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ABSTRACT: We report the fabrication of poly(3-sulfopropyl
methacrylate potassium salt) (PSPMK) brushes grafted
poly(N-isopropylacrylamide) (PNIPAAm) microgels and
their potential as artificial synovial fluid for biomimetic
aqueous lubrication and arthritis treatment. The negatively
charged PSPMK brushes and thermosensitive PNIPAAm
microgels play water-based hydration lubrication and temper-
ature-triggered drug release, respectively. Under soft friction
pairs, an ultralow coeflicient of friction was achieved, while the
hairy thermosensitive microgels showed a desirable temper-
ature-triggered drugs release performance. Such a soft charged
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hairy microgel offers great possibility for designing intelligent synovial fluid. What is more, the combination of lubrication and
drug loading capabilities enables the large clinical potential of novel soft hairy nanoparticles as synthetic joint lubricant fluid in

arthritis treatment.
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1. INTRODUCTION

Biological water-based lubrication occurs between two parts of
articular cartilage, which is the basic bearing biomaterial lining
the bones of the joint. Because the biological surfaces display a
fascinating low friction coefficient in the range 0.001—0.03
under changing conditions," the lubrication of synovial joints is
extremely efficient and undergoes more than 10° loading cycles
over an 80-year lifespan.” Unfortunately, a failure of this
lubrication leads to wear of the cartilage and thus to
osteoarthritis.”* To overcome the failure of joint lubrication,
artificial joint replacement has been carried out, which,
however, is always the last choice because of the great pain
and the high cost for patients.” Accordingly, designing high-
efficiency and biocompatible synthetic lubricant additives with
medical treatment is believed to be a promising moderate
approach to solving the troublesome problem, yet still a
challenge.®™®

As we all know, the normal cartilage tissue is a kind of wet
and soft multifunctional hydrogels in which a larger amount of
water is interposed.” Similarly, synovial fluid is a clear, viscous
liquid that acts a lubricant and shock absorber for the cartilage
surfaces of the joint.’ Synthetic bulk hydrogels for artificial
cartilage tissue have been widely investigated,w_13 while
bioinspired nano/microgels for synthetic synovial fluid has
rarely been reported, which may be another important strategy
to biomimetic lubrication.
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Water is the natural medium in the biological lubrication
systems, but generally, water on its own is a poor lubricant
because of low Viscos.ity.14 Fortunately, in the body, the poor
lubrication of water can be overcome by biological lubricant
additives. For example, as a biological polyelectrolyte, the
glycoproteins play a key role in the articular cartilage
lubrication. This glycoprotein shows a bottle-brush architecture,
in which large numbers of sugar chains are grafted along a
protein backbone.'® Inspired by this biopolymer, biomimetic
bottle-brush polymer have been synthesized and exhibits low
friction.'® The hydrophilic polymer brushes can achieve
excellent hydration lubrication by forming hydrated layer
surrounding charges in aqueous media.'”"®

Microgels are cross-linked polymeric micro/nanoparticles
with network structures, and the interstitial space of the
network can be filled with fluid."”~*" Importantly, microgels
with viscoelastic property are capable of undergoing large
deformation in response to environmental change.’* In
particular, stimuli-responsive microgels, with faster response
to external stimuli and better dispersion in aqueous media
compared to bulk hydrogels,>>* is believed to be a promising
candidate for low-friction intelligent biomimetic lubricant as the
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substitute of synovial fluid.*>® Importantly, the microgels can

load drug to achieve a stimuli-triggered release in the lesion site,
which may be an effective approach to treat arthritis. Moreover,
it is well-known that the main components of synovial fluid are
hyaluronan, aggrecan, and glycoproteins lubricin, which all
belong to biopolyelectrolytes.”® Therefore, presently, inspired
by the biological systems, the synergistic combination of
polymer brushes and soft microgels for water lubrication may
be a promising strategy for simultaneous biomimetic lubrication
and arthritis treatment.

In our study, soft hairy polyelectrolyte brushes grafted
microgels were designed to mimic the synovial fluid and
achieve the possibility of arthritis treatment. The hairy
structured microgels fix the macro-irons on the polymer chains
and localize the microcounter ions in the charged polymer
network. In aqueous media, the hydrated layer can be formed
surrounding the negatively charged polymer brushes and
achieve effective hydration lubrication.””*° In addition,
compared with polymer brush-functionalized inorganic nano-
particles, soft hairy microgels possess flexible deformability and
viscoelasticity and can better adapt to environmental change
without being destroyed.*"*

