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A B S T R A C T   

Restoration of the lubrication functions of articular cartilage is an effective treatment to alleviate the progression 
of osteoarthritis (OA). Herein, we fabricated chitosan-block-poly(sulfobetaine methacrylate) (CS-b-pSBMA) 
copolymer via a free radical polymerization of sulfobetaine methacrylate onto activated chitosan segment, 
structurally mimicking the lubricating biomolecules on cartilage. The successful copolymerization of CS-b- 
pSBMA was verified by Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, and 1H nu
clear magnetic resonance. Friction test confirmed that the CS-b-pSBMA copolymer could achieve an excellent 
lubrication effect on artificial joint materials such as Ti6Al4V alloy with a coefficient of friction as low as 0.008, 
and on OA-simulated cartilage, better than the conventional lubricant hyaluronic acid, and the adsorption effect 
of lubricant on cartilage surface was proved by a fluorescence labeling experiment. In addition, CS-b-pSBMA 
lubricant possessed an outstanding stability, which can withstand enzymatic degradation and even a long- 
term storage up to 4 weeks. In vitro studies showed that CS-b-pSBMA lubricant had a favorable antibacterial 
activity and good biocompatibility. In vivo studies confirmed that the CS-b-pSBMA lubricant was stable and could 
alleviate the degradation process of cartilage in OA mice. This biomimetic lubricant is a promising articular joint 
lubricant for the treatment of OA and cartilage restoration.   

1. Introduction 

Osteoarthritis (OA) is the most common degenerative joint disease, 
characterized by the decline of lubrication of articular cartilage (Yuan 
et al., 2023). Without timely interventions to restore the lubrication of 
articular cartilage, the increased friction will aggravate the condition 
and eventually lead to disability (Pap & Korb-Pap, 2015). Therefore, 
restoring the lubricating properties of articular cartilage is critical in the 
treatment of OA (Lin & Klein, 2021). Efforts to emulate the super- 
lubricating property of the articular cartilage matrix have explored the 

use of lubricants like hyaluronic acid (HA) derivatives. However, chal
lenges persist due to the rapid clearance of HA (Xie et al., 2021). 
Although lubricants with a polyelectrolyte brush architecture and drug- 
releasing properties have been recently reported for OA treatment (Chen 
et al., 2020; Yan et al., 2019; Zhang et al., 2023), issues like rapid initial 
release and quick drug clearance remain largely unresolved (Ahamad 
et al., 2020; Kar et al., 2022). Therefore, it is of great significance to 
develop a straightforward, effective, safe, and long-lasting biomimetic 
lubricant for the treatment of OA (Yuan et al., 2023). 

Several strategies have been used to achieve excellent biomimetic 
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lubrication (Lin & Klein, 2021). One is to construct a coating on the 
contact surface with the ability to recruit lubricin from the synovial fluid 
via non-covalent interactions, while the lubrication effect of the 
recruited lubricin alone is limited (Jahn, Seror, & Klein, 2016; Wan, Ren, 
Kaper, & Sharma, 2020; Wan, Zhao, Lin, Kaper, & Sharma, 2020). 
Another strategy is covalent grafting of lubrication polymer onto the 
substrate to form a direct lubricating layer (Liu et al., 2022; Qin, Sun, 
Hafezi, & Zhang, 2019). However, the irreversibility of covalent 
bonding and the constant shear force from joint movement could lead to 
bonding failure and subsequent loss of lubrication (Yue et al., 2022). 
Although the lubricating layers constructed by physical adsorption of 
catechol-based polymers are usually reversible, they are susceptible to 
oxidation, leading to decreased adhesion and lubrication efficiency (Li, 
Yan, Zhang, Tian, & Zeng, 2015; Park et al., 2021; Shin et al., 2020). 

It is reported that the pH of the joint cavity affected by OA tends to be 
acidic, reaching as low as 6.0 (Jin et al., 2020), which contributes to the 
protonation of the amino groups of chitosan (CS) and its derivatives. 
Subsequently, it facilitates a reversible electrostatic interaction between 
the electronegative cartilage and the electropositive CS polymers, of
fering effective resistance against repeated shear stress and achieving a 
sustained lubrication effect (Hamedi, Moradi, Hudson, Tonelli, & King, 
2022; Vandeweerd et al., 2021). In addition, CS exhibits excellent 
biocompatibility and antibacterial properties, as well as a significantly 
long biodegradability period (Alfaifi, Alkabli, & Elshaarawy, 2020; 
Goto, Masuda, & Aiba, 2015; Kamal et al., 2021; Nasr et al., 2022). 
When appropriately designed and functionalized, and considering its 
economic advantages, CS stands as an ideal candidate for the fabrication 
of HA-like macromolecules as a biomimetic lubricant (Wang, Xue, & 
Mao, 2020; Yang et al., 2023; Yang et al., 2023). 

The common hydrophilic polymer polyethylene glycol (PEG) and its 
derivatives are widely used as antifouling lubricating materials, but 
their long-term application in vivo is limited by their biodegradability 
and immunogenicity (Li et al., 2018; Yang et al., 2020). Poly(sulfobe
taine methacrylate) (pSBMA), by contrast, is a zwitterionic polymer that 
exhibits robust water retention through ionic solvation and displays 
superior lubrication property (Zhu et al., 2021). Due to its structural 
stability and biocompatibility, pSBMA has obvious advantages as a 
lubricating material for OA treatment (Li et al., 2022). For example, 
pSBMA-based block polymers were used to modify nanoparticles to 
enhance interface lubrication and reduce inflammation in OA (Chou, 
Chang, & Wen, 2015; Zhang et al., 2023). 

