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Abstract: Osteoarthritis is associated with the significantly increased friction of the joint, which results in
progressive and irreversible damage to the articular cartilage. A synergistic therapy integrating lubrication
enhancement and drug delivery is recently proposed for the treatment of early-stage osteoarthritis. In the present
study, bioinspired by the self-adhesion performance of mussels and super-lubrication property of articular
cartilages, a biomimetic self-adhesive dopamine methacrylamide—poly(2-methacryloyloxyethyl phosphorylcholine)
(DMA-MPC) copolymer was designed and synthesized via free radical polymerization. The copolymer was
successfully modified onto the surface of biodegradable mesoporous silica nanoparticles (bMSNs) by the
dip-coating method to prepare the dual-functional nanoparticles ((MSNs@DMA-MPC), which were evaluated
using a series of surface characterizations including the transmission electron microscope (TEM), Fourier
transform infrared (FTIR) spectrum, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy
(XPS), etc. The tribological test and in vitro drug release test demonstrated that the developed nanoparticles
were endowed with improved lubrication performance and achieved the sustained release of an anti-
inflammatory drug, i.e., diclofenac sodium (DS). In addition, the in vitro biodegradation test showed that the
nanoparticles were almost completely biodegraded within 10 d. Furthermore, the dual-functional nanoparticles
were biocompatible and effectively reduced the expression levels of two inflammation factors such as
interleukin-13 (IL-1f) and interleukin-6 (IL-6). In summary, the surface functionalized nanoparticles with
improved lubrication and local drug release can be applied as a potential intra-articularly injected biolubricant
for synergistic treatment of early-stage osteoarthritis.

Keywords: surface functionalization; phosphorylcholine coating; mesoporous silica nanoparticles; hydration
lubrication; osteoarthritis

1 Introduction with severe articular cartilage wear and joint capsule

inflammation [1-5]. It is caused by the irreversible
Osteoarthritis is a typical chronic joint disease featured ~ reduction in the lubrication performance of synovial
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fluid and progressive degradation of cartilage matrix,
such as the loss of glycosaminoglycan, occurrence of
tissue fibrosis, and increased surface roughness, which
ultimately results in the development of osteoarthritis
[6-10]. An amount of people worldwide suffer from
osteoarthritis every year, and it has become one of
the major diseases that affects the quality of life for
the patients in orthopedics [11, 12]. Currently,
artificial joint replacement is recommended in clinics
to treat end-stage osteoarthritis, but the patients often
experience aseptic loosening of the implants after the
surgery, which can accelerate the production of wear
debris from the femoral component and eventually
results in the functional failure of this surgery [13].
On the other hand, the treatment for early-stage
osteoarthritis is usually oral administration of some
common anti-inflammatory drugs, such as ibuprofen,
meloxicam, etc. However, as there are insufficient
blood vessels in the articular cartilage, the drugs cannot
reach the joint cavity through blood circulation
effectively. Therefore, it is difficult for these anti-
inflammation drugs to be absorbed, making the
therapeutic effect of osteoarthritis treatment usually
unsatisfactory [14, 15]. Based on the above considerations,
the local intra-articular injection of nanocarriers with
pre-encapsulated anti-inflammatory drugs into the
joint represents an alternative strategy. The intra-
articular drug delivery offers the advantages of
increased local drug concentration, reduced systemic
exposure, and fewer adverse effects compared with
previous treatment of oral drug administration [16].
Therefore, the development of a novel protocol for
achieving enhanced joint lubrication and local drug
delivery is of great importance for the treatment and
prevention of early-stage osteoarthritis.

The natural articular cartilage is a well-known system
with super-lubrication property, and the cartilage
matrix consists of a large number of collagen fibers and
proteoglycans. Articular cartilage functions together
with the synovial fluid in the joint cavity to ensure
that the joint can bear high physiological pressures
with an extremely small coefficient of friction (COF,
0.001-0.01) [17-21]. The excellent lubrication behavior
of articular cartilage is owing to a synergistic
interaction of the biomolecules including hyaluronic
acid, aggrecan, proteoglycan, and phosphatidylcholine,

and the lubrication mechanism is developed by
Klein [22] to be hydration lubrication. On the other
hand, among the different kinds of drug nanocarriers,
biodegradable mesoporous silica nanoparticles (bMSNs)
are a commonly used inorganic nanomaterial with
superior advantages such as large specific surface
area, adjustable pore size, good biocompatibility, easy
surface modification, and biodegradability [23-25].
To enhance the lubrication performance of bMSNs,
a surface modification method can be employed
to graft lubrication molecules onto the surface
of the nanoparticles. Poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC) is a typical polymer with
similar zwitterionic charges (i.e., N'(CH;); and PO,)
as the phosphatidylcholine lipids in articular cartilage,
which can attract as many as up to 15 water molecules
around the phosphorylcholine groups. Accordingly,
the tenacious hydration layer formed between two
contact surfaces results in a significant reduction in
the COF value even at high contact pressures [26].
Nowadays, similar zwitterionic polymers have been
grafted onto hyaluronic acid [27], mesoporous silica
nanoparticles [28, 29], arginine-glycine—aspartic
acid [30], and other materials in order to improve the
lubrication performance of the material. However, it
is considered that a facile surface functionalization
strategy has not been investigated to modify
bioinspired coating onto the surface of bMSNs in
previous studies.

