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Abstract: Osteoarthritis (OA) treatment mainly relies on developing new drugs or nanocarriers, while little 

attention is paid to building novel remedial mode and improving drug loading efficiency. This work reports 

an integrated nanosystem that not only realizes visual drug loading and release, but also achieves enhanced 

lubrication and effective joint inflammation therapy based on fluorinated graphene quantum dots (FGQDs). 

Oxygen introduction promotes FGQDs outstanding water-stability for months, and layered nano-sized 

structure further guarantees excellent lubricating properties in biomimetic synovial fluid. The special design 

of chemistry and structure endows FGQDs robust fluorescence in a wide range of pH conditions. Also, the 

excitation spectrum of FGQDs well overlaps the absorption spectrum of drugs, which further constructs a 

new concept of internal filtering system to visually monitor drug loading by naked eyes. More importantly, 

extraordinary long-term lubrication performance is reported, which is the first experimental demonstration of 

concentration-dependent mutations of coefficient of friction (COF). Cell incubation experiments indicate that 

drug-loaded FGQDs have good biocompatibility, tracking property of cellular uptake and drug release, which 

show efficient anti-inflammation potential for H2O2-induced chondrocyte degradation by up-regulated cartilage 

anabolic genes. This study establishes a promising OA treatment strategy that enables to monitor drug loading 

and release, to enhance long-time lubricating property, and to show effective anti-inflammatory potential for 

cartilage protection. 
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1  Introduction 

Osteoarthritis (OA), known as the “cancer that never 

dies”, is a degenerative joint disease to cause human 

suffering with a very high incidence in the context of 

global population aging [1–3]. Insufficient lubrication 

of synovial fluid irreversibly damages articular cartilage 

and induces a series of continuous inflammatory 

reactions of joint capsule, which is closely related to 

the generation and development of OA [4, 5]. Artificial 

joint replacement is a termination method for OA 

treatment, which is prone to many complications and 

intense discomfort due to severe lack of lubrication  

[6, 7]. Oral non-steroidal anti-inflammatory drugs 

with rapid metabolic function cannot effectively treat 

OA due to the extremely low drug absorption rate  

of articular cartilage with insufficient blood vessels, 

and may even infect other organs [8, 9]. Therefore, 
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enhancing joint lubrication and simultaneously treating 

inflammation are of great importance to treat OA more 

effectively. 

As a novel zero-dimensional (0D) carbon 

nanomaterial, fluorinated graphene quantum dots 

(FGQDs) have ultra-small size and abundant fluorine 

groups, which can induce positively biological 

responsiveness and decreases surface energy [10–12]. 

Specifically, FGQDs not only inherit outstanding 

properties of fluorinated graphene (FG), such as  

high surface area, high mechanical strength, good 

biocompatibility, and self-lubrication property, but 

also exhibit greatly improved water-dispersibility and 

water-stability by introducing oxygen groups [13–15]. 

And the nearly spherical structure of FGQDs can 

act like “ball bearings” between friction pairs, which 

is conducive to rolling friction and further reduces 

friction [16, 17]. In addition, FGQDs are relatively 

small and uniform in size, which can easily embed 

between micro-bumps on the friction interface and 

accelerates the formation of lubricating films [18]. 

These superior characteristics make FGQDs hold great 

promise in biotribology and water-based lubrication. 

However, as far as we know, FGQDs are rarely 

investigated for OA treatment, and the corresponding 

mechanism remains unclear. 

On the other hand, most of the present studies on 

delivering anti-inflammatory drugs are mainly focusing 

on developing new nanocarriers, while little attention 

is paid to improving the drug loading efficiency 

without using large analytical instruments or avoiding 

complex procedures. The aromatic-conjugated structure 

and good water solubility guarantee FGQDs as a 

promising candidate for drug delivery, and many 

anti-inflammatory drugs can be absorbed by the strong 

π–π stacking, hydrogen bonding, and hydrophobic 

interactions among them [19, 20]. Meanwhile, effective 

design of micro-structure and surface chemistry can 

endow FGQDs with unique photoluminescence (PL) 

property [21, 22]. The luminescence behavior of the 

FGQDs is changed or even quenched after loading 

with drugs, which can be used to monitor drug loading 

process visually with naked eyes instead of analytical 

instruments. Therefore, how to design the structure 

and chemistry of FGQDs to realize visual drug loading 

and effective lubrication is highly desirable and 

practically valuable. 