Herein, we address the biomimetic synovial fluid using the
negatively charged poly(3-sulfopropyl methacrylate potassium
salt) (PSPMK) brushes grafted poly(N-isopropylacrylamide)
(PNIPAAm) microgels (SB-g-NBrMGs). The PNIPAAm
microgels were employed as the cores of SB-g-NBrMGs to
provide the thermosensitive drug release, while the PSPMK
brushes grafted to the PNIPAAm cores endow the microgels
with biomimetic polyelectrolyte structure to achieve good
hydration lubrication. The hairy microgels were found to
possess excellent tribological properties and temperature-
triggered drug release performance. Especially, the ultralow
friction coefficient still can be obtained at higher temperature,
which cannot be achieved by the traditional PNIPAAm
microgels. It is beneficial for in vivo application that the good
lubricating effect can be maintained over a wide temperature
range. The design of hairy charged polymer brushes-grafted
thermoresponsive microgels offers immense potentials of soft
hairy microgels as intelligent synovial fluid for high-efliciency
joint lubrication together with the possibility of arthritis
treatment in the clinical medicine.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-Hydroxyethyl methacrylate (HEMA, 99%), 2-
bromoisobutyryl bromide (98%), N-isopropylacrylamide (NIPAAm,
99%), N,N’-methylenebis(acrylamide) (MBA, 98%), triethylamine
(99%), and aspirin (98%) were purchased from J&K Chemical Ltd.
and used as received. Potassium persulfate (KPS) and 2,2-Azobis-
(isobutyronitrile) (AIBN, AR) bought from Sinopharm Chemical
Reagent Co. Ltd., China, were both purified by recrystallization in
ethanol before use. Dichloromethane (Tianjin Chemical Reagents
Corp.) was dried over CaH, before use. 3-Sulfopropyl methacrylate
potassium salt (98%, SPMK), 2,2'-bipyridine (Bpy, 99%), and
copper(I) bromide (CuBr) were purchased from TCI Co. Ltd.
CuBr was purified by stirring overnight in acetic acid. 3-
(Trimethoxysilyl)propyl methacrylate (MPS, 98%) was purchased
from Sigma-Aldrich and used without further purification. 3-
(Trichlorosilyl)propyl-2-bromo-2-methylpropanoate (SI-ATRP initia-
tor) was synthesized in our lab. After filtration, it was washed with
ethanol and diethyl ether and then dried in vacuum. THF, n-hexane,
and methanol were used as received. Deionized water was applied for
all polymerization and treatment processes.

2.2. Synthesis of 2-(2-Bromoisobutyryloxy)ethyl Methacry-
late (HEMA-Br). 2-Bromoisobutyryl bromide (1.85 mL, 15.0 mmol)

was added dropwise to a solution of HEMA (1.50 mL, 12.4 mmol)
and triethylamine (4.17 mL, 30.0 mmol) in 50 mL of dichloromethane
at 0 °C under argon atmosphere. The solution was stirred at 0 °C for 2
h and then for another 12 h at 25 °C to complete the reaction. The
white precipitate was filtered and washed with ethyl acetate twice. The
organic phases were combined, washed with water several times, and
dried with magnesium sulfate (MgSO,). After the solvent was
evaporated, the crude product was purified by column chromatog-
raphy, resulting in a pale yellow liquid, which was well-defined by 'H
NMR.

2.3. Synthesis of Thermoresponsive PNIPAAm-Br Microgels.
The thermosensitive PNIPAAm microgels with ATRP-Br initiator
(PNIPAAm-Br microgels) were prepared by emulsifier-free emulsion
polymerization. The typical procedures are described in the following.
NIPAAm (1.0 g), HEMA-Br (0.0S g), cross-linking agent MBA (0.032
g, 3.0 wt %), and H,0/ethanol (v/v = 10:1, 100 mL) were added to a
250 mL round-bottom flask with a mechanical stirrer, condenser, and
nitrogen inlet. After dispersing sufficiently with a fine stream of
nitrogen at room temperature for 30 min, KPS (0.032 g, 3.0 wt %) was
added to initiate polymerization. The continuous polymerization
reaction was conducted for 8 h at 75 °C. After polymerization, the
product was purified in a dialysis tube (molecular weight cutoff at 12
kDa, Sigma-Aldrich) with 1000 mL of deionized water for 72 h. The
deionized water was exchanged at intervals of 12 h.

2.4. Synthesis of PSPMK Brushes-Grafted PNIPAAm Micro-
gels. The PSPMK brushes-grafted PNIPAAm microgels (SB-g-
NBrMGs) were synthesized by surface-initiated atom transfer radical
polymerization (SI-ATRP). Typically, the initiator-immobilized
PNIPAAm-Br microgel aqueous suspension (8 mL), SPMK (1.5 g),
and MeOH (2.0 mL) were charged into a polymerization tube. The
microgels were dispersed ultrasonically for S min. The dispersion was
deoxygenated by bubbling nitrogen gas at room temperature for 30
min, then 2,2"-bipyridyl (0.0625 g, 0.4 mmol) and CuBr (0.0287 g, 0.2
mmol) were added into the tube quickly. The polymerization was
conducted at room temperature under N, protection for 2 h. After
polymerization, the product was purified in a dialysis tube (molecular
weight cutoff at 12 kDa, Sigma-Aldrich) with 1000 mL of deionized
water for 72 h and it was exchanged at intervals of 12 h.

2.5. Synthesis of Brush-Like Polymer PSPMK Brushes-g-
PNIPAAmM. The brush-like polymer PSPMK brushes-g-PNIPAAm
(SB-g-PNIPAAm) was synthesized with PNIPAAm as the backbone
and PSPMK brushes as the grafted chains. First, the PNIPAAm
backbone containing ATRP-Br was prepared through radical
copolymerization of NIPAAm and HEMA-Br in THEF. Typically,
NIPAAm (1.0), HEMA-Br (0.05 g), AIBN (0.005 g), and THF (50
mL) were put into a 100 mL round-bottom flask with a magnetic
stirrer. The flask was then deoxygenated under reduced pressure and
backfilled with nitrogen several times. The reaction was carried out at
70 °C for 24 h. The obtained sample was purified through dissolution/
precipitation in hexane several times. Second, the PSPMK brushes
were grafted from the PNIPAAm backbone through ATRP. Typically,
the PNIPAAm-Br and SPMK was first dispersed in methanol/H,O (v/
v = 2:1), and the polymerization tube was deoxygenated by bubbling
nitrogen gas at room temperature for 30 min. Afterward, 2,2'-bipyridyl
(0.0625 g) and CuBr (0.0287 g) were added into the tube quickly. The
polymerization was conducted at room temperature under N,
protection for 2 h. The sample was obtained through vacuum
distillation and then purified through dissolution/precipitation in
THF/hexane several times.

