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A B S T R A C T   

The occurrence of osteoarthritis (OA) is highly associated with the reduced lubrication property of the joint, 
where a progressive and irreversible damage of the articular cartilage and consecutive inflammatory response 
dominate the mechanism. In this study, bioinspired by the super-lubrication property of cartilage and cate-
cholamine chemistry of mussel, we successfully developed injectable hydrogel microspheres with enhanced 
lubrication and controllable drug release for OA treatment. Particularly, the lubricating microspheres (Gel-
MA@DMA-MPC) were fabricated by dip coating a self-adhesive polymer (DMA-MPC, synthesized by free radical 
copolymerization) on superficial surface of photo-crosslinked methacrylate gelatin hydrogel microspheres 
(GelMA, prepared via microfluidic technology), and encapsulated with an anti-inflammatory drug of diclofenac 
sodium (DS) to achieve the dual-functional performance. The tribological test and drug release test showed the 
enhanced lubrication and sustained drug release of the GelMA@DMA-MPC microspheres. In addition, the 
functionalized microspheres were intra-articularly injected into the rat knee joint with an OA model, and the 
biological tests including qRT-PCR, immunofluorescence staining assay, X-ray radiography and histological 
staining assay all revealed that the biocompatible microspheres provided significant therapeutic effect against 
the development of OA. In summary, the injectable hydrogel microspheres developed herein greatly improved 
lubrication and achieved sustained local drug release, therefore representing a facile and promising technique for 
the treatment of OA.   

1. Introduction 

One of the key pathogenies related with osteoarthritis (OA) is the 
greatly reduced lubrication, which can generally induce cartilage 
damage and a series of consecutive inflammation of the joint [1,2]. In 
most cases, artificial joint replacement would cause serious discomfort 
for the patient. As the recommended approach for the treatment of end 
stage OA in clinics, this surgery still remains multiple drawbacks, i.e. 
increased friction and wear of the artificial components [3]. Specific 
drugs taken via oral administration can alleviate the inflammation for 

early stage of OA [4], but it suffers from an extremely low absorption 
rate due to the deficiency of blood vessels in articular cartilage [5]. 
Alternatively, the local injection causes rapid drug failure with the risk 
of infection owing to frequent operations [6]. Consequently, developing 
an innovative non-surgical technique to achieve both improved lubri-
cation and local drug delivery is greatly desirable in maintaining healthy 
joint, and it is also highly meaningful to reduce cartilage wear and 
relieve inflammatory symptom in OA treatment. 

In recent years, injectable hydrogels have been developed with 
excellent biocompatibility and controlled drug delivery behaviors in 
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tissue engineering [7–9]. For example, Xin et al. [7] grafted protein on 
the surface of mesoporous bio-glass nanoparticles and photo-crosslinked 
together with methacrylate gelatin (GelMA) to prepare composite 
hydrogel, which could release the protein in a controllable program 
during the early bone regeneration period. However, two key drawbacks 
still remain. Firstly, a relatively high and uneven injection force is 
inevitable during the injection process owing to the non-uniform shape 
and large size of hydrogels [10], which may cause damage of the healthy 
tissue and discomfort of the patient. Secondly, limited lubrication 
enhancement has been considered for the hydrogels in the treatment of 
OA [11]. Unlike conventional hydrogels, the hydrogel microspheres 
possess significantly enhanced injectability due to the spherical shape 
and relatively uniform size [12]. Additionally, the flowability and 
flexibility of the microspheres allow them to disperse adequately in the 
solution and fulfill the requirement of joint loading. GelMA hydrogel 
microspheres prepared by microfluidic technology have been widely 
reported due to their enhanced structural stability, uniform size and 
high injectability [13]. However, previous studies have mainly focused 
on the property as drug delivery vehicles that aim to achieve sustained 
and controlled drug release in the joint [14]. For example, Chen et al. 
[15] encapsulated sinomenium into chitosan microspheres and 
photo-crosslinked GelMA hydrogel, and reported that the hydrogel 
could ameliorate osteoarthritis by regulating autophagy. Currently, the 
lubrication performance of injectable hydrogel microspheres has rarely 
been well studied, not to mention the discussion of the lubrication 
mechanism. 

In a healthy joint, the synovial fluid consists of different bio-
macromolecules, which act as efficient lubricant participating in the 
boundary lubrication of the joint at physiological pressures [16,17]. The 
biomacromolecules are also the important constituents for articular 
cartilage. Recent studies have shown that the charged phosphatidyl-
choline lipids on the superficial surface of the articular cartilage 

contribute significantly to the reduced coefficient of friction (COF, 
0.001–0.01). It is attributed to the hydration lubrication mechanism 
[18,19], in which the lipids can adsorb many water molecules to form a 
robust hydration layer surrounding the charges. The formation of the 
hydration layer is due to the charge-dipole interactions between the 
zwitterionic phosphocholine groups and the water molecules. Specif-
ically, the hydration layer can rapidly relax when subjected to shear 
force, and thus induce a fluidlike response to decrease COF. In pathol-
ogies, the level of phosphatidylcholine lipids in the joint is reduced, and 
adequate bio-lubricants, as the precondition of proper joint movement, 
are crucial for preventing the development of degenerative changes in 
the joint [20]. Consequently, biomimetic poly (2-methacryloxyethyl 
phosphorylcholine) (PMPC), a typical derivative of the phosphatidyl-
choline lipids that can be grafted on the substrate, has been paid great 
attention as a lubrication material [21–23]. However, the severe reac-
tion conditions and complicated synthesis steps limit its development 
and application in biomedical field. 

