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Abstract: Silicone elastomers-based materials have been extensively involved in the field of biomedical devices,
while their use is extremely restricted due to the poor surface lubricity and inherent hydrophobicity. This paper
describes a novel strategy for generating a robust layered soft matter lubrication coating on the surface of the
polydimethylsiloxane (PDMS) silicone elastomer, by entangling thick polyzwitterionic polyelectrolyte brush of
poly (sulfobetaine methacrylate) (PSBMA) into the sub-surface of the initiator-embedded stiff hydrogel coating
layer of P(AAm-co-AA-co-HEMA-Br)/Fe, to achieve a unified low friction and high load-bearing properties.
Meanwhile, the stiff hydrogel layer with controllable thickness is covalently anchored on the surface of PDMS by
adding iron powder to provide catalytic sites through surface catalytically initiated radical polymerization (SCIRP)
method and provides high load-bearing capacity, while the topmost brush/hydrogel composite layer is highly
effective for aqueous lubrication. Their synergy effects are capable of attaining low friction coefficient (COFs)
under wide range of loaded condition in water environment with steel ball as sliding pair. Furthermore, the
influence of mechanical modulus of the stiff hydrogel layer on the lubrication performance of layered coating is
investigated, for which the COF is the lowest only when the modulus of the stiff hydrogel layer well matches
the PDMS substrate. Surprisingly, the COF of the modified PDMS could remain low friction (COF < 0.05) stably
after encountering 50,000 sliding cycles under 10 N load. Finally, the surface wear characterizations prove the
robustness of the layered lubricating coating. This work provides a new route for engineering lubricious silicon
elastomer with low friction, high load-bearing capacity, and considerable durability.
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1 Introduction

Organic silicone elastomer-based materials have been
widely used in the field of functional biomaterials
due to their good mechanical property, biocompatibility,
and low manufacturing cost [1-4]. Meanwhile, they
are commonly used as biomedical devices such as
catheters, drainage tubing, prosthetics, and nose
implants [5-9]. However, the inherent surface features
of them are always biologically inert and hydro-
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phobicity, which cannot meet the use requirements
as implanted or interventional devices. Especially,
the surface of the silicone elastomer-based devices
commonly has high friction force when they are used
in water-based environment, which inevitably causes
pain to the patient. Hence, the main challenge for
expanding the application range of silicone elastomer
materials is to improve their surface lubrication
performance.

In the past 10 years, many strategies have been
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developed to modify the surface of silicone elastomer
materials for reducing the friction coefficient (COF).
Among them, surface coating of the hydrophilic
polymer layer can effectively improve the water
lubrication performance of silicon-based materials
surface, especially for catheters and other equipment
[10, 11]. However, the combination between the
polymer coating and substrate is commonly non-
covalent while the interface bonding force is poor.
Furthermore, another way to improve the lubricious
property of silicon-based materials is surface grafting
polymer brush [12-14]. Although the polymer brush
chains and substrate are covalently bonded together,
the load-bearing and anti-shearing performances of
the traditional brush system is commonly poor at the
macro-scale. Fortunately, hydrogels-based materials
have attracted much attention in the field of
biolubrication due to their high water content along
with considerable surface lubricious feature [15, 16].
Therefore, controllable modification of hydrogel layer
onto the surface of silicone elastomer is a key mean
to improve the lubrication performance of silicone
elastomer. For example, Parada et al. and Yu et al.
[17, 18] suggested a simple strategy to grow lubricious
hydrogel layer on the surface of silicone elastomer.
Previously, we reported a novel method so-called
surface catalytically initiated radical polymerization
(SCIRP) to form functional hydrogels lubricious coating
on the surface of a variety of materials including
silicone elastomer [19]. Although obvious improvement
of surface lubricity, the load-bearing capacity of the
formed hydrogels layer is very limited due to their
poor mechanical strength. Benetti and Spencer, and
Dehghani et al. [20, 21] reported that the brush
hydrogels, which combine the polymer brush with
hydrogel, are extremely versatile coatings. Despite the
improvement of lubrication performance, the load-
bearing property of the brush hydrogels can still be
greatly improved if we can extend the thickness of
polymer brushes. Recently, our group developed a
robust polymer brush-grafted hydrogel composite by
chemically embedding hydrophilic polymer brush
into the subsurface of the high strength hydrogel [22].
Compared with conventional polymer brush-modified
surfaces, the hydrophilic polymer brushes on the
surface of the layered material are entangled into the

high strength hydrogel network, which allows them
to better resist the mechanical sliding-induced shear
stresses. Until now, new strategies for generating
robust hydrogel lubrication coating on the surface of
the inert/hydrophobic elastomer are still urgent.