Herein, we developed an FGQDs-based lubricating 

nanosystem as an integrated model for OA treatment, 

which realized the visualization of drug loading and 

release, and effectively delivered anti-inflammatory 

drugs. Oxygen and fluorine co-existing FGQDs were 

prepared, and the good water dispersion guaranteed 

a high drug loading capacity. The FGQDs exhibited 

bright and robust PL properties independent of pH 

changes. Moreover, the excitation spectrum of FGQDs 

was tuned to overlap the absorption spectrum of 

anti-inflammatory drug of diclofenac sodium (DS), 

which constructed an internal filtering effect (IFE) 

system to realize the visual loading of drugs. In 

addition, toxicity, cell uptake, therapeutic effect    

of inflammation, and the tribology behavior of 

drug-loaded FGQDs were systematically investigated 

in a sodium hyaluronate (NaHA)-based synovial fluid. 

The integrated system showed visual drug loading 

convenience with high capacity, excellent antiwear 

performance with long lubrication life, good 

biocompatibility, and effective anti-inflammatory 

effects for cartilage cell protection. An illustration to 

demonstrate this work is provided in Fig. 1. 

2 Experimental 

2.1 Raw materials 

Raw chemical reagents for synthesizing and 

characterizing are provided in Section S1.1 in the 

Electronic Supplementary Material (ESM). 

2.2 Preparation of FGQDs 

FGQDs were prepared by the top–down method by 

oxidizing fluorinated graphite (FGi). In brief, FGi  

was pretreated by liquid intercalation and ultrasonic 

treatment to prepare a thin layer of FG, and then  

FG was oxidized and cut by the mixed acid method 

to obtain FGQDs. The details are explained in 

Sections S1.2 and S1.3 in the ESM. 

2.3 Loading of DS on FGQDs 

Ten parts of 0.3 mg/mL FGQDs solution, each 3 mL, 

were added with 0.09–1.05 mg DS, and stirred at 

room temperature at 15 rad/s for 24 h without   

light. FGQDs–DS was prepared by density gradient 
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centrifugation, washing, and vacuum freeze-drying. 

3 mL of centrifuged supernatant was taken for the 

ultraviolet–visible (UV–Vis) test. A series of the 

standard solution of DS with concentration gradient 

was accurately prepared, and the related absorbance 

data were measured. The absorbance–concentration 

standard curve of DS was plotted with the concentration 

and corresponding absorbance at 275 nm as horizontal 

and vertical coordinates, respectively. The concentration 

of supernatant was determined by searching the 

standard curve of DS absorbance–concentration drawn 

above, and the loading rate of DS on FGQDs was 

calculated by Eq. (1): 

initial centrifugate

initial

DS DS
Loading rate 100%

DS


      (1) 

In addition, FGQDs solution loaded with different 

amounts of DS was photographed under natural 

light and UV lamp, and the fluorescence intensity  

of the solution was measured by the fluorescence 

spectrophotometer. 

2.4 Lubrication performance test 

2.4.1 Preparation of water-based lubricants 

The NaHA aqueous solution of 15 mg/mL was selected 

as the bionic synovial fluid to prepare water-based 

lubricants. FGQDs of different qualities were added to 

the bionic synovial and dispersed evenly by ultrasound 

to obtain different concentrations of FGQDs–NaHA 

lubricants in water. 

2.4.2 Tribological experiments 

The tribological properties of the FGQDs-based 

lubricants were analyzed by a tribometer (TRB3, 

Anton Paar, the Netherlands) with a ZrO2 plate (2 cm × 

2 cm) and a ball (diameter: 6 mm) in a reciprocating 

mode. The test conditions are reciprocating distance: 

2 mm, frequency: 1–5 Hz, load: 1–5 N, test time: 30, 180, 

and 240 min, and temperature: 25 °C. The coefficient 

of friction (COF) was recorded automatically by a 

computer system connected to the tribometer. After 

the test, the contour, depth, and width were determined 

by the three-dimensional (3D) profilometer, and the 

wear volume was calculated by the calculation equation 

of the cylinder. The scanning electron microscopy 

(SEM; Sigma500, Zeiss, Germany) and energy dispersive 

spectroscopy (EDS) elemental mappings were used 

to analyze the characteristics of wear surface. All 

long-time lubrication tests were under optimal test 

conditions. 

2.5 Cytotoxicity study 

The toxicity of FGQDs toward MC3T3-E1 osteoblast 

cells was determined by methyl thiazolyl tetrazolium 

(MTT) assay. FGQDs with different concentration 

 

Fig. 1 Illustration for construction of dual-function nanosystem with enhanced lubricating and anti-inflammatory properties. 
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gradients were added to the cell culture medium 

and incubated with cells for 24, 48, and 72 h, and 

the absorbance of the solution was measured with a 

microplate reader. The specific steps are in Section S1.4 

in the ESM. 

2.6 Laser confocal scanning microscopy (LCSM) 

experiment 

To observe drug release in osteoblasts more clearly, 

rhodamine B (RhB) with strong fluorescence was 

used instead of DS, and the LCSM with the dual- 

channel function was used for fluorescence imaging 

experiments. The details are shown in Section S1.5 

in the ESM. 