Surface coating and modification technology have
been shown to reduce friction and enhance lubrication
for a wide range of materials [31]. Based on the
research reported by Lee et al. [32], the catechol and
amine groups in the mussel proteins can self-adhere to
almost all types of inorganic and organic substrates.
As a consequence, dopamine, a dihydroxyphenylalanine
derivative with similar adhesion behavior to that
of mussels, has attracted considerable attention in
recent years [33]. Dopamine is chemically active for
further synthesis of dopamine-based self-adhesive
materials, and there are a large number of hydrogen
bonding between donor/acceptor groups that can form
relatively strong interactions during the deposition
process onto the surface of the substrates [34]. Herein,
bioinspired from the self-adhesion performance of
mussel and super-lubrication property of articular
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cartilage, we developed a biomimetic self-adhesive
copolymer via free radical polymerization employing
dopamine methacrylamide—poly(2-methacryloyloxyethyl
phosphorylcholine) (DMA-MPC). As displayed in
Fig. 1, the DMA-MPC copolymer was coated on the
surface of bMSNs due to the formation of hydrogen
bonds between the hydroxyl groups in bMSNs and
the phenolic hydroxyl groups in DMA-MPC, and
afterwards an anti-inflammation drug of diclofenac
sodium (DS) was loaded into the nanoparticles to
prepare bMSNs@DMA-MPC-DS. Consequently,
the dual-functional nanoparticles not only greatly
enhanced lubrication property but also were endowed
with a sustained drug delivery to achieve the anti-
inflammation propose. It was anticipated that the
nanoparticles developed herein with the performances
of improved lubrication and drug release might be
served as a potential intra-articular agent for early-
stage osteoarthritis treatment.

2 Materials and methods

2.1 Materials and reagents

Cetyltrimethylammonium chloride (CTAC) solution
and cyclohexane were purchased from Senrise
Technology Co., Ltd., Anqging, China. Tetraethyl
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orthosilicate (TEOS), triethanolamine (TEA), DS, and
hydrochloric acid were purchased from J&K Scientific
Co., Ltd., Beijing, China. 2,2'-azodiisobutyronitrile
(AIBN) and sodium pyroborate were purchased
from Aladdin Bio-Chem Technology Co., Ltd.,
Shanghai, China. Deuterated water (D,O) was
purchased from InnoChem Co., Ltd, Beijing, China.
Tris(hydroxymethyl)aminomethane hydrochloride
(Tris-HCl) buffer (pH = 8.5) and simulated body
fluid (SBF, pH = 6.0) were purchased from Beijing
Solarbio Science & Technology Co., Ltd., Beijing,
China. Methanol and phosphate buffered saline (PBS)
solution (pH = 7.4) at a concentration of 10 mM
were purchased from Shanghai Titan Scientific Co.,
Ltd., Shanghai, China. Thin carbon support film was
purchased from Beijing Zhongjingkeyi Technology
Co., Ltd., Beijing, China. 2-MPC was purchased from
Joy-Nature Corp., Nanjing, China. Ethyl acetate,
magnesium sulfate, and petroleum ether were purchased
from Modern Oriental Technology Development Co.,
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purchased from Sigma, USA. Live & dead viability
and cytotoxicity assay kit was purchased from Nanjing
Keygen Biotech Co., Ltd., Nanjing, China. Alpha-
minimum essential medium (a-MEM) was purchased
from Thermo Fisher Scientific Co., Ltd. Beijing,
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Fig. 1 Schematic image exhibiting the preparation of dual-functional nanoparticles of bMSNs@DMA-MPC-DS with improved
lubrication and sustained drug release for early-stage osteoarthritis treatment.
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(ELISA) kit was purchased from Beijing 4A
Biotech Co., Ltd., Beijing, China. Fetal bovine serum
was purchased from Life Technologies Pty Ltd.,
Australia. Cell Counting Kit-8 (CCK-8) was purchased
from New Cell & Molecular Biotech Co., Ltd., Suzhou,
China.

2.2 Synthesis of bMSNs

The synthesis of bMSNs was based on the procedure
as described in the previous study [35]. Briefly,
CTAC (120 mL), TEA (0.9 g), and deionized water
(180 mL) were mixed and stirred continuously for 1 h
at 60 °C. Subsequently, a mixture of TEOS (5 mL) and
cyclohexane (95 mL) was added, and the solution
was further stirred at 60 °C for 62 h. The bMSNs
containing CTAC template were collected via
centrifugation (8,000 r/min), followed by condensation
and reflux in acidic methanol for 24 h at 60 °C, and
finally dried in vacuum in order to obtain the
nanoparticles.

2.3 Synthesis of DMA-MPC

The copolymer of DMA-MPC was prepared according
to the procedure as described in our previous study
[33]. Briefly, a mixture of DMA (0.2 g), MPC (0.8 g),
and triggering agent AIBN (3 mg) were dissolved in
N,N-dimethylformamide (50 mL) and then stirred
continuously in an atmosphere of N, for 24 h at
65 °C. The product was dialyzed in the dialysis bags
(molecular weight cutoff: 1,000 Da) for 3 d and finally
lyophilized to obtain the white powder. Similarly,
the DMA-MPC copolymers with various mass ratios
(DMA:MPC =1:1 and 4:1) were also prepared.

2.4 Preparation of bPMSNs@DMA-MPC

The synthesis of bMSNs@DMA-MPC was based on
the method previously reported in our study [36].
Briefly, DMA-MPC copolymer (40 mg) and bMSNs
solid powder (20 mg) were homogeneously dispersed
in Tris-HCI (10 mL) and stirred continuously for
24 h at room temperature. The product was obtained
via centrifugation and washed by a large amount of
deionized water to remove the unattached copolymer
on the surface. Finally, the solid powder of
bMSNs@DMA-MPC was freeze-dried in a freeze-
dryer.