In a previous study, we prepared a block copolymer of CS and SBMA 
(denoted as CS-b-pSBMA) via polymerization of SBMA chain onto CS 
segment for developing antibacterial and antifouling coatings (Wang, 
Neoh, & Kang, 2015). Considering the distinctive cationic properties of 
CS and the excellent lubricating properties of pSBMA, this study aims to 
explore the potential application of CS-b-pSBMA copolymer in lubrica
tion and cartilage repair. The lubrication performance of the CS-b- 
pSBMA copolymer on various artificial joint materials and degen
erated porcine articular cartilage was evaluated. The resistance and 
stability of the lubricant against enzymatic degradation and prolonged 
aging were studied. The possible mechanism of the lubricating effect of 
the copolymer was explored. In addition, the in vitro antibacterial 
properties and cytotoxicity, as well as the in vivo performance of the 
lubricant after injection into OA mice were investigated. 

2. Materials and methods 

2.1. Materials 

Chitosan (CS, molecular weight: 1,200–2,500 kDa, deacetylation 
degree: ≥ 95 %, viscosity: 100–200 mPa•s (data obtained from the 
supplier)), sulfobetaine methacrylate (SBMA), and ammonium persul
fate (APS) were purchased from Aladdin Chemistry (Shanghai, China). 
Hyaluronic acid (HA, molecular weight: 1,800 kDa (data obtained from 
the supplier)) was purchased from Bloomage Biotechnology (Jinan, 

China). Ti6Al4V alloy plate (TC4, 43 mm × 30 mm × 2 mm), purchased 
from Baoji Titanium Industry (Baoji, China), was polished with 240 
mesh, 320 mesh, 400 mesh, 600 mesh, 800 mesh, 1,000 mesh, 1,200 
mesh, and 1,500 mesh abrasive paper 5–10 min for each step, and finally 
polished with 15,000 mesh abrasive pastes. Ultra-high molecular weight 
polyethylene (UHMWPE) was gained from Wear-Resistant Materials 
Co., LTD (Shandong, China). Aluminum oxide plate (Al2O3) (43 mm ×
30 mm × 2 mm) was obtained from Baile New Materials Co., LTD 
(Guangzhou, China). SYL-GARD™ 184 Silicone Elastomer Kit was ob
tained from Dow Chemical (Michigan, United States), and used to pre
pare polydimethylsiloxane (PDMS) hemispheres (diameter of 6 mm) 
molded with a U-shaped bottom 96-well plate. Staphylococcus aureus 
(S. aureus) 5622 was a gift from the First Affiliated Hospital of Ningbo 
University. Escherichia coli (E. coli) ATCC 25922 was obtained from 
American Type Culture Collection. 

2.2. Polymer synthesis 

CS-b-pSBMA copolymer was synthesized following the previous 
work (Wang, Neoh, & Kang, 2015). Briefly, CS (0.5 g) was completely 
dissolved in 30 mL of 1 % acetic acid solution at 60 ◦C. The solution was 
degassed using nitrogen flow bubbling for 30 min, and followed by 
addition of 100 mg of APS. After 30 min for generation of free radicals by 
decomposition of APS and cleaving of CS chain, 20 mL of SBMA aqueous 
solution (containing 4.57 g of SBMA monomers) was added dropwise to 
the solution at a constant rate of ≈0.67 mL/min over 30 min. The re
action temperature was maintained at 60 ◦C, and nitrogen bubbling 
continued for 6 h. Finally, the product was collected and dialyzed in 
deionized water using a cellulose dialysis bag (molecular weight cutoff: 
8000–14,000 Da) for 72 h, and freeze-dried. It should be admitted that 
pSBMA homopolymer could be produced in the reaction, and those with 
molecular weight higher than 8000–14,000 Da inevitably remained in 
the product. pSBMA homopolymer was synthesized under the same 
procedure using SBMA monomer (20 mL solution at a concentration of 
0.23 g/mL) but without CS. 

2.3. Polymer characterization 

The polymers were characterized using Fourier transform infrared 
(FT-IR) spectroscopy (Nicolet-iS50, ThermoFisher), X-ray photoelectron 
spectroscopy (XPS, Axis Ultra DLD, Shimadzu), and 1H Nuclear mag
netic resonance (1H NMR, AVANCE NEO 400 MHz, Bruker, with 
deuterate water as the solvent). CS segment after APS treatment 
(denoted as CS-) was determined following a viscometrical method. The 
content of carbon, nitrogen, and sulfur in CS-b-pSBMA copolymer was 
analyzed by an elemental analyzer (FlashSmart™ Thermo Fisher). The 
zeta potential of the polymer solutions and the hydrated particle size of 
copolymer were measured via dynamic light scattering (DLS, Zetasizer 
Advance ZSU3305, Malvern Instruments). The viscosity of copolymer in 
water was determined using rotating rheometer (Discovery HR-2, TA 
Instruments). The experimental details are given in the Supporting 
Information. 

2.4. Tribological test 

A PDMS hemisphere (diameter of 6 mm) and a polished plate 
(Ti6Al4V alloy, glass, Al2O3 or UHMWPE with size of 43 mm × 30 mm 
× 2 mm) were used to form the friction pair and fixed in a UMT Bruker 
TriboLab pin-on-plate tribometer (Bruker, Germany). The contacting 
interface of the friction pair was ensured to be immersed in the lubricant 
solution (10 mg/mL HA in water, 0.01–100 mg/mL of CS-b-pSBMA 
lubricant prepared by water, physiological saline solution (0.9 % 
NaCl), phosphate-buffered saline buffer (PBS, 10 mM, pH = 7.2–7.4) or 
bovine serum albumin (BSA) solution (0.1 mg/mL)). Generally, without 
special instructions, the PDMS hemisphere traveled on the base plate in 
the presence of lubricant solution under a constant loading force of 10 N, 
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corresponding a pressure of 1.08 MPa calculated by the Hertz contact 
theory (details in Supporting Information), which is approximated the 
mean physiological pressure of human articular cartilage (i.e., 10 atm ≈
1 MPa) (Lin & Klein, 2021; Rong et al., 2020). The single travelling 
distance was 10 mm, and the running time was 900 s or 3600 s, while the 
travelling speed was 10 mm/s (maximum value achieved by the device), 
which is within the range of the sliding speed of human synovial joints (i. 
e., 0–300 mm/s) (Macirowski, Tepic, & Mann, 1994). The coefficient of 
friction (COF) was defined as the absolute value of the frictional force 
divided by the load force, and calculated by the data processing software 
of the UMT TriboLab (Data Viewer, Version 2.22.115. Build 2). 

