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Abstract: Infections after surgery or endophthalmitis are potentially blinding complications
caused by bacterial adhesion and subsequent biofilm formation on the intraocular lens.
Neither single-function anti-adhesion surface nor contacting killing surface can exhibit
ideal antibacterial function. In this work, a novel (2-(dimethylamino)-ethyl methacrylate-co-
2-methacryloyloxyethyl phosphorylcholine) (p (DMAEMA-co-MPC)) brush was synthesized by
“grafting from” method through reversible—addition fragmentation chain transfer polymeriza-
tion. 1-Bromoheptane was used to quaternize the p (DMAEMA-co-MPC) brush coating and to
endow the surface with bactericidal function. The success of the surface functionalization was
confirmed by atomic force microscopy, water contact angle, and spectroscopic ellipsometry.
The quaternary ammonium salt units were employed as efficient disinfection that can eliminate
bacteria through contact killing, whereas the 2-methacryloyloxyethyl phosphorylcholine units
were introduced to suppress unwanted nonspecific adsorption. The functionalized poly(dimethyl
siloxane) surfaces showed efficiency in reducing bovine serum albumin adsorption and in
inhibiting bacteria adhesion and biofilm formation. The copolymer brushes also demonstrated
excellent bactericidal function against gram-positive (Staphylococcus aureus) bacteria measured
by bacteria live/dead staining and shake-flask culture methods. The surface biocompatibility was
evaluated by morphology and activity measurement with human lens epithelial cells in vitro.
The achievement of the p (DMAEMA*-co-MPC) copolymer brush coating with nonfouling,
bactericidal, and bacteria corpse release properties can be used to modify intraocular lenses.

Keywords: anti-fouling, poly(dimethylsiloxane), intraocular lenses, endophthalmitis, biofilms

Introduction

Implantation of intraocular lens (IOL) in cataract surgery may lead to infectious
endophthalmitis, which is the most feared and common complication.!> Despite
the enormous progress made in asepsis, microsurgical techniques, suture materials,
prosthetic materials, and antibiotics, postoperative endophthalmitis continues to be a
great threat to ophthalmology patient vision.? The incidence of endophthalmitis after
cataract removal and IOL implantation is estimated between 0.07% and 0.12% in the
developed countries; in the developing nations, the situation is even worse.*> Although
the incidence is not high, endophthalmitis is a significant postoperative morbidity after
cataract surgery. Infections after IOL implantation affect more than 30% of patients,
which lead to the major visual loss and result in up to 18% blindness.®” The gram-
positive coagulase-negative micrococcus Staphylococcus epidermidis is the most
frequently cultured microorganism; however, Staphylococcus aureus and anaerobic
species have also been implicated.®
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Once bacteria adhere to the surface of implants and
biomedical devices, bacterial colonies and biofilm will
gradually form on the surfaces and damage the functional-
ity of biomaterials.” The adhesion of bacteria on the surface
of implants is the first and key step that poses a big threat
to the long-term success of the implants.!®!! The adhesion
of bacteria is a very complicated process, and it basically
includes two stages: 1) an initial, rapid, and reversible interac-
tion and 2) a slowly irreversible adhesion through specific and
nonspecific interactions. Once bacteria irreversibly adhere
on the surface of the implant, it is very hard to remove them,
which can grow and reproduce rapidly in the human nutri-
tion environment. More seriously, adhered bacteria grow
into biofilm through proliferation and secretion of extracel-
lular matrix. Bacterial biofilm is composed of bacteria and
exopolysaccharides, proteins, minerals, nutrients, and waste
discharge channels.'>'* Unfortunately, the contaminated
implants have to be extracted because there is no suitable
treatment method to deal with the situation.