2.5 Material characterizations

The 'H nuclear magnetic resonance (NMR) spectrum
for the copolymer of DMA-MPC was recorded using
a spectrometer (AVANCE III, Bruker, Germany)
with D,O as the solvent. The molecular weight
distribution of the DMA-MPC copolymer with different
ratios was obtained utilizing a gel permeation
chromatography (GPC) device (Viscotek TDA305max,
Malvern Instruments, UK) at the flow rate of 0.7 mL/min
with sodium nitrate (0.1 M) as the diluent. The surface
feature of bMSNs and bMSNs@DMA-MPC was
observed by the transmission electron microscope
(TEM; HT7800, Hitachi, Japan) operated at the
acceleration voltage of 80 kV. Prior to the TEM
measurement, the powder nanoparticles were
uniformly dispersed in deionized water, and dried
on a Cu mesh. The zeta potentials of bMSNs,
DMA-MPC, and bMSNs@DMA-MPC associated with
the hydrodynamic diameters of the nanoparticles were
analyzed using a particle size analyzer (Zetasizer
Nano 7590, Malvern Instruments, UK), which was
calculated by the dynamic light scattering (DLS)
technique. The Fourier transform infrared (FTIR)
spectra for bMSNs and bMSNs@DMA-MPC were
recorded via the FTIR spectrometer (Vertex 70,
Bruker, Germany) at a wavelength range of
600-4,000 cm™. The thermogravimetric analyses of
bMSNs and bMSNs@DMA-MPC were evaluated
using a thermogravimetric analysis (TGA) instrument
(Q5000IR, TA Instruments, USA) at the heating rate of
10 °C/min over a temperature range of 25-820 °C. The
values of pore volume and specific surface area for
bMSNs and bMSNs@DMA-MPC were obtained using
a nitrogen adsorption—desorption system (NOVA 4000,
Quantachrome Instruments, USA) by the Barrett-
Joyner-Halenda (BJH) and Brunauer-Emmett-Teller
(BET) models. The surface elemental compositions for
the bMSNs and bMSNs@DMA-MPC nanoparticles
were examined employing an X-ray photoelectron

spectrometer (PHI5300, Physical Electronics, USA).
2.6 Rheological test

The rheological property of the bMSNs@DMA-MPC
nanoparticles was tested utilizing a Physica MCR302
rheometer (Anton Paar, Austria), which was equipped
with a module of cone-and-plate configuration. Briefly,
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the aqueous suspensions of bMSNs@DMA-MPC (1:4)
nanoparticles at various concentrations (1, 2, and
5 mg/mL) were prepared, and 1 mL of the aqueous
suspension was added drop by drop on the surface
of the plate. The range of shear rate was set from
10 to 8,000 s}, and the shear stress vs. shear rate curve
and viscosity vs. shear rate curve were recorded under
the shearing mode.

2.7 Tribological test

The tribological test was conducted to examine the
lubrication behavior of the bMSNs and bMSNs@DMA-
MPC nanoparticles employing a universal material
tester (UMT-5, Centre for Tribology Inc.,, USA)
under a reciprocating mode (amplitude of oscillation:
4 mm). The aqueous suspensions of bMSNs and
bMSNs@DMA-MPC (1:4, 1:1, and 4:1) with various
concentrations (1, 2, and 5 mg/mL) were prepared
and tested. The upper specimen was a poly-
tetrafluoroethylene (PTFE) ball (diameter: 8 mm), and
the lower specimen was a highly-polished Ti6Al4V
sheet, which slid against the PTFE during the test.
The tribological tests were conducted under different
loadings (1, 2, and 3 N) and different reciprocating
frequencies (1, 2, and 3 Hz), and each test was lasted
for 10 min. The final COF, which was assigned as the
lateral loading divided by the normal loading, was
calculated as the average of three measurements
obtained from various locations on the Ti6Al4V sheet.
Additionally, the Hertz contact theory was used to
calculate the apparent maximum contact pressure by
Eq. (1) for ball-on-flat contact.

p:l I 6F (1)
TT

i/(l—ﬂf 1—5}2 :
—+—=* R
El EZ

In Eq. (1), P was the contact pressure (MPa), F was
the applied loading (1, 2, and 3 N), R was the radius
of the PTFE ball (4 mm), x, and u, were the Poisson’s
ratios of PTFE (0.3) and Ti6Al4V (0.3), respectively,
and E; and E, were the elastic moduli of PTFE (0.5
GPa) and Ti6Al4V (110 GPa), respectively. Accordingly,
the maximum contact pressures were calculated as

15.4 MPa (1 N), 19.3 MPa (2 N), and 22.1 MPa (3 N).
The comparison of lubrication performance between
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the bMSNs and bMSNs@DMA-MPC nanoparticles
was further examined by the tribological test with
extended time duration (30 min) under a concentration
of 1 mg/mL, a contact pressure of 22.1 MPa, and a
reciprocating frequency of 1 Hz. The surface morphology
of the wear zone on the Ti6Al4V surface was
investigated utilizing an optical interferometer
(Nexview, ZYGO, USA) after the tribological test.

2.8 Inwvitro drugloading and release test

The in vitro drug loading and release test was
performed to examine the sustained drug release
property of the nanoparticles. Briefly, PLMSNs@DMA-—
MPC (1:4, 60 mg) and DS (10 mg) were sonicated and
homogeneously dispersed in PBS (10 mL), and then
stirred for 24 h at room temperature. The nanoparticles
were collected via centrifugation for 10 min (8,000 r/min),
washed sufficiently with deionized water, and freeze-
dried to obtain the drug-loaded nanoparticles (i.e.,
bMSNs@DMA-MPC-DS). Additionally, the standard
curve was previously measured by collecting the
absorbance value of DS with a range of concentrations
(0.01, 0.02, 0.03, 0.04, and 0.05 mg/mL) in PBS utilizing
a spectrophotometer (UV-8000, Metash Instruments,
China) at the wavelength of 276 nm. The equation of
the fitted standard curve was Y = 20.218X - 0.0095,
where Y and X were the absorbance and concentration
of the solution, respectively. The drug loading capacity
(LC) as well as encapsulation efficiency (EE) of the two
nanoparticles was calculated based on Egs. (2)—(4):

Mass of encapsulated drug
Mass of drug-loaded bMSNs

LC =

bMSNs

x 100% (2)

LC

bMSNs@DMA -MPC
Mass of encapsulated drug

" Mass of drug-loaded bMSNs@DMA —MPC

x 100%

©)

_ Mass of encapsulated drug
Mass of added drug

EE

x 100%  (4)

The drug-loaded nanoparticles without surface coating
(bMSNs-DS) were prepared similarly based on the
above procedure.