2.7 Quantitative real-time (qRT)-polymerase chain 

reaction (PCR) analysis 

To further investigate the effect of FGQDs–DS on the 

degradation of inflammation-induced chondrocytes, 

chondrocytes were incubated into a six-hole plate at 

a density of 8×105 cells per hole and treated with 15 mU 

H2O2 first. They were co-cultured with FGQDs–DS, 

FGQDs, and DS for 24 h. The details of the experiment 

are explained in Section S1.6 in the ESM. 

2.8 Characterization and performance test 

Details of the instruments used for characterization 

and performance tests in this work are provided in 

Section S1.7 in the ESM. 

3 Results and discussion 

3.1 Morphologies, structures, and chemical 

compositions of FGQDs 

The morphologies of the prepared FGQDs were 

determined by the transmission electron microscopy 

(TEM). FGQDs were spot-shaped and uniformly 

distributed in size (Fig. 2(a) and Fig. S1 in the ESM). 

The high-resolution transmission electron microscopy 

(HRTEM) image in the inset showed an average lattice 

spacing of 0.21 nm for the FGQDs, which belonged 

to the in-plane (100) crystal face of graphene with a 

high crystallinity structure [23]. Statistical analysis 

results showed that the particle sizes of FGQDs were 

principally distributed between 2.5 and 4 nm (about 

77%), and such a small size was conducive to promoting 

intracellular phagocytosis [24]. The outstanding 

mono-dispersity and dimensional uniformity of FGQDs  

 

Fig. 2 Characterization of FGQDs and FG. (a) TEM and HRTEM images of FGQDs; (b) size distribution histogram of FGQDs (the
inset shows the solution dispersion and stability of FGQDs in water); (c) Fourier transform infrared (FTIR) spectrum of FGQDs; (d) X-ray 
photoelectron spectroscopy (XPS) survey spectra of FG and FGQDs; and (e) high-resolution C 1s spectra of FGQDs and (f) high-resolution 
F 1s spectra of FG and FGQDs. 
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can be attributed to the fact that FGQDs were 

synthesized in a uniformly heated mixed acid solution, 

and the homogenized oxidized cutting environment 

created favorable conditions for the formation of 

FGQDs. 

In addition, the FTIR spectrum was performed on 

the FGQDs to determine their functional groups. As 

shown in Fig. 2(c), the peaks at 1,342 and 1,140 cm−1 

were derived from the stretching vibration of C–F2 

and C–F bonds, respectively [21, 25]. All the above 

suggested the stable retention of C–F bonds on    

the carbon skeleton. Both the locations of 1,737 cm−1 

(C=O stretching vibration) and 1,110 cm−1 (C–O–C 

antisymmetric stretching vibration) confirmed the 

introduction of oxygen-containing functional groups 

[26]. Meanwhile, the peak center of wide absorption 

at 3,448 cm−1 (O–H stretching vibration) and 1,384 cm−1 

(O–H bending vibration) indicated that the surface of 

FGQDs contained O–H groups [27]. The existence of 

the aforementioned C=O, O–H, and other hydrophilic 

groups ensured that FGQDs had good dispersion and 

water solubility in water, which were also verified by 

its light yellow, uniform, and transparent state (the 

inset of Fig. 2(b)). 

The chemical compositions and functional group 

information of FGQDs were further confirmed by the 

X-ray photoelectron spectroscopy (XPS). Figure 2(d) 

only shows the characteristic peaks of carbon (C), 

oxygen (O), and fluorine (F), suggesting that the sample 

was relatively pure. Notably, compared with that of FG, 

the content of oxygen in FGQDs increased, while  

the content of fluorine decreased significantly, which 

indicated that the transformation from FG to FGQDs 

introduced hydrophilic oxygen groups. In addition, 

oxygen-containing groups of C–O (287.3 eV), HO–C=O 

(288.4 eV), and fluoride groups of weak C–F (w-C–F; 

289.5 eV), C–F (290.0 eV), and C–F2 (291.2 eV) were 

detected in the C 1s spectrum (Fig. 2(e)) [28]. Combined 

with that of FG (Fig. 2(f)), the F 1s spectrum peak 

value of FGQDs located at about 688.8 eV was lower 

than that of FG located at 689.0 eV, indicating some 

decrease of fluorine contents during the synthesis 

process [29]. The results of the XPS were consistent 

with the FTIR results, both of which proved the 

existence of hydrophobic fluorine and hydrophilic 

oxygen groups on the carbon structure, which made 

FGQDs possess a special driving force for drug loading 

in water-based solution. 

