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Joint replacement surgery is one of the orthopedic surgeries with high successful rates; however, wear debris
generated from prostheses can ultimately lead to periprosthetic osteolysis and failure of the implant. The
implant-derived particulate debris such as ultrahigh molecular weight polyethylene (UHMWPE) can initiate the
local immune response and recruit monocytic cells to phagocytose particles for generating reactive oxygen
species (ROS). ROS induces osteoclastogenesis and macrophages to secrete cytokines which ultimately promote

the development of osteolysis. In this work, we develop the few-layered NbyC (FNC) as an antioxidant which
possesses the feature of decreasing the production of cytokines and inhibiting osteoclastogenesis by its ROS
adsorption. Moreover, local injection of FNC attenuates the UHMWPE-induced osteolysis in a mouse calvarial
model. In sum, our results suggest that FNC can be used for treating osteolytic bone disease caused by excessive

osteoclastogenesis.

1. Introduction

Total joint arthroplasty (TJA) is considered one of the highly suc-
cessful surgeries in modern medicine, as it is the main strategy for pa-
tients with end stage arthritis. TJA can provide long-term improvement
in quality of life, range of movement and function, arthritic pain relief
[1]. However, the application and survivorship of TJA with the
ultra-high molecular weight polyethylene (UHMWPE) bearing compo-
nents has been limited due to periprosthetic osteolysis by wear of the
UHMWPE [2]. The UHMWPE particles accumulating at the
bone-implant interface ultimately leads to implant loosening and revi-
sion surgery [3]. Furthermore, age is one of known risk factors for
osteolysis [4] and patients under the age of 65 will be the majority of the
population for TJA in the United States between 2010 and 2030 [5,6].
Thus, patients undergoing TJA are predicted to increase making revision
surgery a major concern.
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Oxidative stress is one of the mechanisms that activates osteoclasts to
enhance bone resorption [7,8]. With increased cyclic mechanical
loading, a large amount of UHMWPE particles accumulate in interface
between the bone and a prosthesis. Oxidative stress markers increase in
the development of osteolysis [9]. It has been indicated that Reactive
Oxygen Species (ROS) plays an important role in implant failure. The
generation of UHMWPE debris from the articular surface of implant can
initiate a local immune response that activates both resident and
recruited macrophages to produce ROS that contain oxygen and un-
paired electrons, including HoO5, O3, and OH . Ultimately, ROS induce
NF-xB signaling pathways resulting in inflammatory state of macro-
phages (M1) which are responsible for releasing pro-inflammatory cy-
tokines such as interleukin-1 beta (IL-1f), interleukin-6 (IL-6) [10].
Moreover, UHMWPE debris are known to affect the activation of oste-
oclasts. There is much evidence show that periprosthetic osteolysis ac-
tivates the RANK (receptor activator of nuclear factor kB (NF-kB)) and
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the RANK ligand (RANKL) signaling pathways [11]. UHMWPE particles
also induce production of ROS which play as a second messenger in
osteoclasts differentiation, and then ROS activate nuclear factor-xB
(NF-xB) and mitogen-activated protein kinases (MAPKs) signaling
pathways. Subsequently, transcription of nuclear factor of activated
T-cells cytoplasmic 1 (NFATcl), a master regulator in osteoclasto-
genesis, is up-regulated and enhances osteoclastogenesis. Finally, bone
resorption occurs. Recently, numerous studies have indicated that a
platform carrying drugs [12,13], cells [14-17] and growth factors can
promote tissue regeneration such as osteogenesis [18], but little atten-
tion has been given to its application in osteoclastogenesis, which are
regulated by oxidative stress. In different biomedical areas, oxidative
stress is usually considered a crucial target for intervening human
pathophysiological processes which is involved in tumor development
[19], viral infection [20,21], cardio vascular and neurological disease
[22]. In the field of orthopedics, Monocyte/macrophage lineage cells are
the principal activating factors of osteolysis. Therefore, a crucial point in
limiting the periprosthetic osteolysis is to clearly eliminate inflamma-
tory factors and ROS.

MXene is a large series consisted of ternary metal carbides/nitrides
and donoted by M, ;X,Ty, where M is a transition metal such as Ti or
Nb, X is carbon and/or nitrogen, and T are surface functional groups
such as O and -F. After the discovery by Gogotsi et al., in 2014, MXenes
have widely been applied in different areas, such as electromagnetic
wave absorption [23], Li-S battery [24], water desalination [25] and
tissue engineering [26,27]. In addition, due to the excellent biocom-
patibility of MXenes (Ti3Cy and NbyC), applications of MXenes spread in
many biomedical area. For example, Xu et al. [28] developed a simple
and effective technique for fabricating FET transistors based on ultrathin
conductive TizCo-MXene micropatterns for biosenors; Chen et al. [29]
proved that Ti3Cy possess high photothermal-conversion and in vitro/in
vivo photothermal ablation effects of tumors. Both of them display
MXenes’ distinctive properties in bio-application. Meanwhile, as to a
recent work [30], single-layer NboC could be utilized to prevent the
Ionizing Radiation (IR)-induced injury which characterizes decreasing
superoxide dismutase (SOD) activities and it can be excreted by various
organs. This suggests that while MXenes have the same good biocom-
patibility [31,32] as graphene or other carbon-based materials, they also
have the ability to spontaneously absorb a large amount of ROS. This is a
unique advantage that graphene and carbon nanotubes do not have.
Therefore, it is reasonable to speculate that ultrathin 2D Nb,C can act as
a potent antioxidant and suitable clinical agents with good biosafety for
ROS related diseases.