In this work, we proposed to graft hydrophilic
polyelectrolyte brush onto the sub-surface of high
strength hydrogel layer for constructing robust layered
lubrication coating on the surface of silicone elastomer.
The layered lubrication coating is composed by stiff
hydrogel layer (load-bearing) and soft brush/hydrogel
composite layer (lubrication), for which is covalently
bonded onto the surface of silicone elastomer by SCIRP
method. Correspondingly, the chemical components,
structure, and interface combination strength between
polydimethylsiloxane (PDMS) substrate and layered
lubrication coating are investigated. The optimal
lubrication performance is further explored by
regulating the thickness and modulus of the load-
bearing hydrogel layer, or can be affected by changing
the embedded ATRP initiator concentration and grafting
polymerization time of polyzwitterionic polyelectrolyte
brush. Finally, the long-time friction test and surface
wear characterizations are employed to verify the
robustness of layered hydrogel lubrication coating.

2 Experimental section
21 Materials

PDMS base and curing agent (Dow corning), 3-
(trimethoxysilyl) propyl methacrylate (KH570, Jinan
Jinhui Chemical Co.), 2, 2’-bipyridyl (Bipy, > 99.5%,
Shanghai Kefeng Co. Ltd.), acrylamide (AAm, purity
99%, J&K Chemical Ltd.), acrylic acid (AA, purity >
99.0%, Tokyo Chemical Industry Co. Ltd.), N,N-
methylene-bis-acrylamide (MBAA, purity 99%, Sigma-
Aldrich), potassium persulfate (PPS, purity > 99.6%,
Tianjin Chemical Reagents Co.), 2-hydroxyethyl
methacrylate (HEMA, purity 99%, J&K Chemical Ltd.),
2-bromoisobutyryl bromide (purity 98%, J&K Chemical
Ltd.), 3-[[2-(methacryloyloxy) ethyl] dimethylammonio]
propane-1-sulfonate (SBMA, purity 99%, Aldrich),
and triethylamine (TEA) were purchased and used
without any purification. Copper (I) bromide (CuBr)
was purified by refluxing in acetic acid. The initiator
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of 2-bromo-2-methylpropionic acid 3-(trichlorosilyl)
propyl ester for performing surface-initiated atom
transfer radical polymerization (SI-ATRP) was prepared
according to the previous work [23].

2.2 Synthesis of 2-(2-bromoisobutyryloxy) ethyl
methacrylate (HEMA-Br)

The initiator of HEMA-Br was synthesized based on
the reported method [24]. 6.25 g HEMA and 4.05 g
TEA were dissolved into 30 g dichloromethane in a
100 mL three-neck round-bottomed flask under N,
protection at 0 °C for 20 min. 9.164 g 2-bromoisobutyryl
bromide and 15.5 g dichloromethane were slowly
dropped into the above solution. The solution was
agitated at 0 °C for 4 h. The mixture was extracted
twice with dichloromethane and filtered to remove
white precipitate. The filtrate was treated successively
with saturated Na,CO; and NaCl solution for several
times until the pH of solution approaching 7. Finally,
the solution was evaporated and refined by column
chromatography, using a blend of petroleum ether and
acetic ether (v/v = 11:1) as eluent to get a pale-yellow
liquid (yield: 60%).

2.3 Preparation of PDMS-KH570-hydrogel samples

Blending the PDMS base material and its curing agent
in a 10:1 weight ratio resulted in a homogeneous and
viscous solution. Subsequently, iron powders were
added into the above solution to form 50% black
mixture after mechanically stirring for 1 h at ambient
temperature. Followed by bubbles removal, the black
mixture was poured into the space between two
glass plates and then cured at 80 °C for 3 h to obtain
Fe-doped PDMS sheets (thickness: 1 mm).

The surface of the resulted PDMS sheets were
processed by O, plasma (98 W) for 60 s. Then the
treated sheets were immersed into the activation
solution which consisted of H,O/H,O,/HCl (v/v/v =
5:1:1) for 3 min. The activated sheets were then soaked
in 1.5% KH570 ethanol solution for 1 h to obtain
PDMS-KH570 sheets. Next, the PDMS-KH570 sheets
were put into the monomer solution to perform SCIRP
at room temperature. The monomer solution consisted
of AAm, AA, HEMA-Br, MBAA, and PPS. MBAA
was used as crosslinking agent and PPS was used as
initiator. After polymerization for a certain time, the

chemically crosslinked P(AAm-co-AA-co-HEMA-Br)
hydrogel layer with controllable thickness was
covalently bonded to the surface of PDMS sheets.
Then, the P(AAm-co-AA-co-HEMA-Br) hydrogel layer-
coated PDMS sheets were immersed into FeCl, solution
(0.25 mol/L) with different time (1, 12, 24, and 48 h)
to form dual-crosslinked P(AAm-co-AA-co-HEMA-
Br)/Fe hydrogel layers. Finally, the P(AAm-co-AA-
co-HEMA-Br)/Fe hydrogel layer-coated PDMS sheets
were immersed into deionized water for 48 h to remove
unreacted components and extra Fe*, and PDMS-
KH570-hydrogel samples were successfully obtained.