2.6. Fabrication of PDMS Hemisphere and Modification with
PSPMK Brushes or PNIPAAm Hydrogel. The PDMS ball was
prepared in a hemispheres mold using commercial silicone elastomer
kit (SYLGARD 184 silicone elastomer). The base and curing agents of
SYLGARD 184 elastomer kit were mixed at 10:1 ratio (by
weight).33’34 The mixtures were transferred into the mold after
removing bubbles under gentle vacuum and then incubated in an oven
(80 °C) for 24 h. Prior to friction measurement, the PDMS
hemisphere was coated with PSPMK brushes or PNIPAAm hydrogel
shell.
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2.6.1. Modification with PSPMK Brushes. Plasma oxidized PDMS
hemisphere and a vial containing 10 4L of 3-(trichlorosilyl)propyl 2-
bromo-2-methylpropanoate were put into a vacuum desiccator. The
chamber is pumped down to <1 mbar, and left under vacuum for 30
min. This process was cycled for 3 times. Then, PSPMK brushes were
grafted onto the ATRP initiator modified PDMS hemisphere through
SI-ATRP. Briefly, the initiator modified PDMS hemisphere, SPMK
(1.5 g), 2,2-bipyridyl (0.0628 g), 9 mL of methanol/H,0 (v/v = 2:1)
were added into a polymerization tube. The reaction system was
deoxygenated by bubbling nitrogen gas for 30 min. Then, CuBr
(0.0287 g) were added into the tube quickly. The polymerization was
conducted under N, protection for 2 h. The obtained PSPMK
brushes-grafted-PDMS hemisphere was washed with deionized water
for further friction test.

2.6.2. Modification with PNIPAAm Hydrogel. Plasma oxidized
PDMS hemisphere was immersed into S0 mL of ethanol/H,O (v/v =
4:1) solution containing 1.5 mL of NH;H,0 and 02 g of 3-
(trimethoxysilyl)propyl methacrylate for 24 h. The PDMS hemisphere
with C=C bonds was obtained and washed with deionized water.
Then, the PDMS hemisphere was coated with PNIPAAm hydrogel
shell through distillation—precipitation polymerization. Typically, MPS
modified PDMS hemisphere, 0.5 g of NIPAM, 30 mg of MBA, and 10
mg of AIBN were dispersed in 20 mL acetonitrile in a dried S0 mL
single-necked flask. The mixture was heated to the boiling state, and
the reaction was ended after about 10 mL of acetonitrile was distilled
from the flask. The obtained PDMS hemisphere with PNIPAAm
hydrogel shell was washed with deionized water for further friction
test.

2.7. In Vitro Cytotoxicity Test. The in vitro cytotoxicity of SB-g-
NBrMGs was evaluated by standard MTT assay using the Hela cells.
The Hela cells were seeded on 96-well plates at a density of 1 X 10*
cells per well and cultured in a standard cell culture medium for 24 h.
Then, the cells were exposed to SB-g-NBrMGs with different
concentrations and incubated for 24 h. Afterward, the supernatants
were removed and cells were washed with PBS solution. The MTT
solution (S0 uL, 0.5 mg/mL) were added to each well. After
incubation for another 4 h, the culture medium was removed. 100 uL
of DMSO was added into each well and dissolved the precipitates. The
absorbance of theses sample was measured at 570 nm on a microplate
reader. The cell viability was determined by the following equation:
cell viability (%) = ODyested/ ODcontror X 100, where ODyepeq Was
obtained from the cells treated with SB-g-NBrMGs, and OD o] Was
obtained from the untreated cells and defined as 100% viability.

2.8. Fabrication of Drug-Loaded SB-g-NBrMGs Microgels.
Before the drug-release experiment, the calibration curve was prepared
first. The absorbance of aspirin PBS buffer solutions with different
concentrations was measured on the UV—vis spectrophotometer at
296 nm and calibration graph was constructed. The concentration of
the aspirin in the sample solution was read from the graph as the
concentration corresponding to the absorbance of the solution.

Aspirin was added to SB-g-NBrMGs suspension in a flask and
oscillated at room temperature for 48 h. The aspirin loaded SB-g-
NBrMGs were separated by centrifugation, washed with water several
times, and dispersed in PBS buffer solutions. The amount of aspirin
encapsulated by microgels was measured by determining the
concentration difference in the loading medium before and after
loading. The amount of aspirin was analyzed using UV-—visible
spectrophotometer at a wavelength of 296 nm.>* The drug loading
capacity (LC) and encapsulation efficiency (EE) were calculated with
the following formulas, respectively.

amount of loaded aspirin
LC (%) = X 100
amount of aspirin loaded SB-g-NBrMGs

amount of loaded aspirin
X 100

EE (%) =
total amount of added aspirin

2.9. In Vitro Drug Release. The in vitro release behavior of
aspirin loaded SB-g-NBrMGs at different temperature was monitored
by the dialysis tube diffusion technique.*® The aspirin loaded SB-g-