The drug release behavior of DS from the
nanoparticles was investigated by a dialysis bag
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diffusion test, which was lasted for a duration of 80 h.
Briefly, bMSNs-DS (30 mg) and bMSNs@DMA-MPC
(1:4)-DS (30 mg) were sonicated and uniformly
dispersed in PBS (6 mL). Afterwards, the suspensions
(2 mL) of bMSNs-DS and bMSNs@DMA-MPC
(1:4)-DS were packed into a dialysis bag with a
molecular weight cutoff of 8,000-10,000 and immersed
in 98 mL of PBS to form the 100 mL drug release
solution for dialysis at 37 °C. At pre-determined
time intervals, the medium (2 mL) was removed
from the solution outside the dialysis bag, and then
fresh PBS (2 mL) was supplemented. The absorbance
value of the removed solution was measured at a
wavelength of 276 nm using the spectrophotometer,
and finally the cumulative drug release vs. time curve
was plotted.

2.9 Invitro biodegradation test

The in vitro biodegradation test of the bMSNs and
bMSNs@DMA-MPC nanoparticles was performed
based on the procedure reported in the previous
study [37]. Briefly, 5 mg of bMSNs and 5mg
bMSNs@DMA-MPC (1:4) were uniformly dispersed
in 20 mL SBF and then incubated in a shaker for
0,1, 5 and 10 d at 37 °C. At predetermined time
intervals, 100 uL of the aqueous suspensions were
removed, and the nanoparticles were collected via
centrifugation. An equal volume of fresh SBF was
supplemented to the original solution, and the
degradation of the nanoparticles was characterized
using the TEM for morphological observation. In
addition, the lubrication performance of the bMSNs
and bMSNs@DMA-MPC (1:4) nanoparticles incubated
with SBF at different time intervals was investigated
using the universal materials tester. The tribological
test was performed under the following conditions:
concentration (1 mg/mL), reciprocating frequencies
(1 Hz), and contact pressure (22.1 MPa), each for a
duration of 10 min.

210 In vitro biocompatibility

The cytotoxicity and live/dead staining assays were
performed to evaluate the in vitro biocompatibility of
the bMSNs and bMSNs@DMA-MPC nanoparticles to
determine whether the nanoparticles were suitable
for intra-articular application [38, 39]. MC3T3-E1

cells were used, and cytotoxicity was assessed by
CCK-8 and live/dead cell staining assays. Briefly, the
MC3T3-E1 cells were cultured in a-MEM, which
was supplemented with fetal bovine serum (10%).
The cells were kept in an incubator maintaining at
37 °C, 5% CO,, and 95% humidity. The MC3T3-E1 cells
were passaged every 3 d, and the culture medium
was replaced everyday. The MC3T3-E1 cells were
incubated in 96-well plates at a density of 3x10° cell/well
for 24 h, followed by the addition of bMSNs and
bMSNs@DMA-MPC (1:4). The cells were cultured with
various concentrations of bMSNs and bMSNs@DMA-
MPC (1:4) (0.05-1.0 mg/mL) for 24 h in order to
examine the effect of concentration on cytotoxicity.
Afterwards, the concentration of 0.05 mg/mL was
selected as the value to investigate the cytotoxicity of
the nanoparticles on 1, 3, and 5 d. Cytotoxicity was
evaluated by the CCK-8 assay. Generally, 100 pL of
the CCK-8 solution (10%) was added to each well,
and then cultured for 2 h. The absorbance value of
the solution was recorded utilizing a microplate
reader (FLUOstar Omega, BMG LABTECH, Germany)
at the wavelength of 450 nm. The viability of the
MC3T3-E1 cells after culturing with 0.05 mg/mL of
bMSNs and bMSNs@DMA-MPC (1:4) for 1, 3, and
5 d was examined employing the live/dead cell
staining kit. Briefly, the MC3T3-E1 cells were incubated
in 6-well plates at a density of 3x10° cell/well.
Following incubation with 0.05 mg/mL of bMSNs
and bMSNs@DMA-MPC (1:4) for 1, 3, and 5 d, the
cells were stained by the cell dye for 15 min, and then
imaged utilizing a laser scanning confocal microscope
(LSM-800, Zeiss, Germany).

2,11 Anti-inflammation evaluation

The anti-inflammatory test of the bMSNs and
bMSNs@DMA-MPC nanoparticles was performed
based on the procedure reported in the previous
study [40]. The inflammation factors secreted by the
macrophages were detected using the ELISA.
Briefly, macrophages (RAW 264.7) were seeded in
6-well plates with a density of 1x10° cell/well, and
then incubated overnight. The cell culture medium
was removed after induction of activation by LPS.
Roswell park memorial institute (RPMI) medium
1640 containing the same concentrations of the
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nanoparticles including bMSNs, bMSNs@DMA-MPC
(1:4), bMSNs-DS, bMSNs@DMA-MPC (1:4)-DS, and
the same volume of medium 1640 were used to
incubate with the activated macrophages. After
incubation for 24 h, the cell supernatant was collected
following centrifugation, and the levels of the
inflammation factors, such as interleukin-1f3 (IL-1f3)
and interleukin-6 (IL-6), were measured using
the ELISA kit, and the controls without bMSNs,
bMSNs@DMA-MPC  (1:4), bMSNs-DS, and
bMSNs@DMA-MPC (1:4)-DS were tested for
comparison.

212 Statistical analysis

The quantitative data were shown as average
value + standard deviation, and the similar independent
experiments were performed repeatedly for at least
three times in order to validate the results. Statistical
analysis was conducted by the GraphPad Prism
software (GraphPad Software Inc.,, USA), and the
statistical significance was indicated as "P < 0.05.

3 Results and discussion
3.1 Synthesis and characterizations of DMA-MPC

The 'H NMR spectra of the DMA-MPC copolymer
with different mass ratios are shown in Fig. 2(a). The
chemical shifts at 7.85 and 6.79 ppm are attributed
to the signals in DMA, and the chemical shift at
3.11 ppm is assigned to the signals in MPC [41, 42].
The molecular weight (M,,) for the copolymer of
DMA-MPC with various mass ratios is displayed
in Fig. 2(b), which is calculated to be 855.834,
660.706, and 760.568 kDa. The results of NMR and
GPC demonstrate that the DMA-MPC copolymer
has been synthesized successfully via free radical
polymerization.