Many strategies have been developed to construct anti-
bacterial surface to prevent the formation of biofilms.!>2
These antibacterial surfaces can be constructed through two
different methods: anti-adhesive coating to resist bacterial
adhesion and bactericidal surface to kill contacting bacteria.
Many kinds of anti-adhesive coatings have been designed
and prepared to reduce bacterial adhesion.?! The highly
hydrophilic, nontoxic, and nonimmunogenic poly(ethylene
glycol),?>* polyvinylpyrrolidone,**? heparin,* and zwitte-
rionic polymers such as sulfobetaine?” and poly(2-methacry-
loyloxyethyl phosphorylcholine)*° are the most commonly
used polymers to resist nonspecific protein adsorption and
bacterial adhesion. 2-methacryloyloxyethyl phosphoryl-
choline (MPC) is a zwitterionic monomer consisting of a
biomimetic phosphorylcholine group. Copolymer coatings
composed of MPC have excellent biocompatibility, showing
nonbiofouling property and anti-thrombogenicity. Antibacte-
rial agents such as quaternary ammonium salts, antibacterial
peptides, chitosan, and phosphonium salts can be prepared
onto biomaterial surface and exert highly efficient bacte-
ricidal function through contact killing. However, general
polycation bactericidal surface hardly can release bacteria
corpse to restore and maintain efficient bactericidal func-
tion. Negatively charged bacterial surface can easily adhere
to positively charged polycations surfaces. Furthermore,
leaving bacteria corpse on the surface is very beneficial to
bacterial adhesion, again making the situation even worse.
On the other hand, nonfouling surface always does not have
bactericidal function. Therefore, it is very urgent to design a

smart antibacterial surface that possesses both very efficient
bactericidal function and the ability to release bacteria corpse.
In this way, early after implantation, the combined coating
can exert nonfouling function to resist protein and bacterial
adhesion. In a long way, once bacteria adhere on the biomate-
rials, they can be sterilized by bactericidal component through
contacting killing. More importantly, bacteria corpse can be
released from the implant surface through the molecular chain
movement of the strong hydrophilic component.

Poly(dimethyl siloxane) (PDMS) is commonly used as an
IOL material because it is nontoxic, stable, and inert to body
fluids.’! However, the highly hydrophobic nature often leads
to the adhesion of bacteria, proteins, and biomolecules on the
silicone surface. So, it is imperative to modify PDMS surface
into hydrophilic surface to enhance its anti-adhesion function.
Preparation of polymer brushes is an effective approach to
modify the surface of biomaterials that can be constructed
through either “grafting onto” or “grafting from” method.*
There are two main advantages of this approach: 1) surface
properties can be tuned through changing the component of
the polymer brushes and 2) the high mechanical and chemical
robustness can lead to long-term stability. In comparison,
high grafting density on the surface usually can be used
to initiate the “grafting from” polymerization and high
thickness coating can be obtained through this approach.?*3
In comparison, reversible addition—fragmentation chain
transfer (RAFT) polymerization is suitable to initiate and
graft conventional radical polymerization monomers on
the surface of substrates, which is considered promising for
surface modification.*>3

In this work, we aimed to construct (2-(dimethylamino)-
ethyl methacrylate-co-2-methacryloyloxyethyl phosphoryl-
choline) (p (DMAEMA"-co-MPC)) copolymer brush coating
on the surface of PDMS IOL to enhance the nonfouling and
antibacterial properties. As shown in Scheme 1, the synthesis
of brushes was carried out through the RAFT polymerization
method. Spectroscopic ellipsometry, atomic force micros-
copy (AFM), and water contact angle (WCA) analyses were
used to characterize each step of modification. Both live/dead
staining method and shake-flask culture test were carried
out to evaluate the antibacterial properties of the obtained
coating on PDMS. Cell counting kit-8 assays (CCK-8) and
fluorescein diacetate (FDA) were used to explore the cell
compatibility and nonfouling property of the p (DMAEMA*-
co-MPC) brush coating toward human lens epithelial cells
(HLECs). The obtained p (DMAEMA*-co-MPC) brush
coating with nonfouling and excellent antibacterial activities
could be widely used for biomaterial surface modification.
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Scheme | Schematic illustration of the preparation of p (DMAEMA*-co-MPC) copolymer brushes on PDMS with nonfouling and bactericidal properties.
Abbreviations: p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl phosphorylcholine); PDMS, poly(dimethyl siloxane); RAFT,
reversible addition—fragmentation chain transfer; APTES, (3-Aminopropyl)triethoxysilane; MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-

ethyl methacrylate.