3.2 PL performance characterization of FGQDs 

The surface doping structure and small size 

characteristics endow FGQDs with excellent PL 

performance. As shown in Fig. 3(a), by special design 

of reaction conditions, the prepared FGQDs generated 

an intense yellow emission centered at 531 nm under 

the excitation of 300 nm. A strong and broad peak 

centered at 300 nm appeared in the excitation spectrum 

monitored at the PL of 531 nm. A weaker shoulder 

peak at 470 nm along with the main excitation was 

attributed to the combined effect of FGQDs eigenstate 

and defect state emission [21]. Especially, FGQDs 

emitted bright yellow fluorescence (the inset of 

Fig. 3(a)), while the emission wavelengths of most 

carbon-based quantum dots were mainly concentrated 

Fig. 3 PL performance of FGQDs dispersed in water at room temperature. (a) Emission and excitation spectra of FGQDs (the inset 
shows the luminescent image being excited by a UV beam); pH effects on (b) PL intensity and (c) emission peak position of the FGQDs 
at the highest intensity (the dotted line in (b) is the average intensity). Note: λem and λex in (a) are the emission wavelength and excited 
wavelength, respectively. 
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in the blue region, which often interfered with the 

biological endogenous blue fluorescence imaging [18]. 

Thus, the unique yellow emission of the FGQDs can 

avoid the interference problem in biological imaging. 

Figure 3(b) shows the PL intensity and emission 

peak values of the FGQDs under different acid–base 

environments. We found that the PL intensity of 

FGQDs maintained a high value even when the pH 

was changed from 1.0 to 12.0, indicating that the 

fluorescence of FGQDs did not quench even in strong 

acid and strong base environments. In addition, FGQDs 

emission peaks were not significantly affected by the 

wide-range pH change. The above results indicated that 

FGQDs maintained strong and stable PL performance 

in different acid and alkaline environments, making 

FGQDs different from other graphene and carbon- 

based quantum dot materials that usually exhibited 

fluorescence quenching effect under acidic conditions. 

The unique PL behavior of FGQDs benefited from the 

presence of fluorine  atoms, which acted as the role 

of passivation, and affected the charge distribution 

and surface energy of the carbon skeleton [30]. These 

results suggested that the powerful pH resistance 

property of FGQDs had higher potential in the field 

of bio-imaging with various acid–base environments. 

3.3 Drug loading performance 

Due to the high aromatic specific surface area and 

good solubility and dispersion in a variety of media 

(Fig. 4(d)), FGQDs are good candidates for loading 

aromatic drug molecules [19]. DS is a potent, 

non-selective aromatic anti-inflammatory drug that 

can be delivered into cells to relieve pain from diseases 

such as OA [31]. FGQDs are expected to load DS   

by strong π–π stacking, hydrogen bonding, and 

hydrophobic–hydrophobic interactions [20]. To verify 

this conjecture, different doses of DS were added   

to the FGQDs solution. As shown in Fig. 4(a), the   

PL intensity of FGQDs decreased gradually with 

continuous addition of DS, which was attributed to 

the IFE caused by the large degree of overlap between 

the absorption spectrum of DS and the excitation 

spectrum of FGQDs (Fig. S2 in the ESM) [32–34]. The 

DS that absorbed on FGQDs acted as a mask, which 

generated continuous decrease of PL intensity. 

When the FGQDs loaded with different doses    

of DS were exposed to UV and natural light, visual 

monitor of drug loading was achieved (Fig. 4(b)). As 

increasing of the DS loading, the color of the solution 

under the natural light tended to gradually darken.  

 

Fig. 4 Visualization of drug loading. (a) Fluorescence (FL) intensity changes of FGQDs after being loaded with different amounts of
DS; (b) color changes of FGQDs solution under UV light and natural light with the concentration of DS increasing from 0 to 0.27 mg/mL; 
(c) UV–Vis spectroscopy for the samples; and (d) loading curve of DS on FGQDs (the inset shows the solution stability of FGQDs–DS 
in phosphate buffered saline (PBS) and cell culture). 
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When the corresponding solution were placed under 

the UV lamp, obvious color gradient were clearly 

observed: The bright yellow fluorescence (DS 

concentration: 0 mg/mL) gradually turned into dark 

green, and finally presented very weak blue–purple 

fluorescence. Due to the IFE, the yellow fluorescence 

of FGQDs was almost quenched [33, 35]. When the 

concentration of DS increased to 0.27 mg/mL, only 

the faint blue–violet fluorescence of DS loaded by 

FGQDs was observed under the UV lamp. 

Based on the IFE, degree of drug loading on the 

FGQDs–DS system can be effectively judged by 

observing the color changes with naked eye, which 

suggested that FGQDs could be used as a special and 

visual sensor to monitor drug loading process, thus 

avoiding the use of additional instruments such as 

the UV–Vis spectrophotometer and greatly improving 

efficiency. In addition, the effective drug loading 

results were further confirmed by the UV–Vis test. As 

shown in Fig. 4(c), the peak at 280 nm and the broad 

peak at 310 nm were mainly detected in the sample 

after loading, which came from the characteristic peak  

of 275 nm for DS and the characteristic peak of 303 nm 

for FGQDs. It is worth noting that the overall absorption 

peak of FGQD–DS was redshifted to a certain extent, 

which was mainly attributed to the increase of  

π–π conjugated system [36], which further confirmed 

successful drug loading. It can be seen that the 

maximum drug loading rate of FGQDs was 0.91 mg/mg 

(Fig. 4(d)), which certified the outstanding performance 

of FGQDs in the reported drug-loaded quantum  

dots. As far as we know, this is the highest DS loading 

capacity for carbon materials. These results indicated 

that the FGQDs held great promise as nanocarrier 

for sensing visual drug loading. 