For measurement of the lubricating effect of polymer solution on 
cartilage, a cylindrical bone tissue with the cartilage layer on top 
(diameter of 4 mm, cartilage thickness: ≈1–2 mm) was obtained by 
drilling from a fresh pig femoral head (purchased from a local market). 
The sample was digested in 0.25 % trypsin for 1 h to obtain an OA-like 
cartilage. It was then fixed using a customized setup and loaded in the 
tribometer. The COF of cartilage on polished Ti6Al4V alloy plate in the 
presence of lubricant solution was measured as described above. The 
cartilage after friction was fixed with 4 vol% paraformaldehyde and 
then dehydrated with gradient ethanol. After evaporation of ethanol, the 
surface was observed using a scanning electron microscope (SEM, 
S4800. Hitachi). 

2.5. Adsorption effect of copolymer on cartilage surface 

Ten mL of 10 mg/mL CS-b-pSBMA solution was mixed with 5 mL of 
fluorescein isothiocyanate (FITC, Macklin, China) methanol solution (2 
mg/mL), and reacted in dark for 6 h. It was then washed with methanol, 
and centrifuged to separate the supernatant without fluorescence 
detection to obtain FITC-labeled CS-b-pSBMA copolymer, which was 
then freeze-dried. Cartilage sample (same as that in the lubrication test) 
was immersed in 200 μL of the FITC-labeled CS-b-pSBMA solution (1 
mg/mL, pH of 6 or 13 adjusted by acetic acid or sodium hydroxide so
lution) for 1 min, and then washed with ultrapure water for 3 times, and 
dried with filter paper. The cartilage sample was cut into longitudinal 
slices and attached to a glass slide. Fluorescence distribution on the edge 
of the cartilage was recorded by confocal laser scanning microscopy 
(TCS SP8, Leica), and quantitatively analyzed using ImageJ software 
(Version 1.54d). 

2.6. In vitro antibacterial assay 

Overnight bacterial cultures of E. coli and S. aureus were collected by 
centrifugation and serially diluted with sterilized PBS (10 mM, pH =
7.2–7.4) containing 1 vol% of medium (Lysogeny broth for E. coli and 
Tryptic Soy Broth for S. aureus) to a bacterial suspension concentration 
of 106 cells/mL. After that, 1 mL of the prepared bacterial suspension 
was added to 9 mL of PBS solution (containing 1 vol% of the respective 
medium) of CS-b-pSBMA at a concentration of 1 mg/mL to culture for 
24 h, while the control group was PBS solution (10 mM, pH = 7.2–7.4, 
containing 1 vol% of medium) with the same concentration of bacteria. 
At 0, 1, 6, 12, and 24 h, the viable bacteria in the suspension were 
counted using the spread plate method after serial dilution. 

2.7. In vitro cytotoxicity assay 

Chondrocytes that isolated from the knee cartilage of 5-day-old 
Sprague-Dawley (SD) rats were used to evaluate the potential cytotox
icity of the polymers. The chondrocytes were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) supplemented with 10 vol% fetal 
bovine serum (Gibco, United States) and 1 vol% penicillin-streptomycin 
(Gibco, United States) and a density of 5000 cells per well (100 μL each 
well) in a 96-well plate at 37 ◦C in a humidified 5 vol% CO2 incubator. 
After 24 h of growth, DMEM containing different concentrations of CS-b- 
pSBMA copolymer was used to replace the culture medium. The cells 

were incubated for 24, 72, and 120 h, and the cell viability was 
measured using the Cell Counting Kit-8 (CCK-8, Beyotime, China) assay 
as per the instruction. Complete DMEM medium without copolymer was 
used as the negative control group, and medium containing 1 vol% 
Triton-X as the positive control group. Cell viability was expressed as the 
absorbance value of the experimental group relative to the negative 
control group. 

For microscopy observation, chondrocytes were cultured in a 24-well 
plate at a density of 20,000 cells per well (1000 μL each well). After 24 h 
of growth, the culture medium was replaced with DMEM containing 
different concentrations of CS-b-pSBMA copolymer. The cells were 
further incubated for 72 h, stained by Calcein/PI Cell Viability/Cyto
toxicity Assay Kit (Beyotime, China), and observed using a fluorescent 
microscope (DMi8, Leica). 

2.8. Biodegradation of lubricant 

To evaluate the stability of the lubricant against enzymic degrada
tion, CS-b-pSBMA solution (1 mg/mL) or HA solution (10 mg/mL) was 
treated with lysozyme (LZ, 0.1 mg/mL) or hyaluronidase (HAase, 100 
U/mL) at 37 ◦C for 48 h, and its lubricating performance was measured 
as described above. In addition, CS-b-pSBMA solution (1 mg/mL) was 
incubated in a 37 ◦C shaker for up to 28 days, and the lubricating per
formance of the copolymer solution was tested on the pre-determined 
days. 

As for assessment of the degradation rate in vivo, 200 μL fluorescently 
labeled lubricant (FITC-CS-b-pSBMA) was subcutaneously injected into 
mouse (C57 BL/6 N mouse, female, 16–18 g, 6–8 weeks). All of the 
animal experiments were performed in compliance with the principles 
of the National Research Council’s Guide for the Care and Use of Lab
oratory Animals, and the Laboratory animal - Guideline for ethical re
view of animal welfare (GB/T 35892–2018), and approved by the 
Institutional Animal Ethical Committee of West China Hospital of Sto
matology, Sichuan University (approval number: WCHSIRB-D-2023- 
163). The fluorescence signals under the skin of the mice were recor
ded using In Vivo Imaging System (IVIS, Lumina XRMS Series III, Per
kinElmer) over 28 days. 