Dopamine is a representative derivative of dihydroxy-phenylalanine 
that is contained in the adhesive proteins of mussel, and bioinspired 
dopamine-based multifunctional coatings have been greatly developed 
owing to the mild reaction conditions and self-adhesion properties 
[24–26]. In order to address the challenges as mentioned above, we 
innovatively propose a biomimetic strategy in the present study by 
synthesizing injectable hydrogel microspheres with enhanced lubrica-
tion and controllable drug release for the treatment of OA. As shown in 
Fig. 1, GelMA microspheres are prepared by microfluidic technology, 
and then dip coated by the biomimetic lubrication coating of DMA-MPC, 
which has been successfully developed in our previous studies [27–29], 
to generate the lubricating hydrogel microspheres (GelMA@D-
MA-MPC). Subsequently, the GelMA@DMA-MPC microspheres are 
loaded with an anti-inflammatory drug of diclofenac sodium (DS), and 
intra-articularly injected into the rat knee joint with an OA model to 

Fig. 1. Schematic illustration shows (a) the fabrication of GelMA microspheres by microfluidic technology, the synthesis of DMA-MPC polymer by free radical 
copolymerization, and the design of lubricated GelMA@DMA-MPC microspheres via the dip coating method; (b) the treatment of osteoarthritis by intra-articular 
injection of the drug-loaded and lubricated GelMA@DMA-MPC microspheres based on the synergistical intervention of enhanced lubrication and sustained 
drug release. 
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examine the therapeutic effect. It is hypothesized that the 
GelMA@DMA-MPC microspheres developed herein may represent a 
facile and promising approach for preventing the development of 
degenerative changes in OA via the synergistical treatment of enhanced 
lubrication (COF reduction) and sustained drug release (inflammation 
down-regulation). 

2. Materials and methods 

2.1. Preparation of GelMA 

GelMA was synthesized by gelatin (type A, Sigma-Aldrich, St. Louis, 
MO, USA) with the amidation reaction based on a previous study [30]. 
Briefly, gelatin (20 g) was first dissolved into Dulbecco’s phosphate 
buffered saline (DPBS) (100 mL, Invitrogen, San Diego, CA) at 60 ◦C, and 
then methacrylic anhydride (16 mL, Aladdin Bio-Chem Technology Co., 
Ltd., Shanghai, China) was slowly added under continuous and vigorous 
stirring at 50 ◦C. The reaction was processed under N2 atmosphere for 3 
h. Afterwards, the mixture was diluted with fivefold DPBS at 40 ◦C to 
terminate the reaction. The solution was dialyzed against deionized 
water using 12000–14000 Da membrane, and purified at 40 ◦C for 7 d. 
Finally, the white porous foam product was obtained by freeze-drying 
and stored at − 80 ◦C. 

2.2. Preparation of microfluidic device 

The microfluidic device was fabricated based on two kinds of syringe 
needles and plastic catheters [31]. Specifically, a tube-in-tube structure 
that contained both inner and external needles was manufactured by 
coaxially placing the two syringe needles, with the outer/inner di-
ameters of 300/150 μm and 600/330 μm, respectively. All the con-
necting parts of the needles were tightly sealed by threaded caps and 
fixed with glue. Meanwhile, the microfluidic device was connected with 
the internal needle via a rubber hose (internal diameter: 1 mm), and the 
external needle was connected with a plastic catheter (internal diam-
eter: 500 μm). Following extending the catheter by about 10 cm, a 
disc-like path (diameter: 10 cm) was shaped on a platform by hovering. 
Finally, an ultraviolet (UV) lamp was placed vertically above the plat-
form at a distance of 8 cm, and the plastic catheter was extended by an 
extra length of 10 cm. 

2.3. Microfluidic fabrication of GelMA microspheres 

To fabricate GelMA hydrogel microspheres, the aqueous droplets 
within the internal aqueous phase were generated by the shear stress of 
continuous oil phase due to the flow-focusing geometry of the micro-
fluidic device. Briefly, 5% (w/v) GelMA solution in phosphate buffer 
saline (PBS) supplemented with 0.5% photo-initiator 2-hydroxy-4’-(2- 
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, PI, Sigma- 
Aldrich, St. Louis, MO, USA) served as the internal aqueous phase, i.e. 
the dispersed phase, while the continuous oil phase was composed of 
paraffin oil. 5% (w/w) Span 80 (Aladdin Bio-Chem Technology Co., Ltd., 
Shanghai, China) was used as the surfactant to stabilize the droplets. 

The passage of internal hose was previously flushed with PBS. Af-
terwards, both phases were individually injected into the syringes, and 
the flow rates of liquid in different micro-channels of the syringe were 
adjusted by syringe pumps (LSP01-1A, LongerPump, China). After 
starting the pumps, the internal and continuous phases were slowly 
injected into the microfluidic device at the flow rates of 1.2 mL/h and 
7.2 mL/h, respectively. The hydrogel droplets were further transported 
to the disc-like platform, and solidified by photo-crosslinking upon 
exposure to UV irradiation at the wavelength of 365 nm (6.9 mW/cm2) 
for 20 s. Then, the photopolymerized microspheres were collected into 
each microtube, and washed repeatedly with acetone and 75% alcohol 
to remove the oil and surfactant, followed by washing with fresh PBS 
every 4 h for 24 h for further purification. Finally, the hydrogel 

microspheres were observed by a three-dimensional ultra-depth micro-
scopy (VHX-5000, Keyence, China) and examined using a scanning 
electron microscope (SEM, SU8220, Hitachi, Japan) after freeze-drying. 

2.4. Synthesis of DMA-MPC copolymer 

Initially, DMA was synthesized according to our previous study [28]. 
Briefly, NaB4O7 (4 g) and sodium borate (10 g) were dissolved in 
deionized water (100 mL) under N2 atmosphere, and dopamine hydro-
chloride (5 g, J&K Scientific Ltd., Beijing, China) was rapidly added. 
Meanwhile, methacrylic anhydride (5 mL) was mixed with tetrahydro-
furan (25 mL), and then the mixture was added dropwise to the above 
dopamine solution. The pH value of the solution was adjusted to around 
8 using sodium hydroxide and stirred for 12 h. Afterwards, hydrochloric 
acid was used to adjust the pH value of the reacted mixture to around 2. 
The solution was purged using acetic ether (60 mL) and magnesium 
sulfate. The product was precipitated by petroleum ether (500 mL) and 
collected by filtering. Finally, DMA was dried in vacuum to obtain the 
white solid power. 

Subsequently, free radical polymerization was used to synthesize the 
DMA-MPC copolymer at three different mass ratios (1:4, 1:1 and 4:1). 
Briefly, DMA and MPC (Joy-Nature Institute of Technology, Nanjing, 
China) monomers were dissolved in N, N-dimethylformamide (40 mL) 
under N2 atmosphere, and azodiisobutyronitrile (8 mg, Aladdin Bio- 
Chem Technology Co., Ltd., Shanghai, China) was rapidly added as 
the initiator. The mixture was stirred for 24 h at 70 ◦C to allow for re-
action. Finally, the solution was dialyzed with deionized water for 3 
d and freeze-dried for 1 week. 1H-nuclear magnetic resonance (1H NMR) 
spectrometer (JNM-ECS400, JEOL, Japan) was used to characterize the 
1H NMR spectrum of DMA and DMA-MPC copolymer, with dimethyl 
sulfoxide-d6 and D2O (J&K Scientific Ltd., Beijing, China) as the 
deuterium solvent, respectively. The molecular weight (Mw) of the three 
kinds of copolymers were characterized by gel permeation chromatog-
raphy (GPC, Viscotek TDA305max, Malvern Instruments, UK) using 
deionized water as the diluent at the flow rate of 0.7 mL/min. 