3.4 Tribological test 

The uniform size and good hydrophilicity make 

FGQDs have a broad application prospect as a 

lubrication additive in aqueous environment. Due to 

its high hardness, abrasion resistance, and corrosion 

resistance, ZrO2 ceramic can be used as a friction pair 

of ball head for artificial joint replacement [37, 38]. 

Therefore, it is feasible to use ZrO2 as a friction pair 

material to evaluate the tribological performance of 

OA. In order to simulate the friction environment 

of joint more realistically, a series of FGQD–NaHA 

bionic synovial fluids were prepared using ZrO2 

plate and ball as friction pairs to evaluate the 

tribological properties of FGQDs. The test conditions 

such as frequencies, loads, and concentrations of 

FGQDs were screened and optimized first. As shown 

in Fig. 5(a), the COF tended to decrease with the 

increasing reciprocating frequency at 5 N, although 

the difference between 3 and 5 Hz was not significant 

at 5 mg/mL. In addition, by fixing reciprocating 

frequency at 5 Hz to perform the COF measurement 

under different loads, we can clearly see in Fig. 5(b) 

that the COF of different concentrations of FGQDs 

all showed a trend of decrease with the increase of 

load, which indicated that FGQDs showed better 

lubrication performance under relatively high loads. 

According to Figs. 5(a) and 5(b), it can be seen that  

5 N and 5 Hz were the best test conditions for this 

work. It is worth noting that when the concentration 

of FGQDs was 3 mg/mL, the COF was relatively lower. 

This may be caused by the following reasons: At the 

initial stage of friction, the hydrophilic ZrO2 adsorbed 

water molecules and FGQDs stably dispersed in 

aqueous solution together to the surface of the friction 

pairs through strong hydrogen bonding. As a result, 

FGQDs acted as an effective protective shell in the 

contact area of the friction pairs, avoiding direct contact 

of the friction pairs. Ultra-small and nearly spherical 

FGQDs can roll between friction pairs, acting like 

“ball bearings”, changing the form of friction from 

sliding friction to rolling friction, which is the main 

factor for the lubrication in the beginning of friction 

[12, 18]. Low concentrations of the FGQDs led to higher 

COFs and had no efficient lubrication. Similarly, 

when the concentration of FGQDs was too high to 

become an “obstacle”, which made it difficult to slip 

between FGQDs, and thus the COF increased. 

To further evaluate the lubrication performance of 

FGQDs, we carried out several parallel experiments 

under the best test conditions. As shown in Fig. 5(c), 

with the COF of H2O as the control group, it was found 

that the COF of FGQD–NaHA solution decreased by 

60.72%, and that of FGQD–H2O solution without 

NaHA reduced by 53.33%, while the COF of NaHA 

solution only decreased by 16.67%. It can be seen  

that FGQDs effectively reduced the COF. Meanwhile, 

it can be seen in Fig. 5(d) that the COFs of H2O and  
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NaHA are high, and the curve is unstable, while the 

presence of FGQDs significantly reduced the COF 

and made the curve smooth and stable, both for 

FGQDs–H2O and FGQDs–NaHA. The stability of curve 

is attributed to the ultra-small size and uniformity of 

FGQDs, which make FGQDs strong in embedding 

between micro-bumps at the friction interface.    

The illustration (Fig. 5(d)) shows that the color of 

FGQDs–NaHA solution was uniform and clear. 

Thanks to the presence of hydrophilic functional 

groups, it can maintain high dispersibility for more 

than one month at room temperature, which is very 

significant for water-based lubrication. These results 

indicated that FGQDs significantly reduced the COF 

under high loads and relatively low concentrations, 

which were expected to be an excellent antifriction 

system as joint synovial fluid additives. 

3.5 Wear surface profile analysis 

The antiwear property of lubricant is also crucial for 

their practical application in water-based environments. 