In this work, we developed the ultra-thin 2D MXenes, and its ROS
absorption capacity was evaluated compared bulk Nb,C (BNC) with few-
layered NboC (FNC). Density functional theory (DFT) indicated that FNC
exhibited an outstanding elimination of ROS and showed no obvious
cytotoxicity in vitro. Especially, FNC inhibited inflammatory cytokine
production and osteoclastogenesis via ROS scavenging and inhibition of
its related cell signaling in vitro. Subsequently, we used UHMWPE
particle-induced osteolysis model to testify the capacity of its ROS ab-
sorption. The Micro-CT results and histological assessments showed that
osteolytic bone resorption on the surface of murine calvaria was
significantly reduced after the FNC injection. Taken together, our results
indicated that FNC can be used for preventing particle-induced peri-
prosthetic osteolysis and other bone disease with excessive
osteoclastogenesis.

2. Materials and methods
2.1. Materials

NbAIC (>99%) powder was purchased from Feynman Nano Tech-
nology Co. Ltd. Lithium Fluoride (LiF, 99.9% metals basis) and Tetra-

propylammonium hydroxide (TPAOH) aqueous solution were
purchased from Alfa Aesar Chemicals Co. Ltd. Hydrochloric acid (HCI,
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36.5-38.0 wt%) was purchased from Merck Pty. Ltd. All the chemical
reagents were directly used without further purification.

2.2. Preparation of BNC and UNC

BNC was fabricated from NbyAIC by chemical exfoliation. In brief,
1.6 g LiF was slowly dissolved in 20 ml of 9 M HCI, stirred for 5 min,
slowly added 1g Nb,AIC (10 min), stirred at 45 °C for 24 h, then washed
and dried overnight.

FNC was synthesized through TPAOH exfoliation from BNC for 72 h,
then washed with DI water and centrifuged at 3500 Centrifuge for 5 min
per minute, approximately 6-8 times to make the pH of the solution
greater than 6.0. The deposit was dried overnight at 60 °C under
vacuum.

2.3. Characterization of materials

Characterizations were explained by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Raman spectra, Atomic Force Mi-
croscope (AFM), Transmission Electron Microscope (TEM), Scanning
Electron Microscope (SEM), Electron Spin Resonance (ESR) and specific
surface area. Detailed process please see the Supplied Experimental Sec-
tion, Supporting Information.

2.4. Theoretical calculations

Density Functional Theory (DFT) calculations were performed using
the Vienna ab initio simulation package (VASP) [33]. The generalized
gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
form was used as exchange correlation functional. On-site Coulomb
interaction to the Nb d orbitals was self-consistently calculated based on
a linear response method. This calculation gives Ueg = 2.6 eV, which
were used in our calculations. The projector-augmented wave (PAW)
approach was used to describe the electron-core interactions and the
cutoff energy for the plane wave basis set was 600 eV. The structure
relaxations were performed using the conjugate gradient algorithm,
until the total energies converged to 10~ eV and the forces on the atoms
were less than 0.01 eV A~L. In all calculations, the k-points were taken as
5 x 5 x 1 and the integral of the Brillouin zone was calculated using the
I'-centered Monkhorst-Pack method. To compare the relative stabilities
of the H configurations on a Nb,C surface, we can define the adsorption
energy of nth hydroxyl as E,q = E[NbyC-nOH] - E[Nb,C-(n-1)OH] - E
[eOH].