24 Preparation of
PSBMAsamples

PDMS-KH570-hydrogel-

4 g SBMA were dissolved into 8 mL solution of
H,O/CH;OH (v/v = 2:1) and degassed with N, for
30 min under stirring in a Schlenk tube. Subsequently,
120 mg bipy and 40 mg CuBr were added to form
red-brown reaction solution. Then, the as-prepared
PDMS-KH570-hydrogel samples were immersed
into the reaction solution to perform ATRP under
N, atmosphere. After reacting for a certain time and
then rinsing with deionized water, PSPMA polymer
brush was chemically embedded into the sub-surface
of the P(AAm-co-AA-co-HEMA-Br)/Fe hydrogel
layer, PDMS-KH570-hydrogel-PSBMA samples were
obtained.

2.5 Preparation of control PDMS-PSBMA sample

Iron-doped PDMS sheets were exposed to O, plasma
(98 W) for treatment of 1 min. Then the treated PDMS
sheets were put into a vacuum desiccator containing
of 5 pL initiator of (2-bromo-2-methylpropionic acid
3-(trichlorosilyl) propyl ester) to perform chemical
vapor deposition of ATRP initiator. In typical case,
the desiccator was lowered to a pressure of < 1 mbar
and kept under vacuum for 30 min after turning off
the pump. After recycling for 3 times, ATRP initiator-
modified PDMS sheets were obtained. Next, the
initiator-modified PDMS sheets were put into a
Schlenk tube containing ATRP reaction solution (the
same recipe and components as 2.4) for performing
SI-ATRP polymerization under N, atmosphere. After
reacting for 3 h and rinsing with deionized water, the
control PDMS-PSBMA sample was obtained.
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2.6 Component, morphology,

characterizations

and wettability

The surface chemistry composition of PDMS, PDMS-
KH570, PDMS-KH570-hydrogel, and PDMS-KH570-
hydrogel-PSBMA were characterized by attenuated
total reflection fourier transform infrared spectroscopy
(ATR-FTIR, Nicolet iS10, Thermo Scientific, USA) and
X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, USA). The morphologies of PDMS-KH570-
hydrogel and PDMS-KH570-hydrogel-PSBMA samples
were observed by a scanning electron microscopy
(SEM, JSM-5601LV, JEOL, Japan) and the corresponding
chemistry elements distribution was analyzed by energy
dispersive X-ray spectroscopy (EDS). Fluorescent
photographs of PDMS-KH570-hydrogel-PSBMA were
characterized by optical microscopy (Olympus, BX51,
Japan). The samples for fluorescent imaging were
treated with 0.01 mol-L" rhodamine 6G in advance.
The water contact angles (CA) of prepared samples
were determined using a DSA-100 optical contact angle
meter (Kruss Company, Ltd., Germany). Meanwhile,
a droplet of 5 uL. water was dropped on the surface
of test samples at 25 °C for every test. The average
CA value was obtained by measuring at least three
different positions on the sample.

2.7 Mechanical property measurement

The interfacial adhesion between hydrogel layer and
PDMS sheet was accessed by employing 90° peeling
test at an electrical universal material testing machine
(EZ-Test, SHIMADZU, Japan) with a 500 N load cell.
The tests were carried out at a rate of 30 mm-min™!
and the width of samples was fixed at 10 mm. The
test data was repeated as a minimum of five times
and averaged.

The elastic modulus of the hydrogel layer was
measured by separating the hydrogel from PDMS
substrate after performing SCIRP without KH570
treatment. In detail, the P(AAm-co-AA) hydrogel
was generated on the surface of the PDMS substrate.
After growing for 20 min, the hydrogel layer was
peeled off from the substrate and was immersed into
the FeCl; solution for different time (1, 12, 24, and 48 h)
to obtain hydrogel sheet with different elastic modulus.
The tensile test was employed to obtain the elastic

modulus of the hydrogel layer. The tensile tests were
performed at a velocity of 50 mm/min. The elastic
modulus was determined from the slope 2%-5% of the
strain ratio of the stress—strain curve. Each experiment
was at least repeated five times.