3.2 Synthesis and  characterizations  of

bMSNs@DMA-MPC

The representative TEM images of bMSNs and
bMSNs@DMA-MPC (1:4) are shown in Figs. 3(a) and
3(b), respectively. The morphology of the nanoparticles
indicates that bMSNs and bMSNs@DMA-MPC are
dendritic in shape with uniform size and good
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Fig. 2 Characterizations of the DMA-MPC copolymer with various
mass ratios: (a) 'H NMR spectra and (b) GPC chromatogram
analysis.

dispersion, and the average size is about 200 nm.
After modification by the DMA-MPC copolymer,
the surface of bLMSNs@DMA-MPC becomes slightly
blurred [43]. Figure 3(c) shows the zeta potential
measurements of the two nanoparticles. The bMSNs
have a negative zeta potential value of -22.1 mV, which
is attributed to the presence of a large number of
negatively-charged hydroxyl groups on the surface.
The zeta potential values of DMA-MPC (1:4) and
bMSNs@DMA-MPC (1:4) are -6.32 and -36.3 mV,
respectively, indicating that following surface coating,
the nanoparticles are still negatively charged [44]. It is
considered that the nanoparticles can maintain high
colloidal stability when the zeta potential is below
-30 mV [45]. The hydrodynamic diameters of the two
nanoparticles are shown in Figs. 3(d) and 3(e), where
the values for bMSNs and bMSNs@DMA-MPC (1:4)
are 274.7 and 518.4 nm, respectively. The hydrodynamic
diameter of bMSNs@DMA-MPC is larger than that of
bMSNs due to the surface coating of the DMA-MPC
copolymer, and these values are higher than the
corresponding measurements from the TEM images
owing to the hydration effects of the zwitterionic
polymers [46]. Figure 3(f) demonstrates the FTIR
spectra of the nanoparticles. Compared with the
spectrum of bMSNs, the peak at 3,345 cm™ for

i/ﬂ% l:f% é Hﬂi @ Springer | https://mc03.manuscriptcentral.com/friction



Friction 11(7): 11941211 (2023)

1201

(a) (b)

bMSNs bMSNs@DMA-MPC

(c) g DMA-MIPC

 —

|
-
=

=20

Zeta potential (mV)
L
=

—40

(d) » | I bMSNs

%)
=3
)
3

—
o

Intensity (%)
un ;

—
[ -
=
—
[

Intensity (%)

0

Q) Diameter (nm) ’ (h)

I bMSNs@DMA—-MPC

10 100
Diameter (nm)

C

v
1,7211,480
1,236 | /962

7
3,345 2,935

Transmittance

——bMSNs

——bMSNs@DMA—-MPC (]/6’0

o0 4,000 3,000 2,000 1,000
(i) Wavenumber (cm™")
=

—=—bMSNs

[
=3
S

——bMSNs
bMSNs@DMA—-MPC

F
=
=

Quantity adsorbed «cm3/g)
. r
5

—+— bMSNs@DMA—MPC

: ——bMSNs
E 0201 pMSNs@DMA—MPC

T T 0
200 400 600 800 0.0
Temperature (°C)

Relative pressure (p/pg)

Pore diameter (nm)

Fig. 3 Characterizations of the bMSNs and bMSNs@DMA-MPC (1:4) nanoparticles. TEM images of (a) bMSNs and
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hydrodynamic diameters for (d) bMSNs and (¢) bMSNs@DMA-MPC in aqueous medium at 25°C. (f) FTIR spectra, (g) TGA curves,
(h) N, adsorption—desorption isotherms, and (i) pore size distributions of bMSNs and bMSNs@DMA-MPC.

bMSNs@DMA-MPC (1:4) belongs to the stretching
vibration of -NH or phenyl -OH in DMA-MPC [47].
The peak at 2,935 cm™ corresponds to the stretching
vibration absorption band of alkane hydrogen.
Additionally, the peaks at 1,721 and 1,480 cm™ are
assigned to the stretching vibration of the ester group
and the —-CH in the quaternary ammonium group,
respectively [48]. The absorption band of Si-O-5i is
located at 1,060 cm™, and the stretching vibrations
of P=O and P-O are detected at 1,236 and 962 cm’,
respectively [28]. The above surface characterizations
indicate that the DMA-MPC copolymer has
been modified successfully on the surface of the
nanoparticles.

To examine the weight percentage of the DMA-MPC
copolymer in the nanoparticles, the TGA is performed
for bMSNs and bMSNs@DMA-MPC (1:4), and the
results are shown in Fig. 3(g). It is clear from the TGA
curves of the nanoparticles that the weight loss of
bMSNs is 11.78%, which is probably due to the
removal of the adsorbed water and the dehydrated

hydroxyl groups on the surface [49]. The weight loss
of bMSNs@DMA-MPC (1:4) is 37.99%, and therefore
the content of the DMA-MPC copolymer coating in
bMSNs@DMA-MPC is calculated as about 29.71%.
Nitrogen adsorption/desorption isotherm is used to
characterize the mesoporous properties of the
nanoparticles, and the results of typical adsorption/
desorption isotherm and pore size distribution of
bMSNs and bMSNs@DMA-MPC (1:4) are shown in
Figs. 3(h) and 3(i), respectively. The isotherms of the
two nanoparticles can be categorized as Type IV pattern,
which is typical of mesoporous materials [37]. Based
on the BJH and BET models, the specific surface area
and pore volume of bMSNs are 866.143 m?*/g and
2.299 mL/g, respectively, which significantly decreases
to 419.178 m’/g and 0.978 mL/g for bMSNs@DMA—
MPC. Additionally, the average pore size of bMSNs is
approximately 9.487 nm, which reduces to 7.760 nm
for bMSNs@DMA-MPC. The changes in pore size, pore
volume, and specific surface area are summarized in
Table 1, and the results further indicate the presence
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Table 1 Structural properties of bMSNs and bMSNs@DMA—
MPC nanoparticles.