The antiwear performance of different lubricants was  

studied and compared by profile of wear trajectory 

analyses. Figure 6 shows the two-dimensional (2D) 

and 3D profiles and corresponding cross-sectional 

profiles of wear tracks on the wear surfaces gained 

by H2O, NaHA–H2O and 5 mg/mL FGQDs–NaHA, 

and 3 mg/mL FGQDs–NaHA for 3 h. By adding 

FGQDs in NaHA, the wear depth became much 

shallower than those of H2O and NaHA. Notable, the 

wear depth lubricated with 3 mg/mL FGQDs–NaHA 

additive was simpler and lighter than that of the    

5 mg/mL FGQDs–NaHA. The wear volume of 3 mg/mL 

FGQDs–NaHA additive decreased by 70.09% compared 

with that of H2O. As shown in Figs. 7(a) and 7(b),  

the wear volumes of H2O, NaHA–H2O, 5 mg/mL 

FGQDs–NaHA, and 3 mg/mL FGQDs–NaHA were 

3,925, 1,591, 1,300, and 1,174 μm3, respectively. The 

wear volume of H2O lubrication was very large, and 

the friction surface had serious wear tracks. These 

results suggested that FGQDs could further improve 

the antiwear property of H2O and NaHA due to the 

combination of the filling effect of ultra-small FGQDs 

and the formation of FGQDs lubrication film on the  

 

Fig. 5 Tribological test of FGQDs in aqueous dispersion for 30 min. Histograms of COF for FGQDs at (a) different frequencies (load:
5 N, reciprocating distance: 2 mm, and temperature: 25 °C) and (b) different loads (frequency: 5 Hz, reciprocating distance: 2 mm, and
temperature: 25 °C); (c) comparison of COFs for H2O, NaHA, FGQDs–H2O, and different concentrations of FGQDs–NaHA 
(frequency: 5 Hz, load: 5 N, reciprocating distance: 2 mm, and temperature: 25 °C); and (d) COF curves for H2O, NaHA, 3 mg/mL 
FGQDs–H2O, and FGQDs–NaHA (frequency: 5 Hz, load: 5 N, reciprocating distance: 2 mm, and temperature: 25 °C; the inset shows 
the solution stability of FGQDs–NaHA after one month). 
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friction surface. In particular, the wear depth lubricated 

with 3 mg/mL FGQDs–NaHA additive was simpler 

and lighter than that of the 5 mg/mL FGQDs–NaHA. 

This further confirmed that excessive amounts of 

FGQDs were easily aggregated and were not beneficial 

to friction reduction. The change in wear volume 

was consistent with the trend reflected by the COF   

(Fig. 7(a)). The results showed that FGQDs possessed 

better antifriction and antiwear properties at a lower 

concentration. 

Fig. 6 2D and 3D profiles and corresponding cross-sectional profiles of wear tracks on the wear surfaces gained by (a) H2O, 
(b) NaHA–H2O and 5 mg/mL FGQDs–NaHA, and (c) 3 mg/mL FGQDs–NaHA for 3 h. Note: Land R represent left and right, 
respectively. 

 

Fig. 7 (a) COFs and wear volumes and (b) wear track depths and wear volumes obtained by H2O, NaHA–H2O, 5 mg/mL FGQDs–NaHA,
and 3 mg/mL FGQDs–NaHA lubricants for 3 h. 
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3.6 Long-term lubrication and comprehensive 

analyses of wear surfaces 

To further evaluate the service life of lubrications based 

on FGQDs, the COF curves for 3 h were monitored 

under optimal test conditions (Fig. 8(a)). The COF of 

H2O was the largest; although the addition of NaHA 

slightly reduced the COF, the lubrication effect was 

not obvious. The COFs of both H2O and NaHA 

suddenly increased at the later stage of friction   

and reached the high value finally, which were close 

to the COF of bare friction pairs, indicating that  

H2O and NaHA did not maintain good lubrication 

performance for a long time, and lubrication failure 

occurred. The introduction of FGQDs resulted in a 

significant reduction in COF. It was noted that after 

8,980 s, not only did no lubrication failure occur, but 

COF suddenly decreased and remained stable for a 

period of time, indicating that FGQDs showed fine 

and special lubrication performance. This mutation 

phenomenon drove us to conduct subsequent more 

detailed friction tests to study the relationship between 

the concentration of FGQDs and COF (Figs. 8(a), 8(b), 

and 8(d)). It was found that the higher the concentration 

of FGQDs, the earlier the mutation appeared. The 

COF curves of FGQDs at different concentrations 

showed a similar trend, with a slight decrease in COF 

in the time before mutation. COF mutations may be 

caused by the formation of a lubricating transfer 

film in the contact area. In a certain range of FGQDs 

concentrations, the more FGQDs existed, the earlier 

lubrication film formed; and accordingly, the decrease 

of COF was obtained. Thus, higher concentration   

of FGQDs contributed to the quick formation of 

lubrication film, while the best lubrication conditions 

were only obtained with suitable concentration of 

FGQDs. 