2.5. Fabrication of DMA-MPC coated GelMA microspheres 

The three mass ratios of the DMA-MPC copolymers (4 mg/mL) were 
dispersed in Tris-HCl buffer (pH = 8.5, 1 M) respectively, and then three 
equal volumes of microsphere solutions (2 mL) were added to the above 
solutions (4 mL), which were placed in a dark shaker for 24 h. After-
wards, the microspheres were collected by centrifugation and thor-
oughly rinsed with deionized water. The microspheres were freeze-dried 
and sputtered coated with platinum before investigation using the SEM 
in 5 kV. The surface elements of the samples were characterized by an X- 
ray photoelectron spectroscopy (XPS, PHI Quantera II, Ulvac-Phi Inc., 
Japan). The infrared spectra of the samples were recorded by a Fourier 
transform infrared spectrometer (FTIR, Bruker, Horiba, Germany). 

2.6. Tribological test 

The tribological tests were performed by a universal materials tester 
(UMT-3, Bruker Nano Inc., Germany) in a reciprocating mode at room 
temperature for 600 cycles. All the tribological experiments were 
completed with pin-on-disk friction pairs, using polytetrafluorethylene 
(PTFE) pin (diameter of contact surface: 5 mm) as the upper sample and 
silicon wafer as the lower sample. Specifically, 20 drops of different 
microspheres/PBS solutions (5 mg/mL) were dropped into the contact 
area as the lubricant before each experiment, with PBS as the control 
group. The oscillation amplitude was 4 mm, the sliding frequency was 1 
Hz, and the normal load was 12 N. Each test was repeated at least three 
times to ensure data validity. 
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2.7. Drug loading and release 

Firstly, 5 mg/mL of microspheres (uncoated and coated)/PBS solu-
tion (2 mL) was mixed with 2 mg/mL of diclofenac sodium/PBS solution 
(2 mL). To increase drug loading of the microspheres, dynamic 
adsorption was employed at a more violent shaking condition in a dark 
shaker for 24 h. Afterwards, the microspheres were collected by 
centrifugation and gently rinsed with PBS twice. The supernatant was 
mixed with the centrifugal solution to determine the drug loading by a 
UV–vis spectrophotometer (UV-8000, Metash Instruments, China). 
Subsequently, the drug-loaded microspheres were re-dispersed into 2 
mL of fresh PBS before the release test in order to prevent the loss of drug 
during the transfer of the microspheres. Specifically, 2 mL of micro-
spheres/PBS solution was encapsulated in 1 kD dialysis bag and 
immersed in 18 mL of PBS, which was then placed in the shaker for drug 
release at 37 ◦C and 60 rpm. At predetermined intervals, 2 mL of the 
medium outside the dialysis bag was removed, and the absorbance was 
recorded using the UV–vis spectrophotometer at the wavelength of 276 
nm. 2 mL of fresh PBS was added to the solution after each measure-
ment. The standard curve of diclofenac sodium in PBS was measured by 
the UV–vis spectrophotometer with the equation of A = 34.77C+

0.0088, where A is the absorbance of the solution, and C is the con-
centration of the solution. The drug loading efficiency (%) and the drug 
release percentage (%) were calculated based on the following 
equations. 

Drug loading efficiency (%)=
Amount of loaded drug

Total amount of drug (dosage)
× 100%  

Drug release (%)=
Amount of released drug

Total amount of loaded drug
× 100%  

2.8. Degradation experiment 

For the in vitro degradation experiment, GelMA and GelMA@DMA- 
MPC were immersed in 2 μg/mL of collagenase II/PBS solutions at 
37 ◦C, and then placed in the shaker at 60 rpm. The two microspheres 
dispersed in PBS were set as the control groups. The collagenase II was 
used in the degradation experiment to mimic the physiological envi-
ronment [30]. Periodically, the samples were examined by the 
three-dimensional ultra-depth microscope at 0, 2 and 4 weeks, respec-
tively. Additionally, a quantitative evaluation of the degradation prop-
erty of the hydrogel microspheres was performed. Briefly, GelMA and 
GelMA@DMA-MPC (1:1) (both were 10 mg) were dispersed in 2 
μg/mL of collagenase II/PBS solutions (1 mL) at 37 ◦C, and then placed 
in the shaker at 60 rpm. At predetermined intervals, the supernatant of 
the collagenase solution was removed and the hydrogel microspheres 
were gently rinsed with deionized water twice. Subsequently, the sam-
ples were freeze-dried to obtain the remaining weight, and re-dispersed 
in fresh collagenase solution (1 mL). Each group was repeated for three 
parallel tests to ensure data validity. The degradation rate (%) of the 
microspheres was calculated based on the following equation. 

Degradation rate (%)= 1 −
Remaining weight of microspheres

Initial weight of microspheres
× 100%  

2.9. Separation of rat chondrocytes 

The rat chondrocytes were separated from articular cartilage ac-
cording to our previous studies [32,33]. Briefly, the articular cartilage 
tissues were cut into small pieces, and then digested with 0.25% trypsin 
and 0.2% collagenase II for 30 min and 4 h, respectively. Afterwards, the 
isolated chondrocytes were cultured under 5% CO2 atmosphere at 37 ◦C, 
using the Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 
(DMEM/F12, containing 1% antibiotics and 10% fetal bovine serum) as 
the medium. To maintain the chondrocytes phenotype, only the cells 
within the first three passages were utilized in the followed in vitro test. 