2.8 Friction test and wear analysis

The COFs were measured by using a conventional
reciprocating tribometer at a ball-on-disk mode (CSM
Co. Ltd., Switzerland). The friction pairs were 316L
stainless balls (diameter: 6 mm), the frequencies are
0.05, 0.5, 1.0, 2.0, and 5.0 Hz, the amplitude is 5 mm,
the loads are 1, 2, 5, 10, and 20 N, the lubricant is water.
After friction test, the wear scars of the materials were
characterized using a surface three-dimensional (3D)
mapping profiler (MicroXAM-800, USA) with the
non-contact diffraction mode immediately to obtain
the wear area. The cross-sectional area of the wear
scar was calculated by the software of the surface 3D
mapping profiler. Subsequently, the samples were
frozen in liquid nitrogen and then freeze-dried at —30
°Cin 1 Pa for 24 h. Finally, the samples were sprayed
gold three times and observed by SEM to obtain the
surface wear morphologies.

2.9 Statistical analysis

All values were reported with the standard deviation
of the mean. All data were analyzed using one-way
ANOVA and then tested for normality. The calculated
results were made by the Tukey test with statistical
significance evaluated at p <0.05.

3 Results and discussion

3.1 Preparation and characterizations

The preparation process of PDMS-KH570-hydrogel-
PSBMA samples is schematically illustrated in Fig. 1.
Firstly, the surface of PDMS sheets doped with iron
powder catalysts was treated by a series of surface
modification strategies for chemically grafting KH570
onto it. The purpose of adding iron powder is to
provide catalytic site on PDMS surface. Then, one layer
of chemically crosslinked P(AAm-co-AA-co-HEMA-
Br) hydrogel layer with controllable thickness was
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PDMS ¢. KH570

%*F%{?:f ATRP

generated on the surface of the treated PDMS sheets
by SCIRP method [19], based on the well-known redox
mechanism between Fe* and S,0¢. Meanwhile, the
ATRP initiator of HEMA-Br was chemically embedded
within the entire hydrogel network, while KH570
acted as a bridge to enhance the interfacial adhesion
between the PDMS sheets and hydrogel layer. Next,
the PDMS-KH570-hydrogel samples were soaked
into FeCl; solution to form dual-crosslinked hydrogel
network layer of P(AAm-co-AA-co-HEMA-Br)/Fe.
Finally, the polymer brush/hydrogel composite lubri-
cation layer were generated on the sub-surface of the
P(AAm-co-AA-co-HEMA-Br)/Fe hydrogel layer by
performing the ATRP.

In order to characterize the surface components
of the samples, ATR-FTIR was utilized to analyze the
surface characteristic absorption peaks of the as-
prepared samples. As shown in Fig. 2(a), compared
with bare PDMS-KH570, the appeared absorption
peaks of PDMS-KH570-hydrogel sample at 3,185 cm™
and 1,601 cm™ can be assigned to N-H stretching
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Fig.1 The schematic illustration for the preparation procedures and the structure of PDMS-KH570-hydrogel-PSBMA.

vibration and blending vibration in AAm of P(AAm-
co-AA-co-HEMA-Br) hydrogel layer. For PDMS-
KH570-hydrogel-PSBMA sample, the obvious -S=O
stretch vibration peak at 1,167 cm™ was observed,
implying the successful grafting of PSBMA polymer
brush. Furthermore, XPS was employed to characterize
the surface chemical components. Compared with bare
PDMS, the appearance of Br 3d at 70 eV of PDMS-
KH570-hydrogel sample indicated the ATRP initiator
was successfully embedded within the hydrogel
network (Fig. 2(b)). As shown in Fig. 2(c), the appeared
N 1s peak at 399.7 eV of PDMS-KH570-hydrogel
sample might be ascribed to PAAm in P(AAm-co-
AA-co-HEMA-Br) hydrogel layer. After grafting the
PSBMA polymer brush, the N 1s peak changed from
a single peak to double peaks. The new peak appeared
at 402.6 eV was attributed to NR," in PSBMA. Besides,
the S 2p peak appeared at 167.5 eV and Br 3d peak
disappeared at 70 eV also prove that polymer
brush was successfully grafted onto the surface of
PDMS-KH570-hydrogel sample. Subsequently, the
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Fig. 2 (a) ATR-FTIR spectra of PDMS, PDMS-KH570, PDMS-KH570-hydrogel, and PDMS-KH570-hydrogel-PSBMA.. (b) XPS analysis
of the chemical composition of PDMS, PDMS-KH570-hydrogel, and PDMS-KHS570-hydrogel-PSBMA. Characteristic element of (c) N
Is, (d) S 2p, and (e) Br 3d for PDMS, PDMS-KHS570-hydrogel, and PDMS-KH570-hydrogel-PSBMA, respectively.

surface wettability of the bare PDMS sheet, PDMS-
KH570-hydrogel sample and PDMS-KH570-hydrogel-
PSBMA sample was evaluated. Figure S1 in the
Electronic Supplementary Material (ESM) shows the
water CAs for all samples at different stages of the
modification process. Since PSBMA polymer brush is
super hydrophilic, the surface CA of PDMS-KH570-
hydrogel sample after grafting PSBMA polymer brush
was significantly reduced.