2.9. Animal study 

The therapeutic effect of lubricant on OA was evaluated using a 
mouse model (C57 BL/6 N mouse, female, 16–18 g, 6–8 weeks). After 
acclimating for a week, the mice were allocated randomly to the sham, 
NaCl, HA, and CS-b-pSBMA groups. Ten μL solution containing 0.1 mg of 
sodium iodoacetate (MIA) was injected into the right hind (RH) knee 
joint of each mouse on Day 0. After 7 days, the mouse showed significant 
mechanical hypersensitivity, indicating OA occurred in the animal 
(Fang et al., 2023). Ten μL of physiological saline solution, HA solution 
(10 mg/mL), or CS-b-pSBMA physiological saline solution (1 mg/mL) 
was injected into the OA joint of the mice on Day 7 and Day 21. Finally, 
all the mice were sacrificed on Day 35, and the RH knee was harvested 
for micro-computerized tomography scanning (micro-CT, μCT50, 
SCANCO, Switzerland), or sectionized and stained with hematoxylin and 
eosin (H&E, Solarbio, China), Toluidine blue (Solarbio, China), and 
Safranin O-fast green (Solarbio, China) staining for histological analysis. 
For immunohistochemical staining, rabbit polyclonal anti-SOX9 (HUA
BIO, China) / matrix metalloproteinase 13 (MMP13, Proteintech, United 
States) antibodies were used to incubate the sections overnight at 4 ◦C. 
After incubating with goat anti-rabbit secondary antibodies for 1 h, the 
sections were allowed to react with DAB reagents. Appropriate negative 
controls without primary antibodies were included in immunohisto
chemistry protocols to confirm specificity. The relative expressions of 
SOX9 and MMP13 were quantified using ImageJ software (Version 
1.54d). 
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2.10. Statistical analysis 

All data were presented as means ± standard deviation (n ≥ 3). 
Statistical analyses were performed by paired-samples t-test, and dif
ferences were considered statistically significance when p < 0.05. 

3. Results and discussion 

3.1. Polymer synthesis and characterizations 

For the synthesis of CS-b-pSBMA copolymer (Scheme 1a), the long 
chains of CS were cleaved by the free radicals from decomposition of 
persulfate anions and generated shorter polysaccharide segments con
taining free radicals for subsequent polymerization with SBMA mono
mers, thereby producing linear block copolymers of CS-b-pSBMA (Ganji 
& Abdekhodaie, 2008; Wang, Neoh, & Kang, 2015). In general, CS with 
a high molecular weight and a high deacetylation degree is beneficial for 
cartilage surface adsorption because of the large number of charged 
groups on the CS chains (Lee, Lim, Israelachvili, & Hwang, 2013; Lim, 
Hwang, & Lee, 2021; Lim, Lee, Israelachvili, Jho, & Hwang, 2015). 
Therefore, CS with high molecular weight and high deacetylation degree 
was used for activation in this study to ensure the CS fragment after APS 
cleavage (CS-) to serve as macromolecular radicals. The molecular 
weight of CS- is about 38 kDa (details in Supporting Information) with 
zeta potential of +10.4 mV in aqueous solutions (Fig. S1a), which still 
possess the capability of adsorption onto cartilage (Bajpayee & Grod
zinsky, 2017). 

The successful synthesis of CS-b-pSBMA block copolymer was first 
verified by observation of the solubility of the polymers in water 
(Fig. 1a). At the same concentration (1 mg/mL), CS and mixture of CS 
and pSBMA (containing 1 mg/mL of CS and 1 mg/mL of pSBMA) were 
insoluble in water, while the CS-b-pSBMA copolymer was fully dissolved 
in water quickly. This is due to the introduction of sulfobetaine groups in 
the block copolymer, which increases its water solubility. The chemical 
composition of CS-b-pSBMA copolymer, pure CS and pSBMA were 
characterized by FT-IR (Fig. 1b). The spectrum of CS displayed the 

existence of distinctive absorption peak at 3451 cm− 1, which are 
attributable to the primary hydroxyl (O–H). Weak absorption peaks 
were observed at 2921 cm− 1 and 2869 cm− 1 for asymmetric and sym
metric of C–H, while the peaks at 1592 cm− 1 and 1065 cm− 1 corre
spond to the bending of N–H and the C-O-C bridge, respectively 
(Hamodin, Elgammal, Eid, & Ibrahim, 2023; Ibrahim et al., 2022). 
Comparing with CS, the spectrum of CS-b-pSBMA shows new absorption 
peaks at 1724 cm− 1, 1475 cm− 1, and 1168 cm− 1 / 600 cm− 1, corre
sponding to the groups of carbonyl ester (O=C-O), quaternary ammo
nium group (N+C4) and sulfonate (SO3

− ) in pSBMA, indicating pSBMA 
had been successfully introduced into the CS segment (Wang, Neoh, & 
Kang, 2015). Moreover, the chemical composition of CS-b-pSBMA 
copolymer was analyzed by XPS. It was found that the N 1 s peak at 
399.2 eV, 400.1 eV, and 402.2 eV could be attributed to N–H, and N-H+

in CS, and N+
4 C in pSBMA, respectively, suggesting the successful 

copolymerization of pSBMA and CS (Fig. 1c). The chemical information 
of CS-b-pSBMA copolymer was further determined by 1H NMR (Fig. 1d). 
The weak peaks at 4.73 ppm, 3.10 ppm and 3.54–4.46 ppm were 
assigned to the proton signal of the CS backbone of H1, H2, H3-H6 
(Ganji & Abdekhodaie, 2008). The resonance signal at 3.19 ppm was 
attributed to H11 of methyl (–N+–CH3) in pendant groups of pSBMA 
chains. The results from FT-IR, XPS, and 1H NMR measurements further 
confirmed the successful synthesis of CS-b-pSBMA block copolymer. 