NBrMGs were enveloped into a dialysis tube (molecular weight cutoff
= 8000—10000). Then, the tube was dialyzed against the S00 mL of
phosphate buffer solution (pH = 7.4) in a separate beaker. After a
predetermined period, certain amount of the release medium was
taken out and replaced by the same amount of fresh PBS solution to
maintain the volume of the medium constant. The released aspirin
amount was determined by UV analysis with a calibration curve as
described above. The release percent of aspirin was calculated by the
equation:

Mt
Drug release (%) = —100
Ma

Here, Mt is the amount of aspirin released from the as-prepared
nanoparticles at time , while Ma is the total amount of aspirin—the
encapsulated amount. Release experiments were conducted until the
concentration of the solution stopped changing significantly. Each
measurement was repeated three times and the average value was
calculated.

2.10. Characterization. Scanning electron microscopy (SEM)
images were obtained from a JSM-6701F (JEOL, Japan) scanning
electron microscope with a field emission gun operating at 200 kV.
The elemental composition was evaluated using energy-dispersive X-
ray spectroscopy (EDXS, attached to the SEM apparatus).

Fourier transform infrared (FT-IR) spectra were determined on a
Nicolet iS10 (Thermo Scientific, U.S.A.) FT-IR spectrometer. 'H
NMR spectrum was recorded on a UNITY INOVA 600-MHz
spectrometer (Varian, U.S.A.). Thermogravimetric analysis (TGA)
measurements were performed on a STA 449C Jupiter simultaneous
TG-DSC instrument from ambient temperatures to approximately 800
°C in an air atmosphere.

Hydrodynamic diameters (D) and {-potential were measured by
dynamic light scattering technique (DLS) using a particle size analyzer
(Zetasizer Nano ZS, Malvern Instruments, UK.) equipped with a
632.8 nm He—Ne laser. The swelling ratio (SR) was determined by
the fOllOWlIlg equation: SR = ‘/swollen/vcollapse = (D25/D45)3, where
Viwollen a0d Ve were the volumes of microgel particles in the
swollen state (25 °C) and collapse state (45 °C), respectively. D, and
D,s were the mean hydrodynamic diameters of the microgels at 25 and
45 °C, respectively.

The rheological behavior was investigated by RS6000 Rheometer
(Germany) using a parallel-plate geometry (diameter, 35 mm; gap, 1
mm) at 25 °C. The concentration of microgel suspension was 1.0 wt
%, and the amount of the suspension dropped on the plate was 1.0
mL. In rheology, tan 6 was defined as “dissipation factor”, where tan &
= G” (loss modulus)/G’ (storage modulus), which indicates the
capability of dissipating energy away from the loadbearing surfaces.

The frictional tests were carried out in a ball-on-block configuration
on 14-FW reciprocating friction tester (Japan, HEIDON Co., Ltd.)
equipped with a thermostatically controlled platform. The contact
between the frictional pair was achieved by pressing the upper running
ball against the lower stationary disk which was driven to reciprocate at
a given sliding rate (100 mm/min) and normal load (from 1 to 10 N)
for 100 cycles. The distance of one sliding cycle was 30 mm. The
upper ball is elastomeric poly(dimethylsiloxane) (PDMS) hemisphere
with a diameter of 10 mm. The lower stationary disk was silica wafer
(100 orientation, one side polished), which was treated in an oxygen
plasma chamber (Diener electronic, Germany) at <200 mTorr and
100 W for S min. The friction test was repeated three times, and an
average coefficient of friction was recorded.

The UV-spectra were recorded on a Cary 60 UV—vis spectropho-
tometer (Agilent Technologies, Palo Alto, CA). The physisorption in
swollen and collapsed states on SiO,-coated quartz crystal substrate
was studied by a quartz crystal microbalance (E4, Q-Sense,
Gothenburg, Sweden) with dissipation (QCM-D) monitoring
technique. Because the resonant frequency shift (Af) has a negative
correlation with the adsorption amount on quartz crystal, Af referred
to pure water was used to qualitatively present the adsorption amount
of microgels on quartz crystal surface. The experiment was performed
at 25 and 45 °C, respectively. X-ray photoelectron spectrometer (XPS)
was employed to characterize the elemental composition of surface
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Scheme 1. Schematic Illustration for the Fabrication of PSPMK Brushes-Grafted PNIPAAm Microgels, the Drug Loading and
Release of the Hairy Spherical Microgels, and the Tribological Process of the Polyelectrolyte Microgels As a Biomimetic
Synovial Fluid®
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Figure 1. (a) '"H NMR of HEMA-Br, (b) FT-IR of NBrMGs and SB-g-NBrMGs, and (c) TGA curve of SB-g-NBrMGs.

adsorption layer. The binding energy was referenced to the C 1s of copolymerization of NIPAAm and HEMA-Br by emulsifier-free

contaminated carbon at 284.8 eV. emulsion polymerization. Finally, the PSPMK brushes-grafted
PNIPAAm microgels (SB-g-NBrMGs) were synthesized by
3. RESULTS AND DISCUSSION surface-initiated atom transfer radical polymerization (SI-

In our work, negatively charged poly(3-sulfopropyl methacry- ATRP).

late potassium salt) (PSPMK) brushes were employed as the The HEMA-Br was synthesized through the esterification
out-layer of designed hairy microgels to provide hydration reaction of HEMA and 2-Bromoisobutyryl bromide. The 1H
lubrication. PSPMK brushes have a strong hydration cagability NMR of HEMA-Br is shown in Figure la. The peaks were
and can be fully extended in aqueous media,*””® and assigned as follows: & = 6.05 (s, 1H, CHH=C(CH;)—), 5.70
furthermore, the polyelectrolytes surrounding the micro/ (s, 1H, CHH=C(CH;)—), 4.39-4.35 (m, 2H, —
nanoparticles play an important role in colloid stabilization CH,CH,—), 1.88 (s, 6H, (CH3),CBr), 128 (s, 3H,

because of electrostatic and steric interactions.® The schematic CH;C=CH,). In addition, the peak at 2.50 ppm was assigned
illustration of the fabrication of PSPMK brushes-grafted to DMSO-d,.
PNIPAAm microgels, the drug loading and release of the The chemical composition of NBrMGs and SB-g-NBrMGs
hairy spherical microgels, and the tribological process of the were characterized using Fourier transform infrared (FTIR)
polyelectrolyte microgels as a biomimetic synovial fluid are spectroscopy. Figure 1b depicts the FTIR spectra of NBrMGs
shown in Scheme 1. and SB-g-NBrMGs. For NBrMGs, the wide absorption band at
3.1. Chemical Structure Analysis. First, the monomer 3650—3250 cm™' and the absorption peak at 1658 cm™ are
containing ATRP initiator HEMA-Br was synthesized accord- associated with N—H groups and amide carbonyl in NIPAAm,
ing to the previous method.*' ~* Second, the thermoresponsive respectively. The double peaks at 1391 and 1370 cm™' are

PNIPAAm-Br microgels (NBrMGs) were prepared through the assigned to the coupling vibration split absorption of the two
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Figure 2. SEM images of (a) NBrMGs and (b) SB-g-NBrMGs; EDXS spectra of (c) NBrMGs and (d) SB-g-NBrMGs.
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Figure 3. (a) Hydrodynamic diameter (D},) and (b) the corresponding
{-potential distributions of SB-g-NBrMGs in aqueous media.

methyl groups in —CH(CHj;), of NIPAAm. The peak at 1731
cm™" corresponds to the ester carbonyl groups of HEMA-Br.
These peaks indicate a successful copolymerization of NIPAAm

20456

and HEMA-Br. After the grafting of PSPMK brushes, the
strong characteristic absorption peaks of S=O in SO;~ groups
appear at 1191 and 1039 cm ™', which corroborate the existence
of PSPMK in SB-g-NBrMGs.****

Furthermore, the thermal stability of SB-g-NBrMGs was
evaluated by TGA in air atmosphere. As shown in Figure I,
the thermo-decomposition temperature of the microgels is ca.
280.8 °C, indicating a good thermodynamic stability.
Importantly, the thermo-decomposition temperature is much
higher than the boiling point of water 100 °C, implying that the
microgels have no thermal decomposition problem in the
process of aqueous lubrication.

3.2. Morphology Characterization. The morphology of
NBrMGs and SB-g-NBrMGs was investigated using the field-
emission scanning electron microscopy (FE-SEM). As shown in
Figure 2a, the NBrMGs colloidal particles formed homoge-
neously by the emulsifier-free emulsion polymerization, and
had a mean diameter of ca. 292 nm. Through the EDXS
spectrum in Figure 2c, the appearance of Br signal showed that
HEMA-Br monomers were successfully copolymerized with
NIPAAm, indicating a good immobilization of initiator ATRP-
Br.

Afterward, the NBrMGs were functionalized with PSPMK
brushes through the surface-initiated atom transfer radical
polymerization. As revealed in Figure 2b, the size of the
resulting modified microgels (ca. 576 nm) had an obvious
increase in comparison with that of PNIPAAm-Br microgels.
From the EDXS spectrum in Figure 2d, the new appearance of
S and K signals indirectly verified the successful grafting of
PSPMK brushes on NBrMGs. SEM images and EDXS spectra
suggested a successful preparation of SB-g-NBrMGs intuitively.

Interestingly, the polymer brushes grafted microgels
exhibited a fancy straw hat-shaped feature, which was attributed
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Figure 4. (a) Viscosity versus shear rate curves of SB-g-NBrMGs
suspension (1.0 wt %). (b) Storage moduli (G’), loss moduli (G"),
and delta of SB-g-NBrMGs suspension (1.0 wt %) as a function of
time.