2.5. Effect of FNC in UHMWPE-induced osteolysis model

The male 8-week-old C57BL/6J mice were used for UHMWPE-
induced calvarial osteolysis model [34]. The animal experiments were
approved by the Institutional Animal Care and Use Committee of the
Affiliated Drum Tower Hospital of Nanjing University Medical School
(20200602). In brief, the mice were anesthetized, and a1 cm x 1 cm
area of calvaria was exposed by a midline sagittal incision. The thirty mg
particles were spread over the calvaria uniformly. After the wounds
healed, the mice were divided into three groups: sham group, UHMWPE
group, FNC group. FNC (20 mg/kg) was injected locally every two days
in FNC group. After fourteen days, the mice were sacrificed for
micro-computed tomography (CT) and histological analysis. First, the
fixed calvarias were analyzed by using a high resolution micro-CT
scanner (vivaCT 80, Switzerland). All samples were scanned according
to the parameters (70 kVp, 57 pA, 4W). After reconstruction, the region
of inetrest (ROI) were selected for quantitative analysis. Bone surfa-
ce/Bone Volume (BS/BV), Bone Mineral Density (BMD), Bone Vol-
ume/Total Volume (BV/TV) were measured [35]. Second, the samples
were decalcified in 10% EDTA for 3 weeks and then the sections were
prepared for H&E and TRAP staining. The specimens were then exam-
ined and photographed under a high-quality microscope (ZEISS,
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Fig. 1. The morphology of FNC. (A) AFM spectrum with cross-section profile and irregular polygon surrounding of FNC. The curve marks the change in horizontal
thickness. (B) HRTEM image of BNC. The outline indicates a layered stack of edges (C) HRTEM image of FNC. (D) FESEM image of BNC. The scale bar is 1 pm. (E)
FESEM image of FNC. The scale bar is 200 nm. (F) The corresponding partial enlarged image upon the outline and (G) Energy-dispersive spectroscopic element
mapping of Nb, C and O elements. (H) SEM and the corresponding EDS spectrum after co-culturing FNC and RAW 264.7 cells for 6 h.

Germany).

2.6. Bone marrow-derived macrophages (BMMs) isolation and
osteoclasts culture

Cells were isolated from the femur and the tibia of 8-week-old
C57BL/6J mice. Cells were cultured with complete a-MEM medium
for 24 h. Non-adherent cells, BMMs, were harvested and cultured with
complete a-MEM medium containing 30 ng/ml M-CSF. Four days later,
BMMs were further cultured with complete a-MEM medium containing
with 30 ng/ml M-CSF and 50 ng/ml RANKL for 5 days. Culture media
were replaced every two days.

2.7. The assay of bone resorption and F-actin ring formation

To perform resorption pits assay, bone slices were fixed with 4%
paraformaldehyde and we removed mature osteoclasts completely by
sonication. The resorption pits were observed by SEM (Quanta 200). The
resorption pits were evaluated by using the Image J software. To
perform F-actin ring formation assay, mature osteoclasts were fixed with
4% paraformaldehyde, and permeabilized with 0.1% Triton X-100 for
10 min. TRITC Phalloidin (YEASEN, China) were used to stain F-actin
rings for 20 min at room temperature. The F-actin rings were observed
using a fluorescence microscope (ZEISS, Germany), and numbers of F-
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actin rings were counted.

2.8. Cell viability assay

BMMs were seeded in 96-well plates at a density of 5 x 10° cells per
well. BMMs were cultured in complete a-MEM medium supplemented
with 30 ng/ml M-CSF in the presence of different concentrations of FNC
(0, 25, 50, 100, 200 pg/ml) for 48 h. The cytotoxic effects of FNC were
determined using the Live/Dead double staining assay and the CCK-8
assay. The optical density of the CCK-8 assay was measured at a wave-
length of 450 nm (Thermo Fisher Scientific, USA). Moreover, Live/Dead
staining was visualized using a fluorescence microscope (ZEISS,
Germany).

2.9. ROS assay in vitro

BMM s were seeded into 6-well plates at a density of 1 x 10° cells per
well. BMMs were pretreated with different concentrations of FNC for 3
h. BMMs were loaded with ROS sensitive dye DCFH-DA for 30 min
before stimulation of RANKL. The intracellular ROS was measured by
the ROS assay kit (Beyotime Technology Inc, China) and flow cytometer
(BD Accuri C6 Plus, USA).
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Fig. 2. Detailed structure of FNC. (A) XRD pattern of FNC and BNC. (B) XPS survey spectra of FNC and BNC. Highlighted sections correspond to Nb 3d, C 1s and O 1s,
high-resolution XPS spectra of (C) Nb 3d; (D) C 1s; (E) O 1s. (F) Raman spectra of FNC and BNC at room temperature under 532 nm irradiation. The black dots mark

the peaks of NbyOs.

2.10. TRAP staining and activity

Osteoclasts were fixed in 4% formaldehyde and osteoclasts differ-
entiation was evaluated with a TRAP detection kit (Sigma-Aldrich,
USA). Stained osteoclasts were observed with an optical microscope
(ZEISS, Germany) and quantified by Image-J software. Total protein was
extracted and the TRAP activity was measured by the TRAP assay kit
(Beyotime Technology Inc, China).

2.11. Quantitative real-time PCR (qPCR)

BMMs were seeded in six-well plates at a density of 1 x 10° cells per
well. BMMs were cultured in complete a-MEM medium supplemented
M-CSF and RANKL in the presence of FNC. Total RNA was extracted by
using TRIzol reagent (Thermo Fisher Scientific, USA). Total RNA was
used to synthesized ¢cDNA using HiScript III RT SuperMix (Vazyme,
China). A 20 pl mixture containing diluted cDNA was used to amplify
using the ChamQ SYBR Color qPCR Master Mix (Vazyme, China) on the
LightCycler 480 II (Roche, Switzerland). GAPDH was used as the house
keeping gene. The primer sequences were described in Supplementary
Table 1.

2.12. Western blot analysis

BMMs were seeded in six-well plates at a density of 1 x 10° cells per
well. BMMs were co-cultured with FNC in the presence of M-CSF and
RANKL. Total protein was extracted by using RIPA lysis buffer (Solarbio,
China) which contains 1 mM phenylmethanesulfonyl fluoride (Solarbio,
China) and 1 mM phosphatase inhibitor cocktail (Bimake, USA) for 15
min. The lysates were centrifuged at 12,000 rpm for 15 min. Total
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protein concentrations were determined by a BCA protein assay kit
(Thermo Fisher Scientific, USA). SDS-PAGE on 10% gels were used to
resolve equal amounts of protein lysate. Total protein were transferred
to PVDF membranes (Millipore, USA). Membranes were blocked with
5% skimmed milk solution for 1 h and then membranes were incubated
with specific primary antibodies overnight. The details of the primary
antibody were described in Supplementary Table 2. Finally, membranes
were washed and incubated with the proper secondary antibodies. The
antibody reactivity was detected by the Tanon 5200 system (Bio Tanon,
China) and signal intensities were analyzied by Image-J software.

2.13. Statistical analysis

Data were collected from three or more experiments. Using One-way
analysis of variance (ANOVA) to test the differences between groups.
The asterisks in the figures stands for the significance between groups.
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

3. Results
3.1. The morphology and structure of FNC

Based on synthesis aims, we preliminarily infer that the NbyC is
significantly thinner than the bulk NboC (BNC) after Tetrapropy-
lammonium hydroxide (TPAOH) peeling. The atomic force microscopic
(AFM, Fig. 1A) presents that the stripped Nb.C is an ultrathin 2D ma-
terial with the thickness ranged from 2.6 nm to 3.2 nm, tentatively
conforming to the thickness of five atomic layers of Nb,C. Thus, we
initially named it few-layered Nbo,C (FNC). When it comes to trans-
mission electron microscope (TEM, Fig. 1B) of BNC, we can clearly see
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Fig. 3. DFT calculation and photoelectric performance of FNC. (A) Structure model of Nb,C supercell. Brown, green, red, and white represent carbon, niobium,
oxygen, and hydrogen atoms, respectively. (B) Isosurface of differential charge density of hydroxyl adsorption. Blue represents electron dissipation, and yellow
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isotherms of the samples. The inset exhibits the Sggr of FNC and BNC. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

the layered stack at the edge of the nanosheets with the smooth surface.
On the contrary, the surface of FNC (Fig. 1C) indicates the potholes and
undulate surface, which is more likely to be the stacked N2Os. By the
way, when the range of observation is adjusted from 50 nm to 1 pm and
the mean of observation transforms to scanning electron microscopy
(SEM, Fig. 1D-F, and Fig.1S), many suspension parts can be observed
attached to the BNC surface, while the FNC surface is surprisingly flat.
Meanwhile, elemental mapping of energy-dispersive X-ray spectroscopy
(EDS, Fig. 1G) confirms the existence of FNC and shows the homoge-
neous distribution of niobium, carbon and oxygen elements. Taking into
account this favorable condition, we co-cultured FNC and Raw 264.7
cells for 6 h before performing SEM and EDS (Fig. 1H). It can be seen that
the FNC nanosheets have completely or partially entered the Raw 264.7
cells and are evenly distributed. This has laid the feasibility foundation
for subsequent biological experiments.

In order to observe the structural and phase purity of as-synthesized
Nb,C, X-ray diffraction (XRD, Fig. 2A) was adopted using Cu-Ka radia-
tions. In the view of XRD pattern, it can be seen that the (001) peak’s
width tends to narrow and the (100) and (110) become wider, which
indicates that the disorder in the Z-direction decreases and the in-plane
crystallinity deteriorates [36]. In addition, obvious characteristic peaks
of NbyOs in FNC can be observed, but not in BNC, which can be assigned
that FNC is easily oxidized as the groups (-F, —O) on the surface of FNC
disappeared and the oxidation vacancies appeared [37].

The composition and overall crystalline structure of FNC and BNC
were further investigated via X-ray photoelectron spectroscopy (XPS,
Fig. 2B-E). The XPS survey indicates the apparent intensity damping on
Nb 3d and O 1s, attributing to the thinner thickness of FNC, weakening
the Nb responding and the detached oxygen and hydroxyl groups on the
surface. The Nb 3d XPS spectrum shows two dominant signals belonging
to Nb 3ds/2 (207.9 eV) and 3ds,2 (205.4 eV) [38]. Remarkably, the
Nb-O peaks of NbO and NbyOs located at 203.2 eV and 210.6 eV,
respectively, display an enhancement [39]. It is a convictive evidence
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that there are a large number of oxidized vacancies on the FNC surface.
Furthermore, C-O single bond and C—=O0/-F bond have distinctly dis-
appeared in FNC compared with that of BNC. The disappearance of -OH
also revealed the exfoliation of suspension parts in BNC, with consistent
of the above. It can be concluded that TPAOH stripping not only makes
BNC exfoliation but also removes surface suspension groups (-F, -O,
—OH) in BNC, leaving oxidized vacancies, as shown in Fig. S3.