The contents of carbon, nitrogen, and sulfur in the CS-b-pSBMA 
copolymer were determined using elemental analyzer (Table S1). The 
S/N ratio was calculated to be 0.624, and the [SBMA]/[CS] ratio of CS- 
b-pSBMA copolymer was calculated to be 1.66 (details in Supporting 
Information). The zeta potential of CS, CS-, and CS-b-pSBMA copolymer 
was also measured in water at pH 6. It decreased from +29.7 mV of CS to 
+10.4 mV of CS- (after APS treatment) (Fig. S1a), which may be due to 
cleavage of the CS polymer chains and incorporation of anionic sulfate 
ions (Chang, Lin, Wu, & Tsai, 2015). Not surprisingly, the zeta potential 
of CS-b-pSBMA copolymer was +12.9 mV and the cationic property of 
CS was well preserved, which will be beneficial to the electrostatic 
adsorption onto the cartilage interface. Due to the difference in hydro
philicity between CS and pSBMA segments in the CS-b-pSBMA 

Scheme 1. Schematic illustration of (a) synthesis of CS-b-pSBMA block copolymer, and (b) CS-b-pSBMA lubricant adsorbs onto cartilage surface for lubrication and 
OA treatment. 
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copolymer, it tends to self-assemble in water. The average size of hy
drated particles of CS-b-pSBMA was determined to be 487 nm (Fig. S1b). 
More importantly, the CS-b-pSBMA solution (1 mg/mL) showed 
remarkable injectability (Fig. 1e), and significant fluidity with the vis
cosity coefficient close to zero at a shear rate > 100 s− 1 (Fig. 1f). The 
viscosity of CS-b-pSBMA solution under different shear rates decreased 
obviously from ~0.1 Pa.s at a low shear rate (1 s− 1) to ~0.05 Pa.s at a 
high shear rate (100 s− 1), and it recovered rapidly when the shear rate 
returned, indicating the CS-b-pSBMA solution has an obvious thixotropy 
(Fig. S2). 

3.2. Lubrication performance 

The lubricating property of the copolymer was evaluated using a pin- 
on-plate tribometer. Polished Ti6Al4V alloy and PDMS hemisphere was 
chosen as the substrate and the friction head to form the friction pair, 
which was immersed in the lubricant solution (Yue et al., 2022). The 
COF value was measured by the tribometer in the form of linear recip
rocating motion (Fig. 2a). The lubricating properties of CS-b-pSBMA at 
different concentrations were first measured (Fig. 2b). The COF was 
0.676 when the concentration of CS-b-pSBMA was 0.01 mg/mL, and it 
decreased to 0.428 when the concentration of the copolymer increased 
to 0.1 mg/mL. At concentrations of 1–100 mg/mL, the copolymer 
exhibited almost super-lubrication effect (COF = 0.013), the reduction 
of friction coefficient is significantly greater than that of most reported 
lubricants (Deng, Sun, Ni, & Xiong, 2020; Lei et al., 2022; Liu et al., 
2022; Zheng et al., 2019). In contrast, the COF with HA solution at a 
concentration of 10 mg/mL (a concentration of HA solution commonly 
used for intra-articular injection in OA treatment (Forsey et al., 2006)) 
was 0.135, which was consistent with the previous studies (Liu et al., 
2020), and approximately one order of magnitude higher than that with 

the CS-b-pSBMA copolymer at the concentrations of 1–100 mg/mL. In 
addition, it can be observed that the CS-b-pSBMA lubricant at concen
trations of 1–100 mg/mL maintained super-low COF stably over the 
friction test period of up to 3600 s (equivalent to 1800 friction cycles 
with the total travelling distance of 36 m) (Fig. 2c), reflecting its long- 
lasting lubrication performance. 

In addition, the lubrication performance of pure CS (1 mg/mL in 1 % 
acetic acid solution), homopolymer pSBMA (1 mg/mL), and solution of 
CS and pSBMA mixture (total concentration of 1 mg/mL, containing 0.1 
mg/mL of CS and 0.9 mg/mL of pSBMA) was tested. The results showed 
that the COF values of CS solution, pSBMA solution, and CS + pSBMA 
solution were 0.346, 0.083, and 0.227, respectively (Fig. 2d), while only 
CS-b-pSBMA lubricant maintained excellent and stable lubrication per
formance (Fig. 2e), suggesting that CS, pSBMA, and their mixture failed 
to achieve comparable lubricating performance as CS-b-pSBMA, and 
copolymerization of CS and SBMA is significant for improving the 
lubrication. For CS, due to the limited capability of binding water, its 
lubricating ability is poor. Generally, pSBMA plays a major lubricating 
role by binding to large amount water molecules through ion-dipole 
interaction (Ren et al., 2021). However, owing to the neutral charge 
of the polymer, pSBMA does not cause electrostatic adsorption at the 
friction interface, resulting in poor lubrication stability (Li et al., 2022). 
Consequently, after a simple physical mixing of CS and pSBMA, the 
lubrication effect would also be limited. In contrast, for CS-b-pSBMA 
copolymer, the polar amino groups of the CS segment can preferen
tially adsorb onto the substrate (Wang, Ren, Bai, Liu, & Wu, 2021), 
which is beneficial to achieve a more stable and excellent lubrication 
performance under the shear, while the time curve also illustrates this 
phenomenon (Fig. 2e). 

Fig. 1. Characterization of CS-b-pSBMA copolymer. (a) Distribution of CS (1 mg/mL), CS and pSBMA mixture (containing 1 mg/mL of CS and 1 mg/mL of pSBMA), 
and CS-b-pSBMA copolymer (1 mg/mL) in water. (b) FT-IR spectra of CS, CS-b-pSBMA copolymer, and SBMA monomer. (c) XPS N 1 s core-level spectrum of CS-b- 
pSBMA. (d) 1H NMR spectrum and molecular structure of CS-b-pSBMA copolymer. (e) Injectable property and (f) viscosity of CS-b-pSBMA copolymer solution (1 
mg/mL). 
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3.3. Applicability of lubricant 

The articular cartilage of various joints in the human body is sub
jected to different pressures, which affect its tribological performance 
(Morrell, Hodge, Krebs, & Mann, 2005). Herein, the lubricating per
formance of CS-b-pSBMA copolymer under various magnitudes of 
loading forces (1, 5, 10, 20, and 50 N, equivalent to pressures of 0.50, 
0.86, 1.08, 1.36, and 1.85 MPa, respectively) was investigated 
(Table S2). The results showed that under the loading pressure tested, 
the lubricant maintained super-low COF ≤ 0.02 (Fig. 3a-b). It should be 
noted that at a loading force of 1 N, the COF fluctuated in the range of 
0.033–0.005 in the test. This is probably because that when the pressure 
was relatively small, and the PDMS hemisphere connected to the sensor 
was sensitive to the tiny unevenness of the Ti6Al4V alloy surface, 
reflecting a fluctuation of the friction during the measurement, in which 

the average COF kept as low as 0.014. Nevertheless, the CS-b-pSBMA 
lubricant showed excellent lubrication under a loading force of up to 
50 N (upper limit of the tribometer), indicating the copolymer lubricant 
can maintain good lubrication performance under high loading force in 
human body. 