to the collapse of the colloid particles in dry state. Because of
the uniform distribution of ATRP-Br in the PNIPAAm
microgels, the PSPMK brushes were simultaneously grafted in
the external and internal of microgels. This in turn shows that
polymer bushes stretched the polymeric network of microgels.
Thus, the grafted microgels show a plump sphere because of a
water-filled polymer brushes in aqueous media. But after drying,
a collapse occurred due to the dehydration of PSPMK brushes.
3.3. Particle Size and ¢-Potential in Aqueous Media.
The hydrodynamic diameter and {-potential distributions of
SB-g-NBrMGs in aqueous media were measured by using
dynamic light scattering. As shown in Figure 3a, the
hydrodynamic diameter of NBrMGs decreased from ca. 968
nm to ca. 627 nm as the temperature was increased from 25 to
50 °C, with the most drastic decrease occurring at the (volume
phase transition temperature, VPTT) of ca. 36.4 °C. That is,
after the grafting of PSPMK brushes, the SB-g-NBrMGs still
maintained a good thermosensitive performance. In compar-
ison with pure PNIPAAm microgels (32 °C), the VPTT of the
modified microgels shifted to a higher temperature, which
derived from the hydrophilic PSPMK grafted chains.***” The
calculated swelling ratio of SB-g-NBrMGs was 3.68, which was
a key parameter for thermosensitive microgels. In addition, the
particle dispersion index was about 0.2, and had no obvious
change during the entire heating process, suggesting a narrow
size distribution of SB-g-NBrMGs in aqueous media.
Importantly, as shown in Figure 3b, the {-potential of SB-g-
NBrMGs showed a single peak with the value of —52.3 mv,

Friction pair

Figure S. Schematic diagram illustrated the modified friction pairs, and
the inset displayed the elastic PDMS hemisphere instead of traditional
steel ball.

indicating that the obtained hairy microgels were negatively
charged. This charged modification originated from the
coverage of negatively charged PSPMK brushes.** ™' Due to
the hydration mechanism, the polar charged group was a key
factor to the formation of hydrated layer. The polyelectrolyte
PSPMK brushes may play a hydration role in aqueous
lubrication. The measurement of (-potential offered a
precondition to the subsequent friction study.

3.4. Rheological Characterization. To evaluate the
microgels as synthetic aqueous lubricants, we first assessed
their rheological properties in aqueous media. Figure 4a
showed the rheological curves of SB-g-NBrMGs suspensions
(1.0 wt %). It is clear that the viscosity increased gradually with
the increasing shear rate, indicating that the modified microgel
suspensions can be classified as the shear-thickening type of the
non-Newtonian fluid. To our best knowledge, the rheological
behaviors of the pure PNIPAAm microgel suspension have
been extensively investigated, and this type of microgels
showed a characteristic shear-thinning phenomenon.**™** As
for tribological application, the shear-thickening type of fluid
was preferred. That is, the design of SB-g-NBrMGs was a
positive improvement for lubrication. Shear-thickening fluids
certainly entertain and spark our curiosity. According to the
previous study,”">* the addition of a polymer “brush” grafted or
adsorbed onto the particles’ surface can prevent particles from
getting close together. As for SB-g-NBrMGs suspension, the
grafted PSPMK brushes widened the spatial distance between
the microgels. With the increased shear rate, the PSPMK
brushes were stretched to a higher degree, thereby leading to
the destruction of the closely packed colloidal arrangement.
That is, a more loose colloidal arrangement was formed on a
microlevel, and the hairy microgel suspension exhibited a shear-
thickening nature on a macro-level.
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Figure 4b showed the plots of storage moduli (G’), loss
moduli (G”), and delta of SB-g-NBrMGs suspensions (1.0 wt
%) as a function of time. It is evident that the storage modulus
(about 0.077 Pa) was higher than the loss modulus (about
0.047 Pa) for SB-g-NBrMGs suspension, indicating that the
sample behaved as a viscoelastic solid under the shear stress.
During the entire shear process, the G’ and G” were stable,
indicating a colloidal stability. In addition, the delta of SB-g-
NBrMGs suspension was 26.8, suggesting a certain capability of
dispersing energy away from the load-bearing surfaces. In short,
using the SB-g-NBrMGs suspension as aqueous lubricant, the
shear-thickening property and the increased delta value were
beneficial for aqueous lubrication.

3.5. Tribological Property. To elucidate the effect of
charged polymer brushes on aqueous lubrication, the
tribological property of SB-g-NBrMGs was investigated in
comparison with PNIPAAm microgels and brush-like polymer
SB-g-PNIPAAm. Because the articular cartilage is soft and
elastic, the friction pairs comprising a soft PDMS hemisphere
and a silicon wafer were employed to study the aqueous
lubrication of SB-g-NBrMGs. The modified friction device is
shown in Figure 5, and the inset displayed the elastic PDMS
hemisphere instead of traditional steel ball.

Figure 6a showed the coefficient of friction (COF) of
NBrMGs, SB-g-PNIPAAm, and SB-g-NBrMGs with different
concentrations under the normal load of 5§ N at 25 °C. It is
clear that the COF of SB-g-NBrMGs was lower than that of
NBrMGs, and had no obvious difference with that of SB-g-
PNIPAAm. With increasing the normal load, the COF of SB-g-
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NBrMGs had a gradual increase, and the variation trend was
the same as the NBrMGs and SB-g-PNIPAAm, which was
attributed to the deformation of soft matter under pressure.
Since the viscosity of SB-g-NBrMGs suspension was higher
than that of pure water, the COF of SB-g-NBrMGs was lower
than that of pure water. In addition, SB-g-NBrMGs can be
adsorbed onto the surface of friction pairs to form compact
adsorbed film. At a high concentration, the adsorption would
reach saturation, so the COF did not show an obvious increase
finally. In Figure 7a and b, after friction, the XPS spectra of
adsorption layer on silicon wafer verified the adsorption of SB-
g-NBrMGs on the friction pair. Differently, the COF lubricated
by PNIPAAm microgel suspension had a marked increase with
the increased temperature, especially around the VPTT, while
the lubrication system using the SB-g-NBrMGs or SB-g-
PNIPAAm showed a gradually decreasing coefficient of friction
with the increased temperature.