. SBET sz Pore size’  DLS*
Nanoparticle (m*/g) (mL/g) (nm) (nm)
bMSNs 866.143 2.299 9.487 274.7
bMSNs
@DMA-MPC 419.178 0.978 7.760 518.4

! Specific surface area;

2 Pore volume;

3 Average pore size;

4 Hydrodynamic diameter.

of DMA-MPC copolymer on the surface of the
nanoparticles, covering the mesopores and accordingly
reducing the mesopore-related parameters [50].

To evaluate the surface elemental compositions of
the nanoparticles, the X-ray photoelectron spectroscopy
(XPS) analysis of bMSNs and bMSNs@DMA-MPC
(1:4) is further conducted, and the result is shown in
Fig. 4. The binding energies of Si 2p, Si 2s, and O 1s
in bMSNs are observed at 102.4, 152.8, and 531.9 eV,
respectively. Compared with the spectrum of bMSNs,
the new signal peaks are observed for bMSNs@DMA-—
MPC at 131.8 eV (P 2p), 191.2 eV (P 2s), and 400.8 eV
(N 1s) [17], which is attributed to the presence
of the DMA-MPC copolymer on the surface of the
nanoparticles. Additionally, the intensity of the signal
peaks for Si 2p and Si 2s is reduced, following the

modification of the surface coating [51], as displayed
in Fig. 4(a). Furthermore, the deconvolution analysis
of N 1s, P 2p, and C 1s for the bMSNs and
bMSNs@DMA-MPC nanoparticles is demonstrated
in Figs. 4(b)—4(d). Clearly, no characteristic signal
peaks of N 1s and P 2p are detected for the spectra of
bMSNs. However, there are two obvious signal peaks
of N 1s for the spectrum of bMSNs@DMA-MPC.
The binding energy at 398.5 eV corresponds to the
-NHCO- group in DMA, and the one at 400.8 eV
is attributed to the -N'(CH;); group in MPC.
In addition, the signal peak of P 2p with the binding
energy at 132.7 eV originates from the -OPOCH,-
group in MPC. Regarding the analysis of C 1s narrow
spectrum for the nanoparticles, only two signal peaks
are observed for bMSNs, and the binding energies
at 284.6 and 2872 eV are assigned to C-C/C-Si
and C-O groups, respectively [52]. For the spectra
of bMSNs@DMA-MPC, two new signal peaks are
detected with the binding energies at 285.7 and
288.6 eV, which belong to the C-N group in DMA
[42] and the C=O group of the amide bond in DMA
and ester bond in PMPC, respectively [33]. The
above analysis of XPS spectra provides further
evidence for confirming the successful modification
of the DMA-MPC copolymer on the surface of the
nanoparticles.
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Fig. 4 XPS spectra of bMSNs and bMSNs@DMA-MPC (1:4) nanoparticles. (a) Comparison of the XPS spectra between the
nanoparticles. Deconvolution analysis of the nanoparticles for (b) N 1s, (c) P 2p, and (d) C 1s.
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3.3 Rheological property and lubrication performance

An intra-articular injection of biolubricants is an
effective method commonly used for early-stage
osteoarthritis treatment [16, 53], consequently the
rheological property and lubrication behavior of
the nanoparticles are investigated in the following
experiments. Figures 5(a) and 5(b) demonstrate the
viscosity and shear stress vs. shear rate curves of the
bMSNs@DMA-MPC (1:4) aqueous suspensions with
various concentrations (1, 2, and 5 mg/mL). Within
the tested range of shear rate, the shear stress is
proportional to the shear rate, and it gradually becomes
higher with the increase in the concentration. Similarly,
the viscosity presents a slightly increasing tendency
with the increase in the concentration as well.

The lubrication performance of the bLMSNs@DMA-—
MPC aqueous suspensions with various mass ratios
of the DMA-MPC copolymer (4:1, 1:1, and 1:4) is
examined under various conditions including
concentration, contact stress, and reciprocating
frequency, and the results are shown in Figs. 5(c)-5(f).

_~
=]
—
n

(€) 025

Figure 5(c) demonstrates the comparison of COF
values between bMSNs and bMSNs@DMA-MPC
at various concentrations (1, 2, and 5 mg/mL) under
a contact stress of 22.1 MPa and a reciprocating
frequency of 1 Hz. It is clear that the COF values of
bMSNs@DMA-MPC are smaller than those of bMSNs,
which becomes slightly larger with the increase in
the concentration. This is considered to be attributed
to the agglomeration of the nanoparticles under higher
concentrations. Figure 5(d) illustrates the comparison
of COF values between bMSNs and bMSNs@DMA-
MPC at different contact stresses (15.4, 19.3, and
22.1 MPa) under a concentration of 1 mg/mL and a
reciprocating frequency of 1Hz. Clearly, the COF
values of bMSNs@DMA-MPC are much lower than
those of bMSNs, which are slightly reduced with the
increase in contact stress. It should be noted that the
COF values of bMSNs@DMA-MPC indicate a slight
decreasing trend when the mass ratio of MPC in the
DMA-MPC copolymer is higher, and the lowest value
obtained from the tribological test is about 0.018 for
bMSNs@DMA-MPC (1:4). Figure 5(e) displays the
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Fig. 5 Characterizations of the rheological properties and lubrication performances of the bMSNs and bMSNs@DMA—-MPC nanoparticles
under various experimental conditions: (a) viscosity vs. shear rate curve and (b) shear stress vs. shear rate curve for bMSNs@DMA—
MPC (1:4) at the concentrations of 1, 2, and 5 mg/mL. COF values of bMSNs and bMSNs@DMA-MPC at different conditions:
(c) concentration: 1, 2, and 5 mg/mL; contact stress: 22.1 MPa; and reciprocating frequency: 1 Hz; (d) contact stress: 15.4, 19.3, and 22.1 MPa;
concentration: 1 mg/mL; and reciprocating frequency: 1 Hz; and (e) reciprocating frequency: 1, 2, and 3 Hz; concentration: 1 mg/mL;
and contact stress: 22.1 MPa. (f) COF-time curves of bMSNs and bMSNs@DMA-MPC at a concentration of 1 mg/mL, a contact