2.10. Live/Dead staining assay 

The cell viability of different GelMA microspheres was measured by 
Live/Dead cell staining kit (Life Tech, USA), in which the live cells were 
stained in green while the dead cells were stained in red under fluo-
rescence microscope (ZEISS, Axio Imager M1, Germany). The chon-
drocytes with a density of 2 × 104 cells/mL were cultured in 24-well 
plates at 37 ◦C and 5% CO2 atmosphere, and the culture medium was 
changed every two days. Subsequently, the chondrocytes were co- 
cultured with 1.5 mg/mL of GelMA, GelMA@DMA-MPC or 
GelMA@DMA-MPC@DS (0.25 mg/mL of DS)/PBS solutions for 1, 3 and 
5 d in triplicate, using PBS as the blank group. Finally, the cells were 
stained with the Live/Dead cell staining dye (500 μL) for 15 min, and 
cell morphology was investigated by the fluorescence microscopy. 

2.11. Cell cytotoxicity assay 

The chondrocytes were cultured and co-cultured with the hydrogel 
microspheres similarly as before. The Cell Counting Kit-8 (CCK-8, 
Dojindo Kagaku, Japan) assay was used to evaluate cell cytotoxicity and 
cell proliferation at different time points (1, 3 and 5 d). Briefly, 50 μL of 
CCK-8 solution and 500 μL of fresh medium were added into each well, 
and the plates were incubated at 37 ◦C for another 2 h. Finally, the 
mixed solution was transferred to the 96-well plates in darkness, and the 
absorbance was measured through a microplate reader (Infinite F50, 
TECAN, Switzerland) at 450 nm. 

2.12. Quantitative real-time polymerase chain reaction (qRT-PCR) 
analysis 

The expression levels of inflammation-related factors in chon-
drocytes were recorded by the qRT-PCR via analyzing the trans-
formation of OA-related genes. Similarly, the chondrocytes with a 
density of 2 × 105 cells/mL were cultured in the 6-well plates and 
treated with interleukin-1β (IL-1β, 5 nM) for 12 h to induce degeneration 
of the chondrocytes. Afterwards, the cells were co-cultured with 1.5 mg/ 
mL of the above GelMA solutions for 24 h. The chondrocytes treated 
with IL-1β were nominated as the blank group, and the untreated 
chondrocytes were served as the control group. Subsequently, the total 
RNA of chondrocytes was extracted with TRIzol reagent (Invitrogen, 
USA) according to the previous study [34], and the purity and concen-
tration of the RNA solutions were obtained by measuring the related 
absorbance at the wavelength at 280 nm and 260 nm. The corresponding 
cDNA was synthesized by 1 μg of RNA and a special Revert-Aid First 
Strand cDNA Synthesis Kit (TaKaRa, Dalian, China). The amplification 
process of cDNA mediated in qRT-PCR was completed with an ABI 7500 
Sequencing Detection System (Applied Biosystems, Foster City, CA, 
USA) and a SYBR Premix Ex Tag Kit (TaKaRa, Dalian, China). 

The relative mRNA expression levels of OA-related genes including 
aggrecan (Agg), collagen II (Col2α1), matrix metalloproteinase-13 
(MMP13) and adamalysin-like metalloproteinases with thrombo-
spondin motifs-5 (adamts5) were calculated by various specific primers, 
which were normalized to β-actin according to the 2− ΔΔCT method in a 
previous study [35]. The related primer sequences for the qRT-PCR test 
were listed as follows: β-actin: forward, 5’-CACTATCGG-
CAATGCGGTTCC-3’; reverse, 5’-CAGCACTGTGTTGGCATAGAGGTC-3’; 
Aggrecan: forward, 5′-GATCTCAGTGGGCAACCTTC-3’; reverse, 
5′-TCCACAAACGTAATGCCAGA-3’; Col2α1: forward, 5′-CTCAAGTCG 
CTGAACAACCA-3’; reverse, 5′-GTCTCCGCTCTTCCACTCTG-3’; MM 
P13: forward, 5’-AACCAAGATGTGGAGTGCCTGATG-3’; reverse, 5’-CA 
CATCAGACCAGACCTTGAAGGC-3’; Adamts5: forward, 5′-TCCTCTT 
GGTGGCTGACTCTTCC-3’; reverse, 5′- TGGTTCTCGATGCTTGCAT 
GACTG-3’. 
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2.13. Immunofluorescence staining assay 

The chondrocytes with a density of 1 × 104 cells/mL were cultured in 
the 24-well plates with sterile cover glasses, treated with IL-1β (5 nM) 
for 12 h, and then co-cultured with 1.5 mg/mL of the above GelMA 
solutions. After co-culturing for 12 h, the chondrocytes were fixed with 
4% paraformaldehyde for 10 min, and then permeabilized with 0.1% 
Triton X-100 (Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China) 
and blocked with 3% bovine serum albumin/phosphate buffered saline 
(BSA/PBS, Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China) at 
25 ◦C for 15 min and 30 min, respectively. After washing with PBS, the 
cells were stained against the specific rat primary antibody of anti- 
Col2α1 (at 1:200 dilution, Abcam, USA) overnight at 4 ◦C. Subsequently, 
the cells were gently washed with PBS and reacted against the specific 
Alexa Fluor-coupled secondary antibodies (1:400 dilution, Molecular 
Probes, Life Tech, USA) at 25 ◦C for 1 h in darkness. Meanwhile, the cell 
nuclei were counterstained using 4, 6-diamidino-2-phenyindole dilac-
tate (DAPI, Life Tech, USA) in darkness for 15 min, and the cell actin was 
labeled by Alexa Fluor 594 phalloidin (Life Tech, USA). Finally, the 
staining images were captured using a laser scanning confocal micro-
scope (LSM800, ZEISS, Germany), and the expression of Col2α1 was 
investigated by the Image J software. 

2.14. Rat osteoarthritis model and surgical process 

All the animal experiments involved were authorized by the Animal 
Research Committee of Ruijin Hospital, School of Medicine, Shanghai 
Jiaotong University, China, and all the surgical operations were 
approved by the National Institutes of Health Guidelines for the Care 
and Use of Laboratory Animals. The rat osteoarthritis model was 
designed by destabilization of the medial meniscus (DMM) surgery in 
twenty-five male Sprague-Dawley rats (12 weeks old and 200–250 g 
weight). Firstly, the rats received intraperitoneal anesthesia via injec-
tion of pentobarbital sodium (30 mg/kg weight). After sterilization, the 

knee joint of right limb was exposed, and a medical lateral incision was 
arranged. Skin incision was performed from the distal patella to prox-
imal tibial plateau. Subsequently, the patellar tendon in knee joint 
capsule was spread open with scissors. The patellar tendon was retrac-
ted, and the medial meniscus ligament (MMTL) was exposed through the 
blunt dissection of fat pad. After that, the MMTL was sliced with a 
microsurgical knife, and the wound incision was well sutured. Addi-
tionally, a sham operation was performed by the same method without 
the MMTL transection. The rats were provided with sufficient food and 
water and allowed to move without any restriction. One week later, the 
rats were randomly divided into five groups (five rats for each group), 
and four groups of them were intra-articularly injected with 50 μL of 
PBS, GelMA, GelMA@DMA-MPC or GelMA@DMA-MPC@DS (1.5 mg/ 
mL in PBS), respectively. The injection was performed once every two 
weeks for a total duration of 8 weeks. Additionally, all the rats obtained 
the special running exercise for 1 h at a speed of 20 m/min every two 
days on a level treadmill in order to accelerate the induction of osteo-
arthritis at the knee joint. 