Materials and methods

Materials and reagents
4,4’-Azobis-(4-cyanovaleric acid) (V501), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (RAFT agent),
poly(ethyleneimine) (branched PEI, molecular weight:
25 kDa), NHSS, and EDC were purchased from Sigma-
Aldrich Co., St Louis, MO, USA. Sylgard®184 from Dow
Corning was used to prepare PDMS, which was cured for
12 hours using curing agent and elastomer base in the ratio
of 10:1. Trypticase soy broth and trypticase soy agar were
obtained from Hangzhou Baisi Corporation. A Millipore
Milli-Q system (Millipore, Billerica, MA, USA) was used
to produce ultrapure distilled water.

Pretreatment of the substrates

The PDMS substrates were cut into a certain shape (2x1 cm?),
cleaned with ethanol and water, respectively, for 10 minutes.
The substrates were dried under a gentle stream of nitrogen
gas and immersed in PEI solution (5 mg/mL) to form a pre-
cursor layer (2 hours, 25°C). Next, the PDMS sheets were
cleaned with water and dried using N,

Synthesis of p (DMAEMA*-co-MPC)

copolymer brushes

The RAFT polymerization method was used to construct the
p (DMAEMA*-co-MPC) copolymer brush coatings on the
PDMS substrates.’” To immobilize the RAFT agent on

the aminolysized PDMS, EDC (10 mmol), NHSS (20 mmol),
and RAFT agent (0.0234 mmol) were successively added into
2-(N-Morpholino)ethanesulfonic acid buffer (0.1 M, pH 5.5)
with magnetic stirring for 12 hours. P (DMAEMA*-co-
MPC) copolymer brush coatings were synthesized by RAFT
polymerization in DMAEMA*MPC monomer solution in
ethanol in the mass ratio of 1:0, 1:0.1, 1:0.25, and 1:0.5 and
the obtained samples were named as P1-0, P1-0.1, P1-0.25
and P1-0.5, respectively.

The p (DMAEMA*-¢c0-0.50 MPC) brush coatings were
typically synthesized as following: V501 (2 mg), DMAEMA
(150 mg), and MPC (150 mg) were dissolved in 3 mL
ethanol under a N, atmosphere in 5 mL bottles. To initiate
the polymerization, the temperature was elevated to 60°C
and the mixture was stirred with a magneton for 24 hours.
After reaction, ethanol was used to wash the samples three
times. 1-Bromoheptane (25 v%) in ethanol was used to
quaternize the surface-grafted brushes into PQA at room
temperature for 12 hours. Then, the PDMS substrates were
washed with ethanol three times and dried in vacuum at
30°C for 24 hours.

Surface characterizations

Surface morphology

AFM (SPA 400; Seiko Instruments Inc.) was applied to mea-
sure the surface morphology of the surfaces. Under ambient
conditions, a commercial scanning probe microscopy was
carried out to obtain the AFM images in the tapping mode, in
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which a silicon cantilever, nanosensor, was equipped under
typical spring constant of 40 Nm™.

Surface hydrophilicity

Drop shape analysis (KRUSS, DSA10-MK2) was applied
to explore the surface hydrophilicity of the brush by sessile
dropping method. A 20 uL ultrapure water droplet dropped
and contacted with the surface, a photograph was taken within
15 seconds. Built-in software and microscope provided by
manufacturer were used to calculate the contact angle formed
between the droplet and the surface.

Thickness measurement

Thickness changes in the process of PEI pretreating, RