-
ing demonstrated a loss of COLII and an overexpres-
sion of MMP13 in ACLT group, indicating proteoglycan
loss and cartilage matrix degradation (Fig. 11C). CDs
administration partially rescued the trend, with a relative
higher staining of COLII and lower staining of MMP13
(Fig. 11C). To ensure the safety of CDs for future clini-
cal applications, we finally evaluated in vivo toxicity of
CDs on main organs. H&E assay of main organs, that is
heart, liver, spleen, lung, and kidney presented no evident
pathological changes, indicating that CDs may not pro-
duce toxicity or side effects in vivo (Fig. 11D). The overall
schematic illustration indicating the immunomodulatory
mechanism of CDs-mediated OA therapy was summa-
rized in Fig. 12.

Discussion

OA is a joint disease whose incidence is increasing
and afflicts not only older people but also the young
[38]. However, limited to an incomplete understand-
ing of pathological mechanism, OA therapy is still
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unsatisfactory and only focuses on symptom relief. Exist-
ing evidences showed that inflammatory environment is
crucial for OA occurrence and development [39]. It was
reported that IL-1p is a major pro-inflammatory cytokine
in OA and could induce severe inflammatory reactions
and cartilage matrix degradation [40, 41]. In the present
study, we adopted IL-1f treatment for in vitro assay and
demonstrated that CDs could antagonize IL-1$ induced
production of inflammatory mediators. Besides, IL-1p
induced cartilage matrix degradation was remarkably
alleviated by CDs.

Recently, a variety of researches have uncovered the
significance of excessive oxidative stress in OA, which
may result in cartilage degradation and chondrocyte
death [42]. Mitochondrial dysfunction caused by aber-
rant oxidative stress was suggested to be closely associ-
ated with cartilage damage. Additionally, chondrocytes
within OA environment generate excessive ROS, which
may accelerate the pathogenesis process [43, 44]. Specifi-
cally, aberrant ROS production could cause chondrocyte
death and structural-functional cartilage damage [45,
46]. Therefore, targeting excessive ROS may act as an
effective strategy for treating OA. In this work, we vali-
dated the chondroprotective effect of CDs and this func-
tion may be achieved through decreasing oxidative stress.

As was widely reported, Nrf2 signaling plays essential
roles in oxidative stress through regulating detoxifying
enzymes and antioxidant proteins [47]. We then intended
to clarify the potential mechanism of CDs on alleviating
cartilage injury. In agreement with previous studies [48,
49], excessive oxidative stress induced by IL-1p in this
study significantly activated Nrf2 signaling in primary
chondrocytes. Most published studies suggested Nrf2
signaling activation relates with its protective ability to
inflammatory responses [50-52]. Nevertheless, we found
that CDs inhibited the activation of Nrf2 signaling and
HO-1 expression. From our perspective, although Nrf2
activation is known to protect cells from oxidative stress-
related damage, abnormal prolonged Nrf2 activation may
conversely cause cell death. Our findings demonstrated
that the protective roles of CDs towards oxidative stress-
induced OA may result from the downregulation of Nrf2
signaling.

CDs is an emerging nanomaterial with low toxicity
and good stability and widely applicated in a variety of
frontiers, including cancer therapy, inflammatory dis-
eases, and tissue engineering. It was reported that CDs
nanoparticle-embedded hydrogel was able to generate

Page 17 of 22

ROS under light irradiation and promote the chondro-
genic differentiation of BMSCs [53], implying the pros-
pect of using CDs for cartilage repair. Another study
demonstrated that CDs treatment could recover neuron
cell viability via eliminating excessive ROS induced by
LPS and H,O, stimulation, implying that the antioxida-
tive property of CDs renders it as a promising nanodrug
for CNS diseases [54]. Moreover, a study fabricated CDs
based on citric acid and found its outstanding ability to
promote MSCs osteogenic differentiation, which may
function through ROS-mediated MAPK pathway [55]. A
published study indicated in vivo administration of CDs
could attenuate LPS-induced calvarial bone destruc-
tion [56]. What is more, CDs derived from metformin
remarkably promoted periodontal bone regeneration via
modulating ERK/AMPK pathway [17]. CDs fabricated
from citric acid and glutathione also presented excel-
lent ROS scavenging ability so as to rescue LPS-induced
inflammation in macrophages [57]. In this work, we syn-
thesized novel folic acid-based CDs via hydrothermal
method and uncovered its protective roles in OA patho-
genesis. Previous studies reported the functions of folic
acid to facilitate nanoparticles to accumulate and persist
in inflamed tissues, which may result from the overex-
pressed FRs on activated cells [58]. Some studies even
conjugate folate with anti-inflammatory drugs, hydrogels,
nanoparticles, or biodegradable polymers to increase the
targeting efficiency substantially [59, 60]. The folic acid
derived CDs we synthesized in this work could be effec-
tively absorbed by OA chondrocytes or activated mac-
rophages, both were crucial mediators in OA. For OA
treatment, a major demand is to increase the penetration
of nanomaterials into relative thick cartilage matrix to
improve the localization of therapeutics on joint tissues.
Studies have demonstrated that substances with relative
small size (<15 nm) could better penetrate the full-depth
of articular cartilage and remain much longer time. The
CDs we synthesized had a diameter of 0.8—-2.0 nm and
readily entered into cells in vitro and joint tissues in vivo.
A series of experiments confirmed its protective roles
towards OA initiation and progression.