stress of 22.1 MPa, and a reciprocating frequency of 1 Hz.
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comparison of COF values between bMSNs and
bMSNs@DMA-MPC  at
frequencies (1, 2, and 3 Hz) under a concentration of

various reciprocating
1 mg/mL and a contact stress of 22.1 MPa. Similarly,
the COF values of bMSNs are larger with the increase
in the reciprocating frequency, while the influence on
bMSNs@DMA-MPC is not quite obvious. Figure 5(f)
shows the COF vs. time plots of bMSNs and
bMSNs@DMA-MPC at the concentration of 1 mg/mL,
the contact stress of 22.1 MPa, and the reciprocating
frequency of 1 Hz. Compared with bMSNs, which
present a gradually increasing trend, the plots of
bMSNs@DMA-MPC are very stable, indicating that
bMSNs@DMA-MPC aqueous suspensions may be
used as an effective biolubricant to reduce interfacial
friction. The lubrication mechanism of bMSNs@DMA-
MPC is owing to the hydrated lubrication of the
phosphorylcholine groups in the DMA-MPC copolymer
on the surface of the nanoparticles. Specifically,
many free water molecules can surround the
phosphorylcholine groups and then form a strong
hydration shell owing to the interactions between the
water dipole and enclosed charges. The hydration
shell behaves in a fluidlike response under shear, and

() (b)

|—bMSNs
0.25 —— DMSNs@DMA—MPC(1:4)

Friction coefficient

———

0 300 600 900 1,200 1,500 1,800
Time (s)

correspondingly greatly enhances interfacial lubrication
between two sliding surfaces [22].

The lubrication performance of the bMSNs and
bMSNs@DMA-MPC nanoparticles with an extended
time duration (contact pressure: 22.1 MPa; reciprocating
frequency: 1 Hz; and concentration: 1 mg/mL) is
displayed in Fig. 6(a). It is clear from the COF vs.
time plot that the COF value of bMSNs shows a
gradually increasing trend, while the plot of
bMSNs@DMA-MPC (1:4) is stable with a relatively
lower COF value of 0.018. The surface morphology of
the wear zone on the Ti6Al4V surface is examined
using an optical interferometer, and the results are
demonstrated in Figs. 6(b)-6(e). The scratch on the
Ti6Al4V surface using bMSNs@DMA-MPC (1:4) shows
a significant reduction in both wear width and depth
(47.54 and 0.265 um) than that of bMSNs (170.3 and
2.30 pm). This indicates that the bMSNs@DMA-MPC
nanoparticles can effectively reduce surface wear
under mechanical friction. Figure 6(f) presents the
comparison of lubrication properties for the bMSNs
and bMSNs@DMA-MPC nanoparticles incubated with
SBF at different time intervals. The results indicate
that with the increase in the degradation time, the
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Fig. 6 Characterizations of the lubrication properties of the bMSNs and bMSNs@DMA-MPC nanoparticles with extended time
duration and biodegradation test conditions. (a) COF—time plots of bMSNs and bMSNs@DMA-MPC at a concentration of 1 mg/mL, a
contact stress of 22.1 MPa, a reciprocating frequency of 1 Hz, and a duration of 30 min. Surface morphologies of the wear zone on the
Ti6Al4V surface and the corresponding surface profiles across the wear scratches for (b, ¢) bMSNs and (d, ¢) bMSNs@DMA-MPC
nanoparticles. (f) COF values of the bMSNs and bMSNs@DMA-MPC nanoparticles incubated with SBF at different time intervals.
Tribological test conditions are contact pressure: 22.1 MPa; concentration: 1 mg/mL; reciprocating frequency: 1 Hz; and time: 10 min.
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average COF values of bMSNs@DMA-MPC (1:4)
(0d: 0.018; 1 d: 0.021; 5 d: 0.024; 10 d: 0.017) are much
lower than that of bMSNs (0 d: 0.134; 1 d: 0.133;
5d: 0.102; 10 d: 0.079). The decrease in the COF value
of bMSNSs is attributed to the progressive dissolution
of bMSNs over time under physiological conditions.
The bMSNs@DMA-MPC (1:4) nanoparticles maintain
excellent lubrication performance during the whole
biodegradation process, and the COF value does not
change much, which is related with the hydration
lubrication effect of the DMA-MPC coating modified
on the surface of the nanoparticles.

3.4 Invitro drug release property

As a typical anti-inflammation drug, DS has been
commonly used in previous studies for the treatment
of osteoarthritis [54]. In the present study, DS is
encapsulated into the LMSNs@DMA-MPC nanoparticles
to achieve dual-functional properties of improved
lubrication and local drug delivery. Figure 7(a) shows
the standard curve of DS measured in PBS. It is
calculated from the fitted equation of the standard
curve that the LC and EE of bMSNs@DMA-MPC (1:4)
are 8.8% and 54.7%, respectively, which are higher
than those of bMSNs (5.6% and 35.0%). This result
may be attributed to the interaction between the drug
molecule and the DMA-MPC copolymer on the
surface of the nanoparticles. Figure 7(b) exhibits the
drug release curves of the drug-loaded nanoparticles,
i.e., bPMSNs-DS and bMSNs@DMA-MPC-DS. Clearly,
bMSNs@DMA-MPC-DS prensents a sustained drug
release behavior, and the amount of released drug
is significantly smaller than that of bMSNs-DS. After
80 h, the cumulative drug release of bMSNs-DS
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104 R*=0.99948

u.)

0.8

0.6

Absorbance (a.