Raman spectrum (Fig. 2F) of FNC exhibits two new sharp features at
approximately 1350 cm™! (D band) and 1620 ecm™! (D’ band). These
inter-valley (D) and intra-valley (D’) defect-induced resonant scattering
processes are the ones mainly responsible for electron decoherence in
optics and transport phenomena in sp? carbons [40]. The appearance of
D and D’ resonant scattering implies the increased in-plane disorder, as
well as the few-layered vertical structure in FNC. In addition, we can see
that the characteristic peaks of C-O and C=0/-F have vanished while
the intensity of Nb,Os (marked with black dots) rise appreciably [41,
42], with consistent of the above conclusion. From above-mentioned
analysis, FNC can be recognized as a MXene nanosheet without sus-
pension parts at the terminal, attributing to the surface easily oxidized.
It is conducive to supply the active sites for absorbing ROS, especially for
hydroxyl radical [43].

3.2. ENC can suppress the ROS generation in mechanism

After a comprehensive understanding of the characterizations and
structure, we envisioned that FNC would make a figure as a potent
antioxidant and suitable clinical agents for ROS related diseases. We first
demonstrate our concept on the basis of density functional theory (DFT)
calculations. We build a 3 x 3 supercell of FNC (Fig. 3A) and DFT cal-
culations are used to consider the hydroxyl adsorption process on the
surface of FNC (Considering that the terminal of BNC are full of hydroxyl
groups, the adsorption effect of BNC has not been calculated). The dif-
ferential charge density (Fig. 3B) shows that when the hydroxyl group is
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Web version of this article.)

adsorbed on the surface of NbyC, electrons are transferred from Nb,C to
the hydroxyl group. We further studied the influence of the adsorption
capacity of hydroxyl groups on the adsorption process (Fig. 3C). The
results show that the adsorption energy generally increases with the
increase of the adsorption capacity of hydroxyl groups, which means
that the adsorption of hydroxyl groups on the surface of NboC decreases.
We also performed a Bader charge analysis [44]. As shown in Fig. 3C, the
charge distributed on the hydroxyl group and the adsorption energy
show the same trend. As the coverage of the hydroxyl group increases,
the more electrons are distributed on each hydroxyl group. Additionally,
it can be observed that with the amount of adsorbed hydroxyl groups
increases, the binding energy stability gradually decreases, so the
adsorption of ROS by Nb,C is transient and limited, guiding us to
conditionally apply this remarkable material in vivo.

To substantiate our DFT result, we first prepared ROS-generating
reactor taking the advantage of Fenton reaction between hydrogen
peroxide (H303) and FeCl, aqueous solution, which can directly produce
a quantity of hydroxyl radicals (-OH). FNC and BNC had been supposed
as the sacrificial agent. DMPO was normally regarded as a scavenger
which trapped the -OH and superoxide radicals (-O3) to transform the
DMPO-OH and DMPO-0O5 [45]. The entire process can be summarized in
the following equations (1)-(4):

Fe*" + Hy0, — Fe*™ + OH™ + OH €h)
e + 07 -0 2
OH + DMPO — DMPO-OH 3)
0; + DMPO — DMPO-O5 @
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P < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the

In view of these above-mentioned peculiarities, ESR was performed
to evaluate the ROS absorption capacity of BNC and FNC. As is shown in
Fig. 3D, FNC reveals the superior efficiency on the -OH absorption
compared with no sacrificial agent and BNC group. Meanwhile, what is
surprising is that the suppression effect of FNC group is also significant
for the high cytotoxic -Oz which is indirectly generated (Fig. 3E), owing
to the inhibition of -OH by FNC [32,46]. We found that FNC has a larger
specific surface area (24 m? g~ for FNC and 11 m? g~! for BNC, Fig. 3F),
assigned that the ultra-thin material can expose more internal layers and
the corresponding in-plane aperture (Fig. S4), which can provide more
active sites for the adsorption of ROS [31]. To sum up, we consider that
FNC has potential to act as a better antioxidant for ROS related diseases.

3.3. ENC blocks RANKL-induced ROS production in vitro

To further investigate the effect of FNC, we first used Lipopolysac-
charide (LPS)-induced inflammation model [47] for evaluating ROS
absorption of BNC and FNC. Raw 264.7 cells were stimulated by LPS
which was responsible for ROS production. After Raw 264.7 cells were
treated with 10 ng/ml LPS for 3 h, the results of qPCR showed that
Interleukin 1 (IL-18) and Interleukin 6 (IL-6) were significantly
decreased in FNC group (Figs. S4A-B). FNC revealed excellent
ant-inflammatroy responses, but the tendency began to flatten out at
higher concentrations (200 pg/ml). Furthermore, Raw 264.7 cells were
loaded with ROS sensitive dye DCFH-DA and intracellular production of
ROS was measured by a fluorescence microscope. Stimulation of Raw
264.7 cells resulted in the increasing intensity of DCFH fluorescence,
while the raising production of ROS decreased by FNC and BNC treat-
ment. Importantly, FNC treatment reduced ROS levels more efficiently
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than BNC (Fig. S5). These results directed us to use FNC which was the
preferred option in the subsequent tests.