Furthermore, to investigate the performance of CS-b-pSBMA lubri
cant in a condition mimicking the articular joint cavity, CS-b-pSBMA 
copolymer was dissolved in different simulated physiological medium 
(i.e., 0.9 % NaCl, 10 mM PBS, and 0.1 mg/mL BSA). It can be seen from 
Fig. 3c that in all the tested medium, the lubricants showed excellent 
lubrication effect (COF ≤ 0.02), and the best lubrication performance 
was observed in NaCl solution, with a COF as low as 0.008, which 
showed a super-lubrication effect. 

The lubricating effect of CS-b-pSBMA lubricant on smooth glass and 
common implantable materials such as Al2O3 and UHMWPE was also 

Fig. 2. (a) Photograph and schematic diagram of the setup used in the lubrication test: the friction pair was composed of a PDMS hemisphere and a polished Ti6Al4V 
alloy plate (the Ti6Al4V alloy plate can be replaced with other materials of the same size). (b) COF values of HA solution (10 mg/mL) and CS-b-pSBMA copolymer 
solution at different concentrations, and (c) representative COF changes with time in the friction test. (d) COF values, and (e) representative COF-time curves of 
solutions CS, pSBMA and mixture of CS and pSBMA, CS-b-pSBMA copolymer with the overall concentration of 1 mg/mL in the friction test. 
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Fig. 3. (a) COF values and (b) representative COF-time curves of CS-b-pSBMA lubricant under different loading forces. (c) COF values of CS-b-pSBMA lubricant in 
water and different simulated physiological media (0.9 % NaCl, 10 mM PBS, and 0.1 mg/mL BSA). (d) COF values of different substrates (i.e., glass, Al2O3 and 
UHMWPE) with HA or CS-b-pSBMA solution. **/***/**** indicated p < 0. 01/p < 0.001/p < 0.0001. 

Fig. 4. (a) Photograph and schematic diagram of the setup used in the cartilage lubrication test (cartilage-Ti6Al4V plate pair). A cylindrical bone-cartilage structure 
with a 4 mm diameter was drilled from a pig femoral head. (b) COF values of different solutions on Ti6Al4V surface. * indicated p < 0.05. (c) SEM images of the 
cartilage pre- and post-friction using different solutions as lubricant. 
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assessed to explore the potential of the lubricant for artificial joint ap
plications (Fig. 3d). As can be seen, the COF values of glass, Al2O3 and 
UHMWPE were 0.033, 0.126, and 0.393 with HA solution lubricant, and 
they significantly decreased to 0.015, 0.061, and 0.177, respectively, 
when CS-b-pSBMA was used as the lubricant, indicating the potential of 
CS-b-pSBMA as a universal and excellent biomedical lubricant. 

3.4. In vitro lubrication on cartilage surface 

We further tested the lubricating performance of CS-b-pSBMA 
copolymer on the surface of digested porcine articular cartilage and 
compared it with 0.9 % NaCl solution and HA (Fig. 4a-b). CS-b-pSBMA 
lubricant showed the best cartilage lubrication effect with a COF value 
of 0.154, compared to that of 0.196 and 0.179 with 0.9 % NaCl solution 
and HA as the lubricant, respectively. The above results demonstrated 
that CS-b-pSBMA lubricant could be an option for OA cartilage lubri
cation treatment. 

It is reported that the COF and wear resistance are not directly 
related, and a low friction COF does not fully represent a good lubricant 
(Lee et al., 2014). Therefore, the degree of wear of the cartilage surface 
before and after friction was observed using SEM (Fig. 4c). It can be 
observed that the texture of the digested cartilage was porous before 
friction. After friction, due to the reciprocating shear forces and porous 
surface of cartilage, there were obvious traces of stick-slip with wear 

(Lee, Banquy, & Israelachvili, 2013). The cartilage surface in the NaCl 
group was the roughest and showed severe wear marks, whereas the HA 
and CS-b-pSBMA groups showed mild wear marks. Interestingly, the HA 
group has a smooth cartilage texture but also pronounced abrasions and 
wrinkles, which may be related to the fact that HA is a cartilage matrix 
component with viscoelastic properties. On the one hand, HA can me
chanically fill and repair the loose cartilage collagen network. On the 
other hand, in the case of boundary lubrication, high viscosity HA 
molecules may easily be extruded out of the friction interface, resulting 
in increased direct contact and wear between the friction interface 
(Bonnevie, Galesso, Secchieri, & Bonassar, 2018). While CS-b-pSBMA 
may be able to persist at the friction interface due to the electrostatic 
interaction, the formation of a molecular brush layer could reduce the 
direct contact between the interface, providing good lubrication and 
reducing the wear of the cartilage. 