The SEM and EDS tests of wear tracks further 

revealed the characteristics of wear surface and the 

role of FGQDs in lubrication. The SEM data (Fig. 8(e)) 

indicate that FGQDs showed repair effect by filling 

deep scratches, which directly explained the superior 

antifriction and antiwear properties. In addition, the 

wear surface of 5 mg/mL was relatively rough,  

which was very consistent with the 3D profile data 

(Section 3.5). The EDS analysis further confirmed the 

formation of FGQDs-based transfer film on the friction 

 

Fig. 8 Long-term lubrication performance of FGQDs under 
optimal test conditions. (a) Curves of COF for H2O, NaHA, and 
FGQDs–NaHA for 3 h (frequency: 5 Hz, load: 5 N, reciprocating 
distance: 2 mm, and temperature: 25 °C); (b–d) curves of COF for 
FGQDs–NaHA at different FGQDs concentrations. SEM images and 
EDS elemental mappings of wear surfaces on ZrO2 plate lubricated 
by (e) 3 mg/mL and (f) 5 mg/mL FGQDs–NaHA for 3 h. 

surface of ZrO2 plate. As shown in Fig. 8(f), the 

relative contents of the mutated elements were not 

significantly different, which was due to the stable 

generation of transfer film, and indicated that FGQDs 

and ZrO2 were relatively stable without significant 

chemical reactions, which also indicated the potential 

application of FGQDs in joint synovial fluid additives. 

In addition, The EDS analysis was performed on the 

wear surfaces before and after mutation (Table S1 in 

the ESM). Compared to the situation before mutation, 

the relative content of FGQDs-related elements on the 

wear surfaces decreased after mutation, which was 

caused by the fact that some samples were pushed 

out of the contact interface during this long period of 

friction journey. 
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3.7 Lubrication mechanism 

To further verify the lubrication mechanism of FGQDs, 

3 and 10 mg/mL FGQDs–NaHA were tested for a long 

time of 4 h (Figs. 9(a) and 9(b), respectively). During 

the running-in period, FGQDs evenly dispersed in 

water and were adsorbed between the friction surfaces 

by hydrophilic ZrO2 via hydrogen bonds. The COF 

decreased slowly and steadily before mutation due to 

the co-lubrication caused by rolling and filling effect 

between ultra-small nanosheets of FGQDs [39, 40]. 

The curve showed that the more FGQDs were added, 

the earlier mutation appeared, which was consistent 

with the conclusion obtained in Section 3.6. The mutation 

of COF was attributed to the formation of low friction 

transfer film between the contact surfaces of friction 

pairs [41, 42]. The higher the concentration of FGQDs, 

the shorter the running-in period and the easier the 

 

Fig. 9 COF curves for (a) 3 mg/mL and (b) 10 mg/mL 
FGQDs–NaHA for a long time of 4 h (frequency: 5 Hz, load: 5 N, 
reciprocating distance: 2 mm, and temperature: 25 °C). (c) Proposed 
lubrication mechanism. 

formation of uniform transfer film, which was consistent 

with the prediction made in Section 3.6. Interestingly, 

with the advance of friction time, the transfer film 

gradually broke under high shear stress and high 

frequency contact, and the COF gradually rose to  

the value that before the mutation, which directly 

explained the reason for the sharp increase of COF 

within 13,200–18,000 s. Obviously, the transfer film 

generated at high FGQDs concentrations was less likely 

to rupture and provided more effective lubrication 

for longer periods of time. 

Based on the above results, we believe that FGQDs- 

based additives can greatly improve the tribological 

properties of water-based lubrication, which can be 

attributed to the triple lubrication of FGQDs, including 

rolling effect, filling effect, and formation of uniform 

transfer film. FGQDs are expected to be widely  

used in joint synovial fluid as a high-performance 

water-based lubricant additive. 

3.8 Cytotoxicity of FGQDs 

To further explore the possibility of application for 

FGQDs in the biomedical field, MC3T3-E1 osteoblast 

cells were used as a model to study the potential 

toxicity through MTT experiments. The cells were 

co-incubated with different concentrations of FGQDs 

(0, 10, 20, 50, 100, and 150 μg/mL), and the cell activity 

was evaluated after 24, 48, and 72 h. As shown in  

Fig. 10, even when the concentration of FGQDs was 

as high as 150 μg/mL, the cell viability still exceeded 

90% after 24 h incubation, which indicated that FGQDs 

had no obvious toxicity to living cells. It is noteworthy 

that the cell viability increased gradually with the 

extension of co-culture time, which was attributed to 

the extremely small size, high oxygen content, and 

low damage to cell membranes of FGQDs. These results 

Fig. 10 Toxicity of FGQDs toward MC3T3-E1 osteoblast cells after (a) 24, (b) 48, and (c) 72 h. 
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suggested that MC3T3-E1 osteoblast cells were tolerant 

to high-concentration and long-time incubation of 

FGQDs, which possessed excellent biocompatibility 

and had great potential in drug loading and delivery 

applications. 