Second, we induced production of ROS upon RANKL treatment in
Bone marrow-derived macrophages (BMMs) during osteoclastogenesis.
Although high levels of ROS is harmful, the appropriate level of ROS can
serve as a second messenger in cell signaling such as osteoclastogenesis
[8]. BMMs were loaded with ROS sensitive dye DCFH-DA and BMMs
were stimulated with 50 ng/ml RANKL for the different time intervals.
The flow cytometry analysi showed that ROS levels were increased at 5
min in response to RANKL and subsequently decreased to the basel level
(Fig. 4A). Next we pretreated BMMs with different concentrations of
FNC for 3 h. As shown in Fig. 4 B-C, FNC could reduce intracellular ROS
significantly. Otherwise, the decreasing DCF fluorescence provided a
consistent result which indicated excellent elimination of ROS by FNC
(Fig. 4D). We also examined the total superoxide dismutase (SOD) ac-
tivity which revealed a restoration effect in FNC group compared with
RANKL group (Fig. 4E).
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3.4. FNC protects against inflammation in vitro

Based on excellent ROS clearance of FNC and restoration of SOD
activity in vitro, we next detected the effect of FNC on inflammation.
BMMs were pretreated with different concentrations of FNC; then,
BMMs were treated with 10 ng/ml LPS for 3 h. The results of qPCR
showed that FNC inhibited several pro-inflammatory biomarkers of M1
macrophage including, IL-1p, IL-6, inducible nitric oxide synthase
(iNOS), monocyte chemotactic protein 1 (MCP-1), nicotinamide adenine
dinucleotide phosphate oxidases 1 (NOX1) (Figs. S6A-E). On the other
hand, FNC can reduced secretion of IL-1f slightly and IL-6 markedly
through ELISA kit detection (Figs. S6F-G). In inflammation, ROS are
important for the maintenance of M1 type of macrophage polarization.
Studies showed that ROS was the master regulator of pro-inflammatory
gene expression in macrophages by activation of NF-kB signaling
pathway [48]. Consistent with the results of the transcriptions and
proteins level of inflammatory cytokines, the inhibition of the NF-kB
signally pathway can be detected through Western blot analysis. It
showed that FNC reduced the phosphorylation of NF-xB p65 and IkB
kinase (IKK) which were responsible for immune and inflammatory



K.-Y. Sun et al.

Bioactive Materials 8 (2022) 435-448

(A) RANKL (B)
FNC 100 pg/ml
IR % | P
1 R e
i : .
1 ]
)"_ ________ I ; % 61
’ ¥ z
’ \ [
/, \\ B Ay
- \ 5]
o
; § 24
; = o
A y 3 0 50 100 FNC (ug/ml)
RANKL
C SEM images D
() RANKL D)
FNC 0 pg/ml FNC 50 pg/ml FNC 100 pg/ml
________ 150_ ke ok ok
W —
&n
=)
=
g
“““““““ g
=
100 pmk 100 )\u\} L‘s
5
=]
E
=
Z

50 100 FNC (ug/ml)
RANKL

F-actin ring staining

Fig. 6. Osteolytic bone resorption was inhibited by FNC treatment in vitro. (A) BMMs were co-cultured with different concentrations of FNC and stimulated with M-
CSF and RANKL on the bone slices for 12 days. The surface of bone slices SEM images were shown, and yellow arrowheads represented bone resorption pits. (B) The
resorption pits were quantified (n = 3). (C) The F-actin rings were stained after BMMs were treated with indicated concentrations of FNC during osteoclastogenesis.
Red circle structure represented F-actin rings (yellow arrowheads), and the shape of mature osteoclasts were outlined (white dotted line). (D) The F-actin rings were
counted (n = 2). The asterisks in the figures stands for the significance between groups. (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). (For inter-
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responses  (Figs. S6H-J). Taken
anti-inflammatory effect in vitro.

together, FNC exhibited

3.5. FNC inhibited osteoclastogenesis in vitro

Due to remarkable scavenging ROS ability and anti-inflammatory
effect of FNC, we investigated whether FNC regulated osteoclast dif-
ferentiation in RANKL-stimulated BMMs. For the assessment of FNC on
osteoclast differentiation, BMMs were treated with 30 ng/ml M-CSF and
50 ng/ml RANKL in the presence of different concentrations of FNC for 4
days. The results of qPCR indicated that osteoclast-specific mRNA-
expression including, cathepsin K, tartrate resistant acid phosphatase
(TRAP), matrix metallopeptidase 9 (MMP9), Dendritic cell-specific
transmembrane protein (DC-STAMP), d2 isoform of vacuolar ATPase VO
domain (Atp6v0d2) were all downregulated in the presence of FNC
(Fig. 5A-E). Besides, we detected effect of FNC on osteoclast differen-
tiation and found that the TRAP-positive cells, a specific marker of
mature osteoclasts, were markedly decreased in the FNC group (Fig. 5F
and G). Reduction of TRAP activity was also observed in FNC group
compared with the RANKL group (Fig. 5H). To excluded the cytotoxic
effects of FNC, we performed Live/Dead cell double staining and a CCK-
8 assay to examine cell viability in vitro. As shown in Fig. 5I and J, the