As shown in Fig. 3(a), typical three-layered structure
of the PDMS-KH570-hydrogel-PSBMA sample (the
growth time of the hydrogel was 5 min and the polymer
brush grafting time was 120 min) was clearly identified
by the cross-sectional SEM image. The bottom layer
was PDMS substrate doped with a certain amount
of iron powder, the middle layer was the remained
dual-crosslinking P(AAm-co-AA-co-HEMA-Br)/Fe
hydrogel layer after grafting PSBMA polymer brush,
and the top level was the composite layer of hydrogel
and PSBMA polymer brush. Correspondingly, Fig. S2
in ESM presented the cross-sectional SEM images of
PDMS-KH570-hydrogel-PSBMA samples for other
hydrogel growth time. With extending the hydrogel
growth time, it was found that the thickness of the
top composite layer also increased. The growth
kinetics for middle hydrogel layer and top composite
layer of PDMS-KH570-hydrogel-PSBMA sample was
investigated systematically. As shown in Figs. 3(b)
and 3(c), the thickness of middle hydrogel layer and

total thickness both increased with the prolongation
of hydrogel growth time. In typical case, when hydrogel
growing for 3-20 min, the thickness of hydrogel layer
presented a steady rising from 166 to 240 pm (Fig. 3(c)),
while the thickness was close to 600 um when the
growth time of hydrogel was 30 min. Correspondingly,
the total thickness of middle hydrogel layer and
top composite layer could reach 1,298 pm when the
hydrogel growth time was 30 min. As shown in
Fig. 3(d), the cross-sectional morphologies of PDMS-
KH570-hydrogel-PSBMA sample with different PSBMA
grafting time under the same hydrogel growth time
(20 min) can be intuitively observed by the fluorescent
images. As expected, the top polymer brush/ hydrogel
composite layer increased in thickness with extending
the polymerization time for generating PSBMA
brush/hydrogel composite layer. When polymerization
time for grafting PSBMA polymer brush was 30 min,
the thickness of the top composite layer only was
102 um, while its thickness could reach 250 um when
polymerized for 60 min. Finally, the thickness of
the top composite layer could reach 770 um when the
reaction lasted for 240 min. Figure 3(e) shows the
element distribution of the three-layered structure
of the PDMS-KH570-hydrogel-PSBMA sample.
The appearance of obvious signal for characteristic
element S in top polymer brush/hydrogel composite
layer further proved the successful grafting of PSBMA
brush.
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Fig.3 (a) Cross-sectional SEM image of PDMS-KH570-hydrogel-PSBMA sample (growth time for generating P(AAm-co-AA-
co-HEMA-Br) hydrogel layer was 5 min and the polymerization time for generating PSBMA brush/hydrogel composite layer was 120
min); (b) total thickness of the remained middle hydrogel layer and the top polymer brush/hydrogel composite layer versus hydrogel
growth time (polymerization time for generating PSBMA brush/hydrogel composite layer was 120 min); (c¢) thickness of remained
middle hydrogel layer versus hydrogel growth time (polymerization time for generating PSBMA polymer brush was 120 min);
(d) cross-sectional fluorescence images of PDMS-KHS570-hydrogel-PSBMA sample with different polymerization time for grafting
PSBMA polymer brush (growth time for generating P(AAm-co-AA-co-HEMA-Br) hydrogel layer was fixed at 20 min); and (e)
cross-sectional SEM image of PDMS-KHS570-hydrogel-PSBMA sample and corresponding EDS mapping (growth time of hydrogel was
20 min and polymerization time for generating PSBMA brush/hydrogel composite layer was 120 min).

3.2 Evaluation of interface combination force
between hydrogel layer and PDMS sheet

90° peeling test was performed to quantify the interfacial
adhesion between the hydrogel layer and the PDMS
sheet, as shown in Fig. 4(a). The results showed that

(a) - - (b) 180

PDMS—-KH570-hydrogel
PDMS—-KH570-hydrogel-PSBMA

-

N

=
!