Obviously, SB-g-NBrMGs microgels, as an aqueous lubricant
additive, present a more desirable tribological property than
traditional PNIPAAm microgels, and also achieve the low
friction such as the brush-like polyelectrolyte SB-g-PNIPAAm.
Using the polyelectrolyte hairy microgels as a lubricant, the
COF for the soft friction pair were in the range of 0.005—0.015
under normal loads (Figure 6b), which have achieved the
category of articular cartilage lubrication (COF = 0.001—0.03).

From the perspective of lubrication mechanism, the
lubrication using the SB-g-NBrMGs was strongly related to
the mechanism of hydration lubrication. Because of the
reluctance of the hydration layer to be squeezed out, the
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Figure 7. (a) XPS spectra of adsorption layer on silicon wafer lubricated by SB-g-NBrMGs suspensions. (b) XPS C 1s, N 1s, S 2p, and K 2p spectra
of adsorption layer with SB-g-NBrMGs suspensions. (c) Plots for the time dependence of the resonant frequency shift (Af) and corresponding
dissipation (AD) of the QCM-D after the addition of SB-g-NBrMGs suspension (0.1 wt %). (d) Hydrodynamic size distribution of microgels in

aqueous media after friction test.

hydrated layer around the charged polymer brushes can sustain
a large normal pressure, but under shear this hydration layer
shows a fluid property because of the rapid relaxation.’® After
the grafting of polymer brushes, the steric factor also
contributes to the good lubrication effect.””” That is, mutually
compressed polymer brushes in aqueous media resist inter-
penetration, because of the excluded-volume effect arising from
chain configurational entropy. Particularly, for the polyelec-
trolyte brushes, this excluded-volume effect is enhanced by the
large osmotic pressure exerted by mobile counterions within
the brushes.'® For SB-g-NBrMGs microgels, the hydrated layer
surrounding the charged hairy microgels reduces the self-energy
of the enclosed charge, and it is difficult to permanently remove
a water molecule from the hydration sheath because of a large
emerge of dehydration. Thus, the hydration lubrication and the
excluded-volume effect can be achieved by hydrophilic charged
PSPMK brushes. In short, the hydrophobicity and surface
charge were two key elements for the formation of hydrated
layer, which played a decisive role for hydration lubrication.
Therefore, the hydrophobicity and surface charge were two
main factors influencing the COF in aqueous lubrication.

In tribology, the temperature was an important factor for the
friction change. When the temperature was increased above the

20459

VPTT, the thermal breakage of the hydrogen bonds enabled
the hydrophobicity of PNIPAAm chains, which weakened the
hydration lubrication of NBrMGs microgels illustrated in
Figure 6d. Thus, for NBrMGs suspension, there was an obvious
transition of coefficient of friction around the VPTT, and the
coeflicient of friction become large with the temperature. This
increased coefficient of friction was undesirable if used in joint
aqueous lubrication. However, for SB-g-NBrMGs suspension,
the charged polymer brushes enabled a good hydrophilicity of
the outer layer of SB-g-NBrMGs in spite of phase transition
above the VPTT (Figure 6d). In this case, the hydrated layer
still existed around the microgels, which effectively protected
the hydration lubrication. This interesting phenomenon not
only enabled the consistent good lubricating effect with the
temperature but also provided volume phase transition for
thermoresponsive application in controlled drug release. Under
the human environment, using the conventional PNIPAAm
microgels as a lubricant will cause an undesirable lubricity,
whereas the polyelectrolyte brushes modified microgels will
overcome the shortcoming,

In addition to continuous hydrophilicity, the enhanced
interfacial adsorption triggered by the elevated temperature also
contributes to the ultralow and gradually decreasing coefhicient
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hemisphere under the normal load of 5 N at different temperature.

of friction of SB-g-NBrMGs aqueous suspension. As shown in
Figure 7c, the physisorption of SB-g-NBrMGs in the swollen
and collapsed states on the friction pair was investigated by a
quartz crystal microbalance with dissipation (QCM-D). After
the addition of SB-g-NBrMGs aqueous suspension, the Af
decreased significantly and the corresponding AD had an
obvious increase, suggesting a marked physisorption on the
friction pair. Notably, it is clear that the Af at 45 °C (in collapse
state) was much larger than that at 25 °C (in swollen state).
The VPT caused by the increasing temperature led to the
collapse of microgels, suggesting a more compact arrangement
of microgels on the substrate, even a multilayer adsorption.*®>
Thus, the higher temperature caused the increase of density of
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Figure 9. Cell viability of Hela cells incubated with different
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Figure 10. (a) The calibration curve of aspirin drawn based on the UV
absorption. (b) The release profiles of aspirin-SB-g-NBrMGs within 72
h in PBS buffer solutions (pH = 7.4) at 25 and 37 °C. The release
profiles within 12 h were in the inset.

the microgels attached to the surface. For SB-g-NBrMGs, the
adsorbed film was still hydrophilic, which in turn im}zaroved
both boundary lubrication and hydration lubrication.*® For
NBrMGs, the adsorbed film changed from hydrophilic to
hydrophobic, and the hydration lubrication was weakened.
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From this view, the grafting of charged polymer brushes on the
microgels showed a significant promoting role for hydration
lubrication. In addition, the wear of microgels was investigated
by DLS. Figure 7d shows the size distribution of NBrMGs and
SB-g-NBrMGs after the friction test. It is found that no new
peaks appeared in the size distribution map after the friction
tests, revealing that no microgel colloids were broken up in the
friction process. This indicated that microgel structures are
capable of undergoing a certain deformation in responsive to
environmental change. In short, compared with pure
thermosensitive microgels, the polyelectrolyte brushes grafted
thermoresponsive microgels can maintain a good lubricating
effect at a higher temperature. Compared with brush-like
polyelectrolyte, the polyelectrolyte brushes grafted thermores-
ponsive microgels have a temperature- triggered drug release,
which have been confirmed in Figure 10.