experiment data exhibited that FNC with different concentrations (from
0 to 200 pg/ml) had no toxicity to BMMs, and FNC even promoted the
proliferation of BMMs [49,50]. In addition, FNC exhibited great biode-
gradability and biocompatibility, and FNC could be almost excreted by
vital organs [30,31]. These results indicated that barely cytotoxic effects
were observed and osteoclastogensis was significantly inhibited.

3.6. ENC attenuated osteoclastic bone resorption in vitro

Due to remarkable inhibition of osteoclast differentiation, we next
focused on the effect of FNC on osteoclasts function. It was important to
detect the mature osteoclasts which were considered as only cells that
could absorb the bone. We used the pits formation assay to evaluate the
bone resorption in the presence of different concentrations of FNC.
BMMs were cultured on bone slices; then, BMMs were treated with M-
CSF and RANKL with/without FNC for 12 days. After RANKL-induced
osteoclasts differentiation, we harvested bone slices for SEM analysis.
We found that the resorption pits were significantly decreased in the
FNC group (Fig. 6A and B). In addition, a well-polarized F-actin ring
represents the well-functioning osteoclasts during bone resorption [51].
Therefore, we performed the F-actin rings formation test to verify its
formation and morphology in osteoclasts stained with TRITC Phalloidin.
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The results showed that FNC pretreatment dramatically disrupted the
structures and reduced numbers of F-actin rings (Fig. 6C and D). Taken
together, our findings showed that the function of mature osteoclasts
was attenuated evidently.

3.7. ENC inhibited osteoclastogenesis via dampening related signal
pathways

Next, we further investigated the mechanism of FNC on osteoclast
differentiation. Previous studies have indicated that the NF-kB and
MAPKs signaling pathways are involved in osteoclast differentiation
[52]. First, RANKL potently induced master regulators of osteoclasto-
genesis such as NFATc1 and c-FOS, while the upregulation of NFATc1
and c-FOS were strongly suppressed in the presence of FNC (Fig. 7A-C).
Second, we found that the phosphorylation of p65, p38, JNK, ERK(1/2)
were increased in 15 min. However, their phosphorylation were
inhibited by FNC treatment except for ERK(1/2) (Fig. 7D-F). Quantifi-
cation of their phosphorylation also confirmed that FNC can signifi-
cantly can down-regulate the NF-xB and MAPKs signaling pathways
(Fig. 7G-I).

443

3.8. ENC inhibited osteoclastogenesis in UHMWPE particles-induced
osteolysis model

To explore the effect of FNC on periprosthetic osteolysis, we used a
murine calvaria model which used UHMWPE particles to induce
osteolysis (Fig. 8A). When the surgical wound was healed, we locally
injected FNC (20 mg/kg) to the bone resorption sites (Fig. 8B). The
micro-CT scans and 3D reconstruction were used to evaluate the bone
resorption. Extensive bone resorption was found in the UHMWPE group
compared with the sham group. The FNC group showed that bone
resorption was attenuated significantly (Fig. 8C and D). Bone parame-
ters such as Bone surface/Bone Volume (BS/BV), Bone Volume/Total
Volume (BV/TV), Bone Mineral Density (BMD) were also measured. The
BS/BV showed that the erosion of calvaria was significantly increased in
the UHMWPE group compared with sham group, while FNC injection
could significantly decreased the BS/BV (Fig. 8E). Furthermore, we also
confirmed that FNC injection significantly increased the BV/TV and
BMD in the UHMWPE group compared with FNC group (Fig. 8F and G).

Hematoxylin and eosin (H&E) staining showed that there were less
inflammatory responses and osteolytic changes in the sham group. In the
UHMWPE group, inflammatory responses and osteolytic changes had
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groups. (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

clearly occurred, whereas the FNC-treated group exhibited few inflam-
matory responses and osteolytic changes (Fig. 9A). TRAP staining
exhibited more TRAP positive cells on the eroded bone surface in the
UHMWPE group compared with the sham group; however, osteoclasts
were obviously reduced in the FNC-treated group (Fig. 9B). Further-
more, our results indicated that there were no obvious toxic effect in
vitro (Fig. 5I and J) and vivo (Fig. S7).