0
El:[“

!
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(b) 1007 —— bMSNs—DS

is 70.5%, which is much higher than that of
bMSNs@DMA-MPC-DS (39.1%).

3.5 Invitro biodegradation property

Biodegradability of implanted nanomaterials has
received considerable attention from the researchers
as a prerequisite for clinical applications [55]. To
investigate the in vitro biodegradation property of the
nanoparticles, bPMSNs and bMSNs@DMA-MPC (1:4)
are incubated in SBF at 37 °C for different time durations
until 10 d. The TEM result of the nanoparticles is
shown in Fig. 8, and it is clear that the biodegradation
behavior of the two nanoparticles is similar.
Specifically, the morphologies of the nanoparticles
are almost unchanged at day 1. However, significant
biodegradation of the nanoparticles is observed at
day 5 with an obvious reduction in the nanoparticle
size. At day 10, the size of the nanoparticles becomes
even smaller, and only a few remaining fragments
can be detected. The above result indicates that the
bMSNs@DMA-MPC nanoparticles can be completely
biodegraded within 10 d when being incubated in
SBF in vitro, which is considered to be beneficial for
biomedical applications to avoid accumulation in vivo.

3.6 In vitro cell cytotoxicity

Biocompatibility is another important matter of
concern for implanted nanomaterials, and therefore
the in wvitro cytotoxicity test of the bMSNs and
bMSNs@DMA-MPC (1:4) nanoparticles is performed
using MC3T3-E1 cells based on the live/dead staining
assay and CCK-8 assay. Figure 9(a) demonstrates
the results of live/dead staining assay for these
nanoparticles at a concentration of 0.05 mg/mL,
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Fig. 7 In vitro drug release of the bMSNs and bMSNs@DMA-MPC (1:4) nanoparticles. (a) Standard curve of DS with different
concentrations (0.01, 0.02, 0.03, 0.04, and 0.05 mg/mL) measured in PBS. (b) Drug release profiles of the nanoparticles in the PBS

at 25 °C for 80 h.
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following incubation with the cells for 1, 3, and 5 d.
The MC3T3-E1 cells are metabolically active, and few
dead cells are detected at various time durations.
Figures 9(b) and 9(c) show the results of CCK-8 assay
for the nanoparticles with various concentrations
(0.05-1.0 mg/mL) and different time durations (1, 3,
and 5 d). Under all the test conditions, the cellular
activity is above 80%, and no significant differences
are observed among the experimental groups. The
results of CCK-8 as well as live/dead staining assays
indicate that the nanoparticles have no significant
cytotoxicity to the MC3T3-E1 cells.

0d

bMSNs

bMSNs@DMA-MPC

g
W P

3.7 Anti-inflammation property

The anti-inflammation property of the drug-loaded
nanoparticles is evaluated based on a preliminary
test to determine whether the nanoparticles can
be used for the treatment of osteoarthritis. The
inflammation factors, such as IL-6 and IL-1§3, have
been shown to be closely associated with the
development of osteoarthritis, and LPS can induce
the macrophages to secrete these pro-inflammatory
cytokines [56]. In the present study, the activated
macrophages by LPS are incubated with bMSNs,

Fig. 8 Representative TEM images for the characterization of biodegradation properties of the bMSNs and bMSNs@DMA-MPC (1:4)

nanoparticles incubated in SBF at 37 °C.
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Fig. 9 In vitro cell cytotoxicity evaluation of the bMSNs and bMSNs@DMA-MPC (1:4) nanoparticles. (a) Representative laser
scanning confocal microscopy images showing the MC3T3-E1 cells incubated with the nanoparticles for 1, 3, and 5 d, as determined by
the live/dead staining assay. CCK-8 assay result showing cell viability of the MC3T3-E1 cells incubated with the nanoparticles at

(b) different concentrations and (c) different time durations.
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bMSNs@DMA-MPC  (1:4), bMSNs-DS, and
bMSNs@DMA-MPC (1:4)-DS for 24 h, and the levels
of IL-13 and IL-6 determined by the ELISA kit are
displayed in Figs. 10(a) and 10(b). It is clear that the
trends of two inflammatory factors are similar, where
the incubation with the drug-loaded nanoparticles,
i.e, bMSNs-DS and bMSNs@DMA-MPC (1:4)-DS,
significantly down-regulates the expression levels.
However, there are almost no anti-inflammation effects
for the nanoparticles of bMSNs and bMSNs@DMA-
MPC (1:4). It is exhibited that the anti-inflammation
effect of bPMSNs@DMA-MPC (1:4)-DS is even better
than bMSNs-DS, which may be related with the
higher drug LC and also sustained drug release

performance.

4 Conclusions

In the present study, a biomimetic self-adhesive
copolymer of DMA-MPC was prepared via free
radical polymerization, which was coated onto
the surface of bMSNs to prepare dual-functional
nanoparticles, i.e., bMSNs@DMA-MPC-DS, with
improved lubrication and local sustained drug release
for treating the early-stage osteoarthritis. The surface
characterizations including the TEM, FTIR, TGA,
XPS, etc., indicated that the DMA-MPC copolymer
was modified successfully on the surface of the
nanoparticles using a simple dip-coating method.
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The tribological test indicated that the lubrication
performance of the bMSNs@DMA-MPC nanoparticles
was significantly improved in comparison with bMSNs,
which was mainly owing to the hydration lubrication
of the phosphorylcholine groups in the DMA-MPC
copolymer. The in vitro drug release test displayed
that the drug-loaded bMSNs@DMA-MPC-DS
nanoparticles were endowed with a sustained drug
release performance. In addition, the in vitro
biological tests demonstrated that the dual-functional
nanoparticles were biodegradable and biocompatible,
and could down-regulate the expression levels of
typical inflammation factors including IL-1p and
IL-6. In conclusion, the bioinspired dual-functional
nanoparticles with the properties of improved
lubrication and sustained drug release developed
herein might be a potential intra-articular injected
biolubricant for early-stage osteoarthritis treatment.
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