2.15. X-ray radiography and histological staining 

All the rats were scanned using an X-ray imager (Faxitron X-ray, 
USA) after surgery at 1 and 8 weeks, with 32 kV voltage and 6 mA s 
exposure time, and the articular space width of the knee joint was 
measured based on the X-ray radiographs. Afterwards, the rats were 
sacrificed, and the knee joints were fixed in 4% paraformaldehyde for 
24 h and subsequently decalcified in the 10% ethylene diamine tetra-
acetic acid (EDTA). Meanwhile, the vernier caliper was utilized to 
measure the macroscopic cartilage lesion depth. All the samples were 
dehydrated in ethanol and pruned in half, and the medial condyle was 
embedded within paraffin (Yihui Bio Tech., Co., Ltd., Shanghai, China). 
Subsequently, the continuous paraffin sections were prepared (thick-
ness: 5 μm) and stained alternately with H&E and safranin O-fast green. 
Moreover, the sections with safranin O-fast green were investigated 

Fig. 2. Characterizations of the DMA-MPC copolymer and GelMA microspheres. (a) 1H NMR spectra of the DMA-MPC copolymers with three different mass ratios. 
(b) SEM morphologies of the GelMA and GelMA@DMA-MPC microspheres after freeze-drying. (c) XPS spectra and (d) the deconvolution analysis of N 1s and P 2p of 
the GelMA and GelMA@DMA-MPC microspheres. BE: binding energy. 
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based on the Osteoarthritis Research Society International (OARSI) 
standard [36], which could score the materials in four stages (degree of 
involvement) and six grades (depth of lesion) in the range from 
0 (normal) to 24 (severe osteoarthritis). Finally, the related relative 
glycosaminoglycan (GAG) contents were assessed by the Image J soft-
ware based on the safranin O-fast green staining. 

2.16. Statistical analysis 

The data were shown as mean ± standard deviation (SD). Each in-
dependent test was repeated at least three times with parallel tests to 
ensure validity. Statistical analysis was performed using the GraphPad 
Prism software (Version 5.0, GraphPad Software Inc., USA). One-way 
analysis of variance (ANOVA) was carried out for the multiple com-
parison tests, and two-tailed non-paired Student’s t-test was performed 
for the two comparison tests. The statistical significance was set as *P <
0.05 and #P < 0.05. 

3. Results and discussion 

3.1. Characterization of GelMA and DMA-MPC coated GelMA 
microspheres 

The GelMA hydrogel microspheres were fabricated by photo-
polymerization of the GelMA droplets based on microfluidic technology. 
Meanwhile, self-anchoring agent DMA monomer and DMA-MPC copol-
ymer were synthesized by amidation reaction and free radical copoly-
merization, respectively. To study the lubrication property of diverse 
content of MPC groups, we synthesized DMA-MPC with three mass ratios 
(1:4, 1:1 and 4:1), which were coated on the surface of GelMA micro-
spheres for screening, namely GelMA@DMA-MPC. Fig. 2a displays the 
1H NMR spectra of the three kinds of DMA-MPC. The signals at 7.82 and 
6.85–6.71 ppm are assigned to –NHCO– and trihydrophenyl groups of 
DMA, and the signal at 3.18 ppm is attributed to the special groups of 
MPC. This result proves that the DMA-MPC copolymer has been suc-
cessfully synthesized. The presence of catechol groups (phenolic 

hydroxyl groups) in the DMA-MPC copolymer indicates that it maintains 
the adhesive property similar to dopamine. The catechol groups are 
susceptible to oxidation to quinone under neutral or alkaline conditions, 
and strong chemical bonds are formed between the copolymer and the 
active hydrogen of hydroxyl on the substrate [24]. Additionally, the GPC 
result in Fig. S1 shows that the Mw of the DMA-MPC (1:4), DMA-MPC 
(1:1) and DMA-MPC (4:1) copolymers are 3.78E6, 2.27E6 and 1.64E6 
Daltons, with the polydispersity of 5.9, 5.3 and 4.1, respectively. This 
result further indicates that the polymerization reaction has been 
successful. 

The SEM images in Fig. 2b illustrate the morphologies of GelMA and 
GelMA@DMA-MPC after freeze-drying. Clearly, the surfaces of the 
functionalized microspheres are covered with copolymers by varying 
degrees, and some of the pores in the microspheres have disappeared. 
The GelMA@DMA-MPC microspheres with the mass ratio of 4:1 are 
coated with more copolymers due to the higher proportion of the 
anchoring agent. The GelMA microspheres have a mean size of 
approximately 150 μm, showing porous structure with different pore 
sizes due to the crosslinked mesh structure of GelMA. The GelMA mi-
crospheres without freeze-drying demonstrate smooth morphology, 
which are observed by the microscopy (Fig. S2). The characteristic 
element P 2p (133.3 eV) in XPS indicates the successful surface modi-
fication of the copolymers on the GelMA microspheres (Fig. 2c), and it is 
further confirmed by the narrow spectrum of P element in the high- 
resolution XPS as shown in Fig. 2d. Additionally, the transformation 
ratio of element N 1s (402.0 eV) also proves the presence of the coatings 
on the surface of the microspheres. N element in the narrow spectrum is 
deconvoluted into two types for GelMA@DMA-MPC including both 
amide group (–NHCO–) and quaternary ammonium group (–N+(CH3)3), 
while only amide group (–NHCO–) is observed for GelMA. Moreover, the 
absorption peaks of the phosphate stretching vibration and benzene 
skeleton vibration in the Fourier transform infrared spectra further 
verify the modification of the copolymers on the GelMA microspheres, 
as shown in Fig. S3. Overall, the above material characterizations sup-
port the successful preparation of the copolymers and the copolymers- 
coated GelMA microspheres. 