Force/width (N/m)
(2]
o
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Fig. 4 (a) Schematic depiction of the peel test process; (b) force/

width versus displacement curve of the mechanical peel test for

PDMS-KHS570-hydrogel and PDMS-KH570-hydrogel-PSBMA;

and (c) photograph during the peel test of PDMS-KH570-

hydrogel-PSBMA.

the interface binding force didn’t depend on whether
polymer brush was grafted or not. For PDMS-KH570~
hydrogel samples, the interface binding force between
hydrogel layer and elastomer could be 129.93 N-m™.
After grafting polymer brush, the interface binding
force for PDMS-KH570-hydrogel-PSBMA samples
could be 136.12 N-m, which was a little higher than
that of samples without polymer brush. As a result,
polymer brush has little influence on the interface
adhesion for the hydrogel layer and substrate.

3.3 Evaluation of the lubrication performance

Firstly, the variation of COFs of PDMS-KH570-
hydrogel-PSBMA with different hydrogel growth
time are presented in Fig. 5(a). The growth time of
the hydrogel had a significant impact on the COFs. It
was known that with the same polymerization time
for generating PSBMA brush/hydrogel composite
layer, the total thickness of the composite layer
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(hydrogel and polymer brush) increased with time of
hydrogel growth extension (Fig. S2 in ESM), and in
terms of friction behavior, with hydrogel growth
time prolonging from 3 to 20 min, the COF gradually
decreased from 0.139 to 0.063 (Fig. 5(a)). It was worth
noting that as long as the growth time of the hydrogel
was 30 min, its COF increased rather than decreased.
That abnormal phenomenon might be due to the
increased elastic deformation resistance and rising
contact area. With the same time of grafting polymer
brush, the thickness of composite layer for hydrogel
and polymer brush increased as hydrogel growth
time prolonging (as shown in Fig. S2 in ESM). When
the thickness of composite layer was too thick, closer
to the millimeter scale, it caused a large elastic
deformation on the contact surface under heavy load,
which made the contact depth of the friction pair in
the lubricant layer increase. Consequently, it induced
a larger true contact area, resulting in the increase
of COFs. So, the COF of PDMS-KH570-hydrogel-
PSBMA increased abnormally.

Figure 5(b) shows the evolution of mean COFs for
PDMS-KH570-hydrogel and PDMS-KH570-hydrogel—-
PSBMA with different hydrogel growth time. In general,
with the same hydrogel growth time, the introduction
of PSBMA brush onto the PDMS-KH570-hydrogel
surface resulted in a significant reduction of the COEF.
It could be seen that when the growth time of the
hydrogel was 3 min, the COFs of the PDMS-KH570-
hydrogel-PSBMA and the PDMS-KH570-hydrogel
were 0.139 and 0.308, respectively. For other hydrogel
growth time, the COFs for the two as-prepared
samples had the same trend as that at 3 min. This is in

accordance with the results obtained in several studies
which attributed the friction reducing action of
polyzwitterionic brush to their boundary lubricating
characteristics under water lubrication [25-29]. The
polyzwitterionic brush could combine a large number
of water molecules to form an effective lubricating
protective film, which could prevent direct contact
between the sliding surfaces, thus effectively reducing
the interface friction [30-32]. Overall, the above results
suggest that the surface modification treatment of PDMS
can successfully reduce the COFs at an optimized
hydrogel growth time (20 min).

Seeking an appropriate polymerization time to
construct a polymer brush film is a very important
factor for long-term application of the hydrogel
composite layer, Fig. 6(a) reveals the effect of the
polymerization time for PDMS-KH570-hydrogel-
PSBMA samples on their friction properties. With the
increase of polymerization time (5-120 min), the COF
showed a trend of decreasing with the increasing of
the thickness of the composite layer (Fig. 3(d)). It was
well known that polyzwitterionic brush was capable
of stabilizing the surrounding water molecules and
forming a liquid-like hydration layer, and the thickness
of the hydration layer would increase in accordance
with polymer brush layer thickening, thereby reducing
the COF at the tribo-pair interface.

However, when the polymerization time was 240
min, the obtained PDMS-KH570-hydrogel-PSBMA
sample started to experience an increase of COF. The
thickness of the polymer brush layer on the surface
was relatively large at that condition, and the change in
the COF could be explained by the increased elastic
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deformation and rising true contact area. During the
friction test, the stainless steel ball was pressed into
the polymer brush layer, which increased the contact
area between the tribo-pair. In addition, part of the
polymer brush could be consumed by shearing.
Thus, it could be seen from the above results that
the optimum polymerization time for generating
polyzwitterionic polyelectrolyte brush was 120 min.