3.5. Adsorption effect of copolymer on cartilage surface 

To investigate the lubrication mechanism, CS-b-pSBMA copolymer 
was labeled with FITC (Fig. 5a). A cartilage sample was immersed in a 
FITC-labeled CS-b-pSBMA lubricant solution with a pH of 6 or 13 (to 
regulate the protonation of amino groups), washed with ultra-pure 
water to remove the unbonded copolymers, and then the distribution 
of fluorescent lubricant on the cartilage surface was immediately 

Fig. 5. (a) Schematic illustration of preparation of FITC-labeled CS-b-pSBMA copolymer. (b) Schematic illustration of the experimental procedure for the investi
gation of FITC-CS-b-pSBMA adsorbing on porcine cartilage. (c) Fluorescence distribution of FITC-labeled CS-b-pSBMA on porcine cartilage. (d) Plot of fluorescence 
intensity of FITC-labeled CS-b-pSBMA after adsorbing on porcine cartilage. 
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recorded (Fig. 5b). The results showed that when the pH of the FITC- 
labeled CS-b-pSBMA solution was 6, the cartilage surface exhibited 
obvious fluorescence distribution after labelling (Fig. 5c), indicating 
that the FITC-labeled CS-b-pSBMA copolymers can effectively be 
adsorbed to the cartilage surface. However, when the solution pH 
increased to 13, the fluorescence intensity on the cartilage surface 
decreased, mostly likely because the alkaline condition inhibited the 
protonation process of the amino group on the CS segment, reducing the 
electrostatic adsorption of the copolymers to the articular cartilage. The 
quantitative results also confirmed a higher fluorescence intensity on the 
cartilage surface at pH 6 than that at pH 13 (Fig. 5d). Therefore, the 
adsorption mechanism of the lubricant has been proved, which is of 
great significance for the stable and durable lubrication from the 
perspective of lubricant molecules adsorbed to the cartilage surface 
(Scheme 1b). 

3.6. In vitro antibacterial property and biocompatibility 

Intra-articular lubrication is a standard treatment for OA, but the 

procedure carries a potential risk of infection (Yang, Zhao, et al., 2023). 
For example, intra-articular injection of HA is often associated with the 
risk of bacterial infection, which greatly affects the safety and applica
tion of intra-articular injection materials (Liu, Shuai, Lu, Yang, & Hu, 
2022). Therefore, lubricants with antibacterial properties are also of 
considerable positive significance in the treatment of OA. Considering 
CS has bactericidal ability and pSBMA can inhibit the adhesion of bac
teria, the CS-b-pSBMA lubricant presents an added advantage in 
reducing the infection risk during OA treatment. The antibacterial ac
tivity of CS-b-pSBMA lubricant against common pathogens E. coli and 
S. aureus was investigated. To simulate the favorable environment of 
synovial fluid (containing proteins, polysaccharides, and so on) to the 
bacteria, culture medium was added to PBS buffer at a concentration of 
1 vol% to create an environment conducive to the growth of bacteria. 
The results showed that the CS-b-pSBMA lubricant had some antibac
terial properties (Fig. 6a-c) and reduced the number of viable E. coli by 
~1.3 orders of magnitude and that of S. aureus by ~1.8 orders of 
magnitude, after 24 h of incubation, suggesting that CS-b-pSBMA 
lubricant has the potential to reduce the risk of infection after intra- 

Fig. 6. Bacterial viability of (a) E. coli and (b) S. aureus after incubation with CS-b-pSBMA copolymer (1 mg/mL) for different periods of time. (c) Representative 
photographs of bacterial colonies after incubation with CS-b-pSBMA copolymer for different periods of time. (d) Cell viability of rat articular chondrocytes incubated 
with medium containing different concentrations of CS-b-pSBMA copolymer for different periods. **** indicated p < 0.0001. (e) Fluorescence images of chondrocytes 
after incubation for 3 days and stained with the Live/Dead staining kits. 
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articular injection. 
More importantly, as an injectable lubricant, biocompatibility is the 

primary prerequisite for its application. Chondrocytes isolated from SD 
rats knee cartilage were used for the cytotoxicity evaluation of the CS-b- 
pSBMA lubricant, and the cell viability was assessed using CCK-8 assays 
and Live/Dead staining (Fig. 6d-e). As can be seen, the CS-b-pSBMA 
copolymer showed minimal cytotoxicity to the chondrocytes at low 
concentrations (0.01–1 mg/mL) over 5 days, but did have some inhib
itory effect at a high concentration (10 mg/mL) after 3 days (Fig. 6d). 
Likely, the result of Live/Dead staining showed a similar tendency that a 
high concentration of CS-b-pSBMA lubricant would inhibit the growth of 
cells (Fig. 6e). This is probably due to the electronegativity of the cell 
membrane, while the positively charged CS-b-pSBMA molecules may 
bind to the cell surface through electrostatic interaction, impeding the 
material exchange process between cells and medium and inhibiting cell 
growth. Nevertheless, as the concentration of CS-b-pSBMA lubricant for 
effective lubrication is not >1 mg/mL, which is in the safe range, it can 
be considered that the CS-b-pSBMA lubricant has good biocompatibility 
and could be used for in vivo applications. 

3.7. Biodegradation of lubricant 

It should be noted that one of the major problems with joint injection 
is that the macromolecular substances injected are easily degraded by 
the existing enzymes in the body, thus losing their activity or function 
(Bowman, Awad, Hamrick, Hunter, & Fulzele, 2018). In this study, the 
lubricating performance of the CS-b-pSBMA copolymer after incubation 
with LZ and HAase was investigated. HA solution (10 mg/mL) treated 
with HAase was used as the control. As can be seen, the CS-b-pSBMA 
lubricant maintained excellent lubrication effects after the treatment 
of LZ and HAase (Fig. 7a), showing reliable stability. On the contrary, 
the lubricity of HA after HAase treatment decreased significantly, due to 
degradation of the HA molecules and decline of solution viscoelasticity, 
which highlighted the limitation of the unstable lubricity of HA therapy 

used in clinic practice (Makvandi et al., 2022). The stability of the CS-b- 
pSBMA lubricant was further evaluated by incubation in a shaking bath 
at 37 ◦C for up to 28 days. It was observed that the COF value of CS-b- 
pSBMA lubricant gradually increased with the increase in incubation 
time, from 0.013 on Day 1 to 0.018 on Day 7 (Fig. 7b), indicating that 
the structure of the copolymer may decompose over the prolonged in
cubation. Nevertheless, the COF of the aged copolymer remained below 
0.04 even after 28 days, which could still be considered a good lubricant, 
better than the original lubricating performance of HA (COF = 0.135), 
highlighting the potential of the CS-b-pSBMA lubricant to be used for 
long-term applications. 