Fig. 3. The lubrication, drug release and degradation properties of GelMA and GelMA@DMA-MPC microspheres. Tribological tests are performed by UMT-3 with a 
typical friction pair using PTFE pin and silicon wafer. (a) COF–time plots and (b) COF histograms for PBS, GelMA and the three kinds of GelMA@DMA-MPC mi-
crospheres in PBS (5 mg/mL) under the loading of 12 N. Drug release profiles of the GelMA and GelMA@DMA-MPC microspheres in PBS (37 ◦C) for (c) 14 d and (d) 
the first 13 h. (e) The standard curve of DS in PBS. (f) The quantitative degradation curve of GelMA and GelMA@DMA-MPC (1:1) in PBS with 2 μg/mL of collagenase 
II. The two illustrations are the microscope images of the microspheres after degradation for 28 d. 
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3.2. Lubrication performance 

A series of tribological tests were performed employing the UMT-3 in 
reciprocating mode to investigate the lubrication property of GelMA and 
GelMA@DMA-MPC, using a typical friction pair with PTFE pin and sil-
icon wafer [37,38]. The COF–time plots and COF histograms are shown 
in Fig. 3a–b. It is clear that the COF of GelMA with or without DMA-MPC 
is lower compared with PBS. Particularly, GelMA@DMA-MPC at the 
mass ratio of 1:4 has the most significant reduction in COF, where the 
COF value decreases dramatically from 0.027 to 0.019 (~29.6%). The 
GelMA microspheres themselves contribute to bearing capacity and 
lubrication ability due to the efficient elastic and rolling properties. 
Besides, the lubrication performance of GelMA@DMA-MPC is better 
than GelMA, which further reduces COF synergistically via hydration 
lubrication of the zwitterionic phosphocholine groups in the copolymers 
[19]. Additionally, it is speculated that the DMA-MPC coating layer may 
also behave as a “lubricant” between the microspheres, and conse-
quently it avoids jamming of the microspheres in the rolling process, 
which is favorable for lubrication [39,40]. 

3.3. Drug release property 

DS is a common nonsteroidal anti-inflammatory drug and has been 
used for the treatment of OA [4]. As an effective carrier, GelMA mi-
crospheres can not only prevent the rapid loss of drug, but also achieve 
sustained local drug release. The standard curve of DS in PBS is depicted 
in Fig. 3e. The drug loading efficiency of the hydrogel microspheres 
(bare GelMA and the three kinds of functionalized GelMA) is 10.4%, 
16.1%, 10.5% and 15.5%, respectively. The controlled drug release 
property of GelMA@DS and GelMA@DMA-MPC@DS is determined by 
measuring the absorbance value of DS with the UV–vis spectropho-
tometer. Fig. 3c–d shows the result of drug release behavior of the mi-
crospheres at each time point. Obviously, the drug release of the three 

GelMA@DMA-MPC@DS is significantly lower than that of Gel-
MA@DS, in both the initial burst release stage and the relative plateau 
stage afterwards. For example, the drug release reduces from approxi-
mately 66% to the range from 12 to 20% in the first 2 days after coating 
with DMA-MPC, which indicates that the copolymer can effectively 
control burst drug release and achieve sustained drug release. 
GelMA@DMA-MPC@DS with the mass ratio of 4:1 is relatively more 
effective in the control of drug release due to the relative denser coating 
on the surface of the microspheres. However, there is no obvious dif-
ference among the GelMA@DMA-MPC@DS with different mass ratios in 
the drug release rate. Therefore, synergistically considering the prop-
erties of lubrication enhancement and drug release, 
GelMA@DMA-MPC@DS with the mass ratio of 1:1 is selected as the 
microspheres for the subsequent experiments. 

3.4. Degradation property 

The degradation property of the intra-articularly injected bio-
materials is important for the treatment of OA. Fig. S4 shows the 
degradation performance of GelMA and GelMA@DMA-MPC (1:1) with 
or without collagenase II (2 μg/mL) in PBS. Upon 4 weeks of incubation, 
all the microspheres without collagenase II have excellent stability, with 
only slight hydrolysis, while the microspheres exhibit sequential 
biodegradability in the presence of collagenase II. Practically, the mi-
crospheres degrade gradually in a surface corrosion degradation mode 
from outside to inside, and small particles formed due to surface 
degradation are detected from the images with higher magnification, as 
shown in Fig. 3f. Moreover, the results of degraded microscope images 
are consistent with the quantitative performance obtained by weight 
change. The degradation rate of GelMA@DMA-MPC is lower than that of 
GelMA (76.0% and 90.3% at 28 d), although they both degrade gradu-
ally over time in collagenase solutions. Generally, the bioinspired 
lubrication coating can effectively reduce the degradation performance 

Fig. 4. In vitro cell viability and cell cytotoxicity of 
three different GelMA microspheres. (a) Represen-
tative fluorescence images observed by Live/Dead 
staining assay shows the viability of chondrocytes 
co-cultured with the GelMA, GelMA@DMA-MPC 
and GelMA@DMA-MPC@DS microspheres for 1, 3 
and 5 d. (b) Quantitative evaluation of live cells 
from Live/Dead staining assay. (c) CCK-8 assay 
demonstrates the cytotoxicity of three different 
GelMA microspheres in cell proliferation. (n = 3, 
NS: no significance, * represents P < 0.05 by 
comparing with the blank group).   
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of the hydrogel microspheres, which may be attributed to the physical 
barrier of the hydration layer surrounding the zwitterionic headgroups 
in the copolymer. Overall, the optimal lubrication biomaterials should 
be weakly biodegradable, and the qualitative and quantitative results of 
the hydrogel microspheres indicate that GelMA@DMA-MPC is more 
stable than GelMA due to the presence of the DMA-MPC coating on the 
surface, which is desirable for intra-articular treatment of osteoarthritis. 