The friction behaviors of the PDMS-KH570-
hydrogel-PSBMA samples with various concentration
of initiator agent (HEMA-Br) are illustrated in Fig. 6(b).
Under the premise of the same hydrogel, when there
was no initiator HEMA-Br in system, the COF of
PDMS-KH570-hydrogel was 0.225. However, it was
interesting to note that the COF decreased significantly
when there was a small amount of initiator in the
system. When the concentration of HEMA-Br was
0.5%, the COF of PDMS-KH570-hydrogel-PSBMA
was only 0.080. But the level of initiator concentration
had limited influence on the COF of PDMS-KH570-
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hydrogel-PSBMA. Compared with other concen-
trations, when HEMA-Br was 1%, the COF of PDMS-
KH570-hydrogel-PSBMA was relatively lowest at
0.063. Hence, in consideration of economy, 1% HEMA-
Br was used as the optimal initiator concentration for
the following tests.

We further tested the effect of elastic modulus of
samples on the friction properties of the materials
(Fig. 7). By constructing the coordination interaction
between Fe** and COOr, after immersing the sample
in the ferric chloride solution for different times,
materials with different mechanical properties could
be obtained [33]. The elastic modulus of hydrogel layer
is shown in Fig. 7(a), and the modulus of elasticity of
the hydrogel layer improved as the time of immersion
in Fe** solution increased (Fig. 7(a)). When the soaking
time is 24 h, the elastic modulus of the obtained
hydrogel (2.97 MPa) is similar to that of PDMS itself
(2.84 MPa).

As shown in Fig. 7(b), when the elastic modulus of
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Fig. 7 (a) Representative elastic modulus of the hydrogel layer after immersing in Fe** solution for different time and the elastic modulus
of PDMS; (b) COFs of PDMS-KHS570-hydrogel-PSBMA as a function of elastic modulus for different hydrogel layers (The growth
time of the hydrogel: 20 min; the polymer brush grafting time: 120 min; the concentration of initiator in samples: 1%; load: 10 N;

frequency: 1 Hz; duration: 60 min).
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hydrogel layer of the sample was similar to that of
PDMS, they both had similar resistance to elastic
deformation, and a lowest COF (0.063) was obtained.
For the material that the elastic modulus of hydrogel
layer was more than that of the PDMS layer, the
PDMS layer could make larger elastic distortion than
the hydrogel layer in the process of friction. So, on the
view of macroscopic, the COF of material was higher
than other circumstances (Fig. 7(b)).

Later, the effects of frequency and load on the COF
of the PDMS-KH570-hydrogel-PSBMA were also
examined. As illustrated in Fig. 8(a), when the applied
load was 10 N, the COFs of the samples showed a
trend of first decreasing and then increasing with
the increase of sliding frequency, the lowest and the
highest COFs were 0.063 and 0.078, respectively. These
results indicated that the changes in frequency had
no significant bearing on the COF of PDMS-KH570-
hydrogel-PSBMA. When the friction frequency was
fixed at 1 Hz, their COFs gradually increased from
0.040 to 0.099 as the applied load increased (Figs. 8(c)
and 8(d)). The interface contact stresses under different
loads were calculated by classical Hertz contact theory
(Fig. S3 in ESM). The increase of the COF was caused
by the increase of the embedded depth of the friction
pair with the increase of the applied load, resulting in
the increase of the elastic deformation of the lubrication
layer. Compared with frequency, the applied load
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Fig. 8

had more influence on the friction performance of
PDMS-KH570-hydrogel-PSBMA.

3.4 Comparison with traditional modification system
and long-time friction test

The friction properties of untreated and treated PDMS
samples are shown in Fig. 9(a). For PDMS without
any modification, the effect of friction reduction was
not seen from the experimental results. In addition, the
COF of bare PDMS substrate was as high as 0.9 under
5 N load. After modified with zwitterionic polymer
brush, the PDMS-PSBMA displayed no lubrication
performance due to polymer brush was easily worn
away by steel ball. On the contrary, under the same
condition, the COF of PDMS-KH570-hydrogel-PSBMA
was only 0.052. In contrast, the COF of PDMS-
KH570-hydrogel was relatively high as 0.204. It had
been mostly attributed to the low friction performance
of polymer brush in water environment. To sum up,
the PDMS-KH570-hydrogel-PSBMA exhibited good
lubrication performance.