In order to mimic the lubricating environment of synovial
fluid, the PDMS hemisphere was coated with PSPMK brushes
or PNIPAAm hydrogel. The coefhicient of friction with the
modified PDMS hemisphere is shown in Figure 8. It is clear
that the coeflicient of friction using the modified PDMS
hemisphere at different concentrations (Figure 8a) or under
different normal load (Figure 8b) was lower than that using the
pure PDMS hemisphere, which was attributed to hydrophilic
modification of friction contact. As for chain structure, the SB-
g-PNIPAAm polymer showed a brush-like architecture with
PNIPAAm chains as the backbone and PSPMK brushes as the
branched chains. That is, the component exposed to the
outside was PSPMK brushes. For SB-g-NBrMGs microgels,
PSPMK brushes were also exposed to the outside. The
lubricating effect depended on the hydration lubrication of
PSPMK brushes, thereby leading to no obvious difference in
the COFs between these two structures. This comparison was
used to illustrate that the hairy microgels had the same good
lubricating effect as the traditional biomimetic brush-like
polymer. Notably, in Figure 8¢, the COF of NBrMGs had a
more dramatic increase with the temperature than that using
pure PDMS hemisphere. At a higher temperature, the jointly
hydrophobic transition of NBrMGs and PNIPAAm hydrogel
shell on the PDMS led to a higher friction coefficient. This
result demonstrated that the lubricating effect of the SB-g-
NBrMGs was superior to NBrMGs and the biomimetic
modification of PDMS hemisphere was more suitable for SB-
g-NBrMGs.

3.6. In Vitro Cytotoxicity. As a biomimetic lubricating
material, nontoxicity or low toxicity is a key parameter for
biomedical applications. Cell viability assays were performed to
investigate the cytotoxicity of SB-g-NBrMGs. Hela cells were
incubated with different concentration of the hairy microgels
for 24 h. As shown in Figure 9, the cell viability remained over
85% in the range of 100—1000 yg/mL, indicating that the SB-g-
NBrMGs exhibited good biocompatibility for Hela cells. This
result demonstrated that the modified microgels had a large
potential for clinical applications.

3.7. In Vitro Drug Loading and Release. For SB-g-
NBrMGs as a biomimetic synthetic synovial fluid, except for a
good aqueous lubricating effect, the drug therapy was also
desirable in the arthritis treatment.*®" In our work, in vitro
drug loading and release using SB-g-NBrMGs as a carrier was
studied at 25 and 37 °C. Aspirin, as a specific drug for arthritis,
was chosen as the model drug. Since the network structure of
inner microgel cores and the interspace among outer PSPMK
brushes can both accommodate the aspirin, SB-g-NBrMGs can

serve as drug carriers to load the aspirin. The calibration curve
and chemical structure of aspirin were displayed in Figure 10a.
Through calculation, LC and EE were 31.6% and 46.2%,
respectively, which demonstrated that the SB-g-NBrMGs had a
good drug loading capacity and can be used as a drug carrier.

To illustrate whether the grafting of PSPMK brushes affected
the thermoresponsive drug release performance, the drug
release profiles of aspirin-SB-g-NBrMGs delivery systems in
PBS buffer solution (pH = 7.4) are shown in Figure 10b, which
clearly indicated that there was obvious difference between
drug-release rates at different temperature. At 25 °C, 67.1% and
73.4% of aspirin were released within 12 and 72 h, respectively.
At 37 °C, 87.1% and 87.5% of aspirin were released within 12
and 72 h, respectively, suggesting an obvious increase in drug-
release rate. In the inset (Figure 10b), the drug-release system
at 25 °C showed a slow and sustained release of aspirin, and the
system at 37 °C displayed a burst-release effect within the initial
6 h. This demonstrated that SB-g-NBrMGs still possess an
intelligent thermoresponsive performance for drug release
system the same as pure PNIPAAm microgels.

The drug release triggered by a high temperature can be
applicable when an immediate high dosage is required, for
instance, for an acute infection or inflammation. The intelligent
drug release, compatible with low-friction performance, may
achieve simultaneous cartilage lubrication and arthritis treat-
ment.

4. CONCLUSION

A potential biomimetic synovial fluid was demonstrated based
on PSPMK brushes grafted PNIPAAm microgels, capable of
outstanding hydration lubrication together with temperature-
triggered drug release performance. A good lubricating effect
was achieved through hydration mechanism of charged PSPMK
brushes, while the PNIPAAm cores endowed the soft hairy
microgels with a temperature-triggered drug release perform-
ance. The hairy charged polymer brushes grafted thermosensi-
tive microgels design offers immense potentials as intelligent
synovial fluid for high-efficiency joint lubrication, together with
possible arthritis treatment in clinical medicine.
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