3.5. Cell viability and cell cytotoxicity in vitro 

It is essential to investigate cell cytotoxicity and the protective effect 
of inflammation-induced chondrocytes degeneration in vitro in order to 
determine the feasibility of using GelMA@DMA-MPC@DS for OA ther-
apy. We first characterized cytocompatibility of different GelMA 
hydrogel microspheres by Live/Dead cell staining and CCK-8 assay. As 
shown in Fig. 4a, the viability of chondrocytes co-cultured with GelMA, 
GelMA@DMA-MPC and GelMA@DMA-MPC@DS for 1, 3, and 5 d is 
examined by Live/Dead staining assay. Clearly, dead cells (red staining) 
are hardly observed in all the groups, and live cells (green staining) 
exhibit favorable viability at the time points. It is noteworthy that the 
cell density gradually increases with cultured time, which is further 
confirmed by the quantitative evaluation of live cells in Fig. 4b. The 
number of live cells in the experimental groups is almost the same as the 
blank (PBS) group, indicating that the microspheres have no detrimental 
effect on the cells. Furthermore, the CCK-8 assay in Fig. 4c indicates that 
there is no significant difference in cell proliferation among the three 
groups. All these cellular findings together prove that the GelMA mi-
crospheres exhibit excellent biocompatibility and no cytotoxicity to the 
chondrocytes, which is a prerequisite for the in vivo experiments and 
clinical applications. 

3.6. Protective effect on inflammation-induced chondrocytes degeneration 

Chondrocytes degradation is a typical feature of OA, in which in-
flammatory mediation acts as an important factor in activation of 
pathogenesis [32]. To examine the protective effect of the microspheres 
for inflammation-induced chondrocytes degeneration in vitro, the 
expression levels of four kinds of OA-related genes are recorded by 
qRT-PCR. Particularly, the selected OA-related genes include (a) Agg 
and Col2α1, which are the important constituents of extracellular matrix 
due to their necessity for cartilage regeneration, and (b) MMP13 and 
adamts5, which are typically involved in cartilage degeneration and 
metastasis. The up-regulation of MMP13 and adamts5 results in pro-
gressive cartilage degeneration. To form an inflammatory environment, 
in this study we introduced a pro-inflammatory cytokine lymphocyte 
stimulating factor (IL-1β) to induce chondrocytes degradation, and 
co-cultured the chondrocytes with the GelMA microspheres for 24 h. The 
expression levels of each gene were analyzed to evaluate the protective 
effect of the microspheres for cartilage degradation. 

As can be seen in Fig. 5a–b, a significant reduction in the relative 
mRNA expression levels of Agg and Col2α1 is observed after IL-1β 
treatment (nominated as blank group), compared with the untreated 
group (control group). The GelMA@DMA-MPC@DS group exhibits a 
significant increase in the relative gene expression levels compared with 
the blank group, but there is limited effect for the GelMA and 
GelMA@DMA-MPC groups. The result indicates that GelMA@DMA- 
MPC@DS can promote the expression of anabolic factors (Agg and 
Col2α1) and thus protect the chondrocytes to some extent. On the other 
hand, the anti-inflammatory effects of the microspheres are further 
assessed by the expression of degradation factors including MMP13 and 
adamts5. The blank group treated with IL-1β has higher mRNA expres-
sion levels of MMP13 and adamts5 compared with the untreated group, 
as shown in Fig. 5c–d. There is no significant change for the GelMA and 

Fig. 5. qRT-PCR analysis shows the mRNA expression levels of (a) aggrecan, (b) Col2α1, (c) MMP13 and (d) adamts5 in the IL-1β treated chondrocytes, which are co- 
cultured with the GelMA, GelMA@DMA-MPC and GelMA@DMA-MPC@DS hydrogel microspheres for 24 h (n = 3, * and # represent P < 0.05 by comparing with the 
control and blank groups, respectively). 
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GelMA@DMA-MPC groups in comparison with the blank group. In 
contrast, the IL-1β treated chondrocytes that are co-cultured with 
GelMA@DMA-MPC@DS show remarkable down-regulation of MMP13 
and adamts5, which clearly indicates the anti-inflammatory effect of 
GelMA@DMA-MPC@DS for chondrocytes degeneration. Overall, the 
results of up-regulation of anabolic factors (Agg and Col2α1) and down- 
regulation of pro-inflammatory factors (MMP13 and adamts5) demon-
strate that GelMA@DMA-MPC@DS possesses the desirable chon-
droprotective potential for inflammation-induced chondrocytes 
degeneration. However, it should be noted that no significant 
improvement is observed for the GelMA@DMA-MPC group in regulating 
the gene expressions compared with the blank group, because no 
lubrication effect is involved in the current in vitro evaluation. 

Furthermore, the chondrocytes were treated for 

immunofluorescence staining assay to verify the regulation effect of the 
hydrogel microspheres on the inflammatory factors. The representative 
fluorescence images in Fig. 6a visually display the protein expression of 
Col2α1 in chondrocytes via fluorescence intensity. After treatment with 
IL-1β, a significant reduction is observed in the blank group, and there is 
no significant difference in the GelMA and GelMA@DMA-MPC groups. 
However, the GelMA@DMA-MPC@DS group remarkably increases the 
expression of Col2α1 at the protein level. Moreover, the corresponding 
statistical analysis in Fig. 6b quantitatively shows the effect with the 
increase of anabolic protein expression in the inflammatory chon-
drocytes, which is consistent with the qRT-PCR characterization as 
mentioned above. These results further support that GelMA@DMA- 
MPC@DS is the most effective biomaterial to protect the chondrocytes 
from inflammation-induced degeneration. 

Fig. 6. (a) Representative immunofluorescence 
staining images display the protein expression level 
of collagen II in the IL-1β treated chondrocytes, 
which are co-cultured with the GelMA, 
GelMA@DMA-MPC and GelMA@DMA-MPC@DS 
hydrogel microspheres for 12 h. Green: collagen 
II; Blue: cell nuclei; Red: cell F-actin. (b) The 
quantitative data show the comparison of protein 
expression level of collagen II via fluorescence in-
tensity. (n = 3, * and # represent P < 0.05 by 
comparing with the control and blank groups, 
respectively).   

Fig. 7. The functionalized GelMA microspheres 
reduce the joint space narrowing in vivo. (a) 
Representative X-ray radiographs of knee joint for 
five groups of rats at 1 and 8 weeks after the DMM 
surgery, which receive intra-articular injection of 
PBS, GelMA, GelMA@DMA-MPC and 
GelMA@DMA-MPC@DS for the treatment of oste-
oarthritis. The relative articular space width of 
different groups at (b) 1 week and (c) 8 weeks after 
the DMM surgery, which is determined from the X- 
ray radiographs. (n = 5, * and # represent P < 0.05 
by comparing with the sham and PBS groups, 
respectively).   
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3.7. Therapeutic effect of osteoarthritis in vivo 

To characterize the therapeutic effect of GelMA@DMA-MPC@DS on 
OA in vivo, the rat OA model was first established by DMM surgery ac-
cording to a previous study [33]. One week later, different groups of rats 
were intra-articularly injected with PBS, GelMA, GelMA@DMA-MPC or 
GelMA@DMA-MPC@DS once every two weeks for a total of 8 weeks, 
respectively. X-ray radiograph and histological staining assay were 
performed to evaluate the therapeutic effect on OA. All the rats survived 
well and no infection was observed during the whole experiment. 