Subsequently, we attempted to illustrate the intracel-
lular signaling pathways underlying the therapeutic effect
of CDs on OA. It is widely known that NF-«B is closely
involved in inflammation-related diseases [61]. Due to its
regulation of inflammatory mediators, it was frequently
determined as therapeutic target for inflammatory dis-
eases. In normal conditions, the NF-kB dimer binds

(See figure on next page.)

Fig. 10 The crosstalk between macrophages and chondrocytes mediated by CDs. A The mRNA expression of M1 or M2-realted markers was
investigated in chondrocyte CM-treated RAW264.7 cells. B The protein expression of iNOS, CD68, Arg1, and CD206 in chondrocyte CM-treated
RAW264.7 cells was investigated by immunofluorescence assay. Scar bar: 20 um. € The concentration of proinflammatory mediators in chondrocyte

CM-treated RAW264.7 cells. *p <0.05; **p < 0.01; ***p < 0.001
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Fig. 12 Schematic illustration indicating the immunomodulatory mechanism of CDs-mediated OA therapy

to IkBa in a state of inactivation while under abnormal
conditions, such as exposed to external stimulus or other
pro-inflammatory factors, IkBa is degraded by phos-
phorylation and p65 is translocated from cytoplasm
to the nucleus [62]. As a result, we verified the associa-
tions between CDs and NF-kB signaling, implying the
possible regulatory mechanism of CDs in OA. Further-
more, MAPK pathway, which includes ERK, JNK and p38
pathways, also participates in a variety of physiological
and pathological processes. MAPK pathway is activated
in OA environment and upregulates the expression of
matrix catabolic enzymes and proinflammatory media-
tors [63]. The present study demonstrated that CDs could
also inhibit MAPK pathway activation in OA and this
may account for the therapeutic effect of CDs.
Accumulating evidences have illuminated the sig-
nificance of macrophages in OA inflammation [64].
Macrophages are heterogeneous cells that may present
dynamic changes in pathological status. Our study found
that CDs could reprogram macrophages by inhibiting
pro-inflammatory responses and promoting pro-repair
M2 transformation. Then, we attempted to detect the
potential interactions between chondrocytes and mac-
rophages within OA microenvironment and the results
indicated that LPS-CM from macrophages stimulated
severe inflammatory responses and causes cartilage
matrix degradation in primary chondrocytes, while
LPS+CDs-CM effectively inhibited the destructive
effect. Therefore, we suspected that CDs may attenu-
ate OA progression through modulating macrophage
polarization. Our findings were consistent with former
researches that activated macrophages was reported to

aggravate inflammation and promote ECM degrada-
tion in chondrocyte microenvironment [65]. Moreover,
it was indicated that ECM degradation may in turn act
as a stimulus to polarize macrophage polarization [66].
Similarly, our work showed CM from chondrocytes with
different treatment regulate macrophage phenotype,
suggesting the comprehensive cross-talk between mac-
rophages and chondrocytes. Finally, we validated the
in vivo therapeutic effect of CDs on OA pathogenesis
and ensured its biological safety, which may provide evi-
dences for further clinical application of CDs in treating
OA diseases.

Conclusion

In summary, we synthesized folic acid CDs and illus-
trated its functions on attenuating OA progression. We
conducted a relative comprehensive analysis of CDs on
chondrocytes and macrophages and elucidated their
potential close associations during OA pathogenesis.
Mechanistic investigation demonstrated that CDs may
mediate OA pathogenesis through targeting NF-xB and
MAPK pathways. Overall, our work found an innovative
immune-modulatory nanodrug which has the potential
to be used for OA treatment in the future.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-022-01681-6.

Additional file 1: Table S1. The primers used for real-time PCR analysis.
Figure S1. FTIR spectra of folic acid (FA) and folic acid derived carbon
dots (FA-CDs) prepared in this research. Figure S2. H' NMR spectra of FA.
Figure S3. H' NMR spectra of FA-CDs. Figure S4. Biocompatibility and



https://doi.org/10.1186/s12951-022-01681-6
https://doi.org/10.1186/s12951-022-01681-6

Jin et al. Journal of Nanobiotechnology (2022) 20:469

cellular uptake CDs in RAW264.7 cells. (A) CCK8 assay of RAW264.7 cells
after incubation with different concentration of CDs for 24 h, 48 h, and

72 h.(B) Live & dead staining of RAW264.7 cells incubated with different
concentration of CDs for 24 h. Scar bar: 40 um (C) Cellular uptake of CDs in
RAW264.7 cells with or without LPS stimulation, or LPS-induced RAW264.7
cells with FRs pre-blocked. Scar bar: 50 um.
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