4. Discussion

TJA is widely used to treat the end-stage joint disease. However,
UHMWPE wear particles are unavoidable and particle-induced
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osteolysis is the main cause of the implant loosening in joint replace-
ment. As joint replacements are being extended to more active in-
dividuals who will potentially live for many decades longer, the debris in
the joint will be the major concerns in the future. Although many ad-
vances have been made in agents, bearing materials, implant technol-
ogies, revision surgeries, the wear of implant has still been a series
medical problem. In general, large amounts of particles-induced oxida-
tive stress are gradually created around the implants. Moreover, ROS
was reported that it was regarded as an upstream factor in the osteolysis
cascade and inflammation. Therefore, it is urgent to find a new material
which possessed the potential of inhibiting osteoclastogenesis and
application of UHMWPE modification for decreasing wear rate.
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Currently, the mechanism which is associated with osteolysis in provide evidence that recruitment of osteoclast precursors and the
implant loosening focuses on the osteoclastogenesis. Osteoclastogenesis flowing differentiation were the crucial roles in osteoclastogenesis
is a multistep process that includes recruitment of osteoclast precursors, rather than maintaining survival of osteoclasts [53]. Moreover, ROS was
multinucleated osteoclasts formation, activation of mature osteoclasts, considered as the factor which promotes osteoclastogenesis in the early
and survival of osteoclasts in sequence. There were other studies to stage. Under the physiological state, the level of cellular ROS is
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modulated by cellular processes in a dynamic equilibrium; however,
external stimuli including RANKL, M-CSF stimulate formation of ROS to
trigger osteoclast differentiation and activation. Consistent with previ-
ous studies, our results also indicated that RANKL-induced production of
ROS increased to a maximum level in a short time [8,54], activating
downstream pathways to initiate induction of NFATc1, which is the key
regulator during osteoclastogenesis. We speculated that production of
ROS decreasing to the basel level could be a self-protection mechanism
of cells for maintaining the level of cellular ROS. These pathological
characteristics of osteolysis indicate that ROS can control cell develop-
ment or differentiation and intervention of early stage osteoclasto-
genesis may be consider as an optimal way to treat periprosthetic
osteolysis. Here, we designed FNC as a candidate for the ROS adsorption
agent and the additive of UHMWPE in the future.

In our study, we synthesized FNC by chemical exfoliation from BNC.
Although FNC is solid-phase, FNC has relatively good dispersibility
because of its ultrathin thickness. It endows FNC nanosheets a suspen-
sion in DI water came from the surface tension of water for further ex-
periments. Our results indicated that inflammation or osteoclastogenesis
were inhibited by the ROS clearance of FNC under LPS or RANKL
stimulation in vitro. FNC also inhibited NF-kB and MAPKs signalling
pathways that has been shown to regulate the specific genes required for
inflammation or bone resorption. In mechanism, FNC reveals a superior
specific surface area and little —-F/-O suspend on the surface, simulta-
neously supplying more reaction sites and vast oxidized vacancies to
harvest the hydroxyl radical. The antioxidant mechanism of FNC is
different than most of antioxidant pharmaceuticals which usually target
proteins associated with oxidative stress during osteoclast differentia-
tion. Importantly, FNC directly scavenge ROS and may avoid unwanted
off-target effects of antioxidant pharmaceuticals. To further confirm the
therapeutic efficacy of FNC, we locally injected FNC to osteolytic sites in
the UHMWPE-induced osteolysis model. Histological assessments and
TRAP-staining indicated that FNC reduced osteoclast formation and
osteolytic changes. Consistent with what we expected, FNC can poten-
tially prevent periprosthetic osteolysis and other ROS-related diseases.

However, some limitations existed in our study. First, the long-term
biosafety of FNC has not been assessed. Although several studies have
demonstrated that FNC possessed biodegradable [30,55], most studies
were based on cell experiments or histology of short-term animal
models. Second, the murine calvaria model exhibited the acute inflam-
matory effect for mimicking osteolysis rather than chronic inflammatory
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effect. It was also lacking the mechanical loading factor, indicating that
it could influence biological responses of local progenitor cells [56].
Third, it is difficult to make macrophages contact with UHMWPE par-
ticles and makes a stable inflammatory model in vitro because of smaller
density (0.97 g/cms) of UHMWPE. However, Toll-like receptors (TLRs)
can be stimulated in early inflammatory responses. Studies found that
expression of TLRs including, TLR 2, 4, 5, and 9 were increased in
periprosthetic tissues [57] and polyethylene derivatives increased their
affinity for TLRs [58]. Therefore, we replaced UHMWPE particles with
LPS credited to LPS as regarded to the ligand for Toll-like receptor 4
(TLR4) in most cell such as Macrophages [59].

4. Conclusion

We successfully demonstrated FNC was highly effective in scav-
enging ROS, exploring the novel application of FNC for treating ROS
related diseases (Fig. 10) and further research of UHMWPE modification
rather than the conventional function of photodynamic therapy (PDT)/
photothermal therapy (PTT) for cell killing. Our results clearly demon-
strated ROS adsorption of FNC in mechanism and verified inhibition of
osteoclastogenesis in vitro. Furthermore, results provided strong evi-
dence that osteolysis was attenuated under UHMWPE stimulation in
vivo. Our work will inspire promising strategies for developing new
medical materials.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioactmat.2021.06.016.
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