Rapid biodegradation in the body is a major cause of lubricant fail
ure, leading to frequent injections and limited efficacy, so reliable sta
bility of the lubricants is important (Wan et al., 2022). Furthermore, a 
fluorescently labeled lubricant (FITC-CS-b-pSBMA) was subcutaneously 
injected into mice, and the fluorescence signals under the skin of the 
mice were recorded using IVIS to investigate the retention time of the 
lubricant in vivo. It was observed that the fluorescent signal could remain 
in the mice subcutaneously for up to 28 days (Fig. 7c), suggesting that 
CS-b-pSBMA lubricant resisted biodegradation in vivo over a long period 
of time, thus reducing the frequency of lubricant injection in OA 
therapy. 

3.8. In vivo performance 

Finally, the therapeutic effect of CS-b-pSBMA lubricant in vivo was 
studied via the MIA-induced OA mouse. The timing of animal experi
ments and processing procedure are shown in Fig. 8a. After two in
jections, all the mice were executed with the RH knee joint scanned by 
micro-CT. The micro-CT images after 3D reconstruction showed that the 
subchondral bone of all the groups except the sham group had been 
damaged by MIA, while the injury in the NaCl group was more severe 
than the HA groups and the CS-b-pSBMA lubricant group (Fig. 8b), 
which had less subchondral bone damage and better integrity after 

Fig. 7. (a) COF values of CS-b-pSBMA copolymer and HA after LZ and HAase treatment for 48 h (PDMS-Ti6Al4V plate pair). (b) COF values of CS-b-pSBMA lubricant 
after incubation at 37 ◦C over 28 days (PDMS-Ti6Al4V plate pair). (c) IVIS images of mice subcutaneously injected with FITC-labeled CS-b-pSBMA solution (1 mg/ 
mL) over 28 days. Numbers in the images show the radiant efficiency of the fluorescence signals on the mouse. 
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treatment. Histological analysis on articular cartilage was conducted by 
H&E, toluidine blue, and Safranin O-fast green staining. As illustrated in 
Fig. 8c, the sham group has a smooth and continuous cartilage surface 
with clear structure and normal cellularity. The NaCl group revealed 
cartilage erosion, disorganized structure, apparent cellular abnormal
ities, and weak staining. In contrast, these degenerative changes were 
significantly ameliorated in the HA and CS-b-pSBMA groups, while the 
articular cartilage in the CS-b-pSBMA group has a better structure and 
smoother surface and a more apparent staining than that in the HA 
group, indicating that CS-b-pSBMA lubricant could better maintain the 
articular cartilage composition and relieve symptoms of OA. 

Furthermore, SOX9 and MMP13 protein expressions on the cartilages 
were analyzed by immunohistochemistry. The sham and CS-b-pSBMA 
groups have significantly higher SOX9 expression protein levels and 
lowered MMP13 expression protein levels than the NaCl group (Fig. 9). 
In addition, the level of SOX9 protein expression in the HA group was 
significantly lower than that in the CS-b-pSBMA group, although it 
remained higher than that in the NaCl group. This difference could be 
attributed to the rapid clearance of the HA, which remains in the joint 
cavity for only 12–24 h (Ma et al., 2022), resulting in limited beneficial 
effects. In sum, these results demonstrated that the CS-b-pSBMA lubri
cant can attenuate the progression of OA by reducing cartilage wear and 
inhibiting cartilage degradation through the lower injection frequency 
and better lubrication compared to HA. 

4. Conclusions 

In this study, a biomimetic CS-b-pSBMA lubricant was developed via 
block copolymerization of cheap and readily available CS and SBMA 

without using toxic organic solvent. The adsorption mechanism of the 
lubricant was proved for the stable lubrication of the copolymer. 
Notably, CS-b-pSBMA copolymer showed excellent and superior lubri
cating effects compared to commonly used HA solution on artificial joint 
materials including Ti6Al4V alloy, glass, Al2O3, and UHMWPE, even 
digested porcine articular cartilage. In addition, the CS-b-pSBMA 
lubricant was resistant to enzymatic treatment and had good stability 
in vitro and in vivo for up to 4 weeks. In vitro tests showed the copolymer 
had obvious antibacterial properties and good biocompatibility. A pre
liminary animal study indicated that the CS-b-pSBMA lubricant was able 
to alleviate the progression of cartilage destruction in OA. It could be 
expected that with CS-b-pSBMA as an injecting lubricant, the interval for 
OA treatment could be extended compared to the conventional HA in
jection. To summarize, this CS-b-pSBMA lubricant achieved the syner
gistic effects of CS and pSBMA to produce a promising biomimetic 
lubricant for the treatment of OA. 

CRediT authorship contribution statement 

Junjie Deng: Conceptualization, Data curation, Investigation, 
Methodology, Writing – original draft. Rufang Wei: Data curation, 
Methodology. Haofeng Qiu: Data curation, Methodology. Xiang Wu: 
Methodology. Yanyu Yang: Methodology. Zhimao Huang: Methodol
ogy. Jiru Miao: Methodology. Ashuang Liu: Methodology. Haiyang 
Chai: Methodology. Xiao Cen: Conceptualization, Methodology, Su
pervision, Writing – review & editing. Rong Wang: Conceptualization, 
Methodology, Supervision, Writing – review & editing. 

Fig. 8. (a) Schematic timeline of the animal experiment. (b) Representative micro-CT images of the RH knee joint of the mice on Day 35. (c) Representative images of 
H&E, Toluidine blue and Safranin O-fast green staining of the RH knee joint of mice on Day 35. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 9. Immunohistochemistry staining. (a) Representative images of SOX9 protein immunohistochemical staining. (b) Representative images of MMP13 protein 
immunohistochemical staining. (c) Quantification of relative SOX9 expression. (d) Quantification of relative MMP13 expression. #/##/###/####, $/$$/$$$/$$$ 
$, @/@@/@@@/@@@@ and */**/***/**** indicated p < 0.05/p < 0.01/p < 0.001/p < 0.0001 compared to the sham, NaCl, HA and CS-b-pSBMA groups, 
respectively. 
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