Next, with optimum growth time of hydrogel (20 min),
HEMA-Br concentration (1%), polymerization time
for generating polyzwitterionic polyelectrolyte brush
(120 min), and immersion time (24 h), the PDMS-
KH570-hydrogel-PSBMA was conducted for 50,000
friction cycles at 10 N load as displayed in Fig. 9(b).
During the 50,000 cycles, there was no sudden surge
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Influence of test conditions including (a, b) sliding frequency (applied load: 10 N) and (c, d) normal load (reciprocating

frequency:1 Hz). The growth time of hydrogel and grafting polymer brush for preparing PDMS-KH570-hydrogel-PSBMA samples

were 20 and 120 min, respectively.
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surfaces of PDMS-KH570-hydrogel-PSBMA for 50,000 friction
cycles at applied load of 10 N. The reciprocating frequency of all
the above friction tests were 1 Hz. The growth time of hydrogel
and grafting polymer brush were 20 and 120 min, respectively.
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of COF, and the COF had not exceeded 0.1 all the
time, indicating that the polymer brush had not been
damaged and failed under the continuous shear of
high load. Thereby, it demonstrated that the PDMS-
KH570-hydrogel-PSBMA exhibited great abrasion
resistance.

3.5 Evaluation of wear-resistance property

In terms of the wear behavior, worn area and worn
scar morphologies were investigated in Fig. 10. By
comparing the worn area for PDMS-KH570-hydrogel
and PDMS-KH570-hydrogel-PSBMA, it was obvious
that the worn depth and area sharply decreased after
modification with zwitterionic polymer brush, the
worn area was decreased from 41,749 to 5,544 um? and
the depth was decreased from 108 to 49 um (Figs. 10(a)
and 10(b)). Additionally, from the worn surface
morphologies, it could be seen clearly that the PDMS-
KH570-hydrogel-PSBMA exhibited a better anti-wear
performance than the PDMS-KH570-hydrogel, and
there was no significant abrasion trace or wear debris
on the surface of PDMS-KH570-hydrogel-PSBMA

(Fig. 10(c)). By contrast, the surface of PDMS-KH570-
hydrogel was rough and presented evident furrows
(Figs. 10(d) and 10(e)). What’s more, the long-time
anti-wear property was also investigated. As shown
in Fig. 10(f), the wear depth and area were 98 and
41,762 pm? for PDMS-KH570-hydrogel-PSBMA after
50,000 cycles, respectively. Relatively, it’s a huge wear
area. However, the polymer brush could be still
observed on the worn surface in Figs. 10(g) and 10(h).
It can be inferred that the polymer brush on the
surface was worn but not completely worn off after
50,000 cycles. This implied that the PDMS-KH570-
hydrogel-PSBMA had the anti-wear property.

4 Conclusions

In this work, we integrate soft and hydrophilic
polyzwitterionic polyelectrolyte brush into the sub-
surface of the atom transfer radical polymerization
(ATRP) initiator-embedded high strength hydrogel
layer to generate robust layered soft matter lubrication
coating on the surface of PDMS silicone elastomer.
The layered lubrication coating is covalently anchored
onto the surface of the PDMS by employing surface
catalytically initiated radical polymerization (SCIRP)
method and exhibits high interface combination force
of 120 N/m. Compared with bare PDMS and polymer
brush-grafted PDMS samples, the existing layered
lubrication coating endows the PDMS substrate with
excellent load-bearing and low friction properties when
low viscosity water is used as lubricant. Meanwhile,
the topmost brush/hydrogel composite layer is highly
effective for aqueous lubrication, while the stiff
hydrogel layer with controllable thickness provides
high load-bearing capacity. The optimal lubrication
performance can be realized by controlling the
thickness and modulus of the stiff hydrogel layer, or
regulating the embedded ATRP initiator concentration
and grafting polymerization time of polyzwitterionic
polyelectrolyte brush. Furthermore, the effects of
frequencies and applied loads on lubrication property
of the layered lubrication coating are investigated
systematically. Surprisingly, the long-time friction test
result indicates that the coating modified PDMS can
maintain a stable low friction level (friction coefficient
(COF) < 0.05) under the normal load of 10 N even
encountering 50,000 sliding cycles. Finally, the surface
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Fig. 10 Cross-sectional profiles of wear scars: (a) PDMS-KH570-hydrogel-PSBMA, (b) PDMS-KH570-hydroge after encountering
3,600 sliding cycles, and (f) PDMS-K570-hydrogel-PSBMA after encountering 50,000 sliding cycles. The SEM micrographs of worn
scars: (¢) PDMS-KH570-hydrogel-PSBMA ((i) the rubbed area and (ii) the non-tested area)), (d, ¢) PDMS-KH570-hydrogel after
encountering 3,600 sliding cycles, and (g, h) PDMS-KH570-hydrogel-PSBMA after encountering 50,000 sliding cycles.

wear characterizations prove the robustness of the
layered lubricating coating. Current work provides
important route for preparing lubricious silicone
elastomer medical devices with low friction, high
load-bearing capacity, and considerable durability.
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