Fig. 7a shows the representative X-ray radiographs of the rat knee 
joints at 1 and 8 weeks after the DMM surgery. It is clear that the 
morphologies of all rat knee joints are normal at 1 week after the sur-
gery, and it is similar in the articular space width among different 
groups, which is also illustrated by the histogram (relative to sham 
group) in Fig. 7b. The articular space widths of the four experimental 
groups become narrower at 8 weeks after the surgery, while it remains 
relatively unchanged in the sham group. This result indicates the suc-
cessful establishment of the OA model by the DMM surgery. Impor-
tantly, the articular space width of the GelMA@DMA-MPC group is 
much higher than that of the GelMA group, although there is no sig-
nificant difference between the GelMA group and the PBS group. The 
result indicates that the involvement of the copolymer with lubrication 

property is beneficial to inhibit the development of OA. Moreover, a 
relatively larger articular space width is observed for the GelMA@DMA- 
MPC@DS group compared with that of the GelMA@DMA-MPC group 
(Fig. 7c), which indicates that GelMA@DMA-MPC@DS has a better in-
hibition effect of OA owing to the synergetic contribution of enhanced 
lubrication and sustained drug release. 

To further determine whether the hydrogel microspheres would 
delay the progression of OA, the cartilage tissues were performed with 
histological staining assay including hematoxylin-eosin (H&E) staining 
and safranin O-fast green staining. As shown in Fig. 8a, it’s clear that the 
PBS group presents typical features of osteoarthritis such as surface 
discontinuity, erosion fissures and deformation. The GelMA group dis-
plays no significant difference compared with the PBS group. However, 
in comparison with the GelMA group, the GelMA@DMA-MPC and 
GelMA@DMA-MPC@DS groups demonstrate significant improvement 
in morphology change, tidemark integrity, matrix staining and tissue 
cellularity with cloning in varied degrees. Similarly, the GelMA@DMA- 
MPC@DS group is also considered as the most effective material in 
safranin O-fast green staining due to the most intense positive staining. 
Importantly, it is noted that the depth of cartilage lesions (Fig. 8b) of the 
GelMA@DMA-MPC and GelMA@DMA-MPC@DS groups decrease 
greatly compared with the PBS group (24.1% and 34.9%, respectively), 
which indicates that intra-articular injection of functionalized 

Fig. 8. The functionalized GelMA microspheres delay the progression of osteoarthritis in vivo. (a) Representative images of H&E staining and Safranin O-fast green 
staining in the histological staining assay display the histological changes in various degrees of cartilage section for different groups of rats at 8 weeks after the DMM 
surgery. The black arrow shows erosion fissures, and the black triangle represents tissue cellularity with cloning. (b) The corresponding depth of cartilage lesions, (c) 
relative GAG content and (d) OARSI score of articular cartilage in different groups of rats. (n = 5, * and # represent P < 0.05 by comparing with the sham and PBS 
groups, respectively). 

Y. Han et al.                                                                                                                                                                                                                                     



Bioactive Materials 6 (2021) 3596–3607

3606

microspheres can effectively prevent the deterioration of cartilage tear. 
Although there is a significant reduction for the four experimental 
groups in comparison with the sham group, the GAG contents of the 
three microspheres groups all increase compared with the PBS group. 
The GelMA@DMA-MPC@DS group exhibits the best result in GAG 
content among the four experimental groups, with 50.5% increase 
relative to the PBS group as shown in Fig. 8c. The finding suggests that 
GelMA@DMA-MPC@DS protects articular cartilage via promoting GAG 
deposition and maintaining cartilage thickness. Additionally, the 
GelMA@DMA-MPC@DS group also has the lowest value of OARSI score 
among the four experimental groups (Fig. 8d). In summary, the pro-
gression of OA has been inhibited at the greatest level in the 
GelMA@DMA-MPC@DS group, as evidenced by the significant 
improvement in GAG deposition and cartilage morphology, and also by 
the reduction of the depth of cartilage lesions, OARSI score and cartilage 
matrix depletion. The results together indicate that the functionalized 
hydrogel microspheres have the most promising therapeutic effect for 
the treatment of OA based on the synergistical effect of enhanced 
lubrication and sustained drug release. Additionally, it is shown in our 
previous study that DMA (contained in DMA-MPC) has potential anti- 
inflammatory property, which can act as reactive oxygen species 
(ROS) scavenger to efficiently eliminate the ROS radicals [41]. The ef-
fect is attributed to the antioxidant function of the hydroquinone moiety 
in DMA, and it may contribute to the treatment of OA for the func-
tionalized hydrogel microspheres. 

4. Conclusions 

In the present study, inspired by the properties of self-adhesive 
mussel and super-lubricating cartilage, we innovatively designed and 
synthesized injectable GelMA@DMA-MPC microspheres with a combi-
nation of biomimetic lubrication coating and drug delivery vehicle. The 
lubricated microspheres were encapsulated with DS for the treatment of 
OA. The GelMA@DMA-MPC@DS could protect articular cartilage and 
alleviate inflammation owing to the enhanced lubrication and sustained 
drug release, which were proved by the lubrication and drug release 
tests. Additionally, the in vitro cell tests demonstrated that the biocom-
patible microspheres significantly upregulated the expression levels of 
cartilage anabolic genes and simultaneously downregulated the 
expression levels of cartilage catabolic proteases genes. Furthermore, 
the in vivo experiments revealed that all the indicators of the 
GelMA@DMA-MPC@DS group were at the highest level in OA treat-
ment, which indicated that the functionalized microspheres provided 
positive therapeutic effect against the development of OA. In conclusion, 
the functionalized microspheres developed herein have the potential to 
be a promising method for inhibiting the degenerative changes in early 
OA, yet further animal and ultimately human studies are necessary 
before the microspheres are authentically used for the treatment of OA 
in clinics. 
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