3.9 Behavioral tracking of cellular uptake and 

drug release 

Using FGQDs with low cytotoxicity and excellent 

fluorescence properties can directly monitor cell 

uptake behavior through the LCSM, and drug release 

could be tracked by fluorescence colocalization imaging 

of both RhB and FGQDs. Cells were co-cultured with 

FGQDs–RhB for different time. As shown in Fig. 11(a), 

both yellow (FGQDs) and red (RhB) fluorescence 

appeared in the cytoplasm of osteoblasts after 1 h, 

suggesting that FGQDs could enter osteoblasts through 

endocytosis. In addition, the merged image (the 

rightmost of Fig. 11(a)) proves that a small amount of 

RhB was released from the carrier. With the prolongation 

of co-culture time, the merged image (the rightmost of 

Fig. 11(b)) shows significantly enhanced red fluorescence 

after 4 h, indicating that more RhB were released 

from FGQDs at this time. The results suggested that 

osteoblasts easily took up FGQDs and released drugs, 

indicating that FGQDs could simultaneously serve as 

a bioimaging medium and a good drug delivery tool. 

3.10 Protection of FGQD–DS against chondrocyte 

degradation 

The pathogenesis of OA is related to oxidative stress, 

excessive mechanical loading stress, inflammatory 

factors, and other factors, which may lead to the 

degradation of chondrocytes and promote the 

production of proteolytic enzymes, and the appearances 

of these symptoms are fairly significant features of 

OA [31, 43, 44]. In this study, we used H2O2-treated 

chondrocytes as a model to simulate the oxidative 

stress environment during the pathogenesis of OA [45]. 

Col2α and aggrecan are vital components of cartilage 

regeneration, and detecting mRNA expression levels 

of anabolic factors (Col2α and aggrecan) can analyze 

the degradation of chondrocytes [46]. After H2O2 was 

added, the mRNA expressions of Col2α and aggrecan 

decreased gradually with the extension of induction 

time, and the decreasing amplitude was similar  

(Figs. 12(a) and 12(b)). It is noteworthy that after 12 

and 24 h, the mRNA expressions of aggrecan decrease 

to about 1/4 and 1/6 of the initial value (0 h), respectively 

(Fig. 12(b)), indicating a rapid rate of inflammation 

induction in the first 12 h and demonstrating that the 

treatment of H2O2 had effectively induced inflammation 

in chondrocytes. 

To investigate whether FGQDs–DS had a protective 

effect on chondrocyte degradation induced by oxidative 

stress, we added FGQDs, FGQDs–DS, and DS into 

chondrocytes and treated them for 24 h. As shown in 

Figs. 12(c) and 12(d), the mRNA expressions in the 

FGQDs group were very low and close to those of the 

blank group (chondrocytes treated with H2O2 only). 

On the contrary, the mRNA expression levels of Col2α 

and aggrecan increased significantly after treatment 

of FGQDs–DS or DS and reached more than 70% of the 

 

Fig. 11 LCSM images of MC3T3-E1 osteoblast cells treated with FGQDs–RhB for (a) 1 h and (b) 4 h. Scale bar is 10 μm. 
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control group (normal chondrocytes), which suggested 

that FGQDs–DS had protective potential against the 

degradation of inflammatory chondrocytes induced 

by oxidative stress, and the result also reflected that 

FGQDs–DS had an effective anti-inflammatory effect. 

In a word, the above results suggested that drug- 

delivered FGQDs–DS system can achieve effective 

anti-inflammatory potential for cartilage protection, 

thereby inhibiting the development of OA. 

4 Conclusions 

In summary, we reported a new concept of integrated 

therapy model that effectively combined with 

enhanced lubrication and local anti-inflammatory 

drug intervention to treat OA. Well-designed 

nanostructure and introduction of oxygen endowed 

FGQDs with long-time stability in water and stable 

PL emission in both acid and alkali conditions. The 

excitation spectrum was adjusted to overlap the 

absorption peak of DS, and this finally created an 

effective IFE system to realize visual monitor drug 

loading and release process. Ultra-small size and 

nearly spherical rolling effect made FGQDs show 

excellent antifriction and antiwear property. The COF 

and wear volume reduced by 60.72% and 70.09%, 

respectively. Especially, distinguished long-term 

lubrication was readily obtained, and an emerging 

concentration-dependent mutations of COF was 

reported for the first time. Cell studies revealed that 

drug-loaded FGQDs had good biocompatibility and 

tracking property of cellular uptake and drug release, 

and provided protective anti-inflammatory potential 

for H2O2-induced chondrocyte degradation by 

up-regulated cartilage anabolic genes of Col2α and 

aggrecan. The newly developed system can realize 

the visual monitoring of anti-inflammatory drug loading 

and releasing and show extraordinary lubricating 

properties and effective anti-inflammatory potential 

for cartilage protection, which provide a new idea for 

synergistic OA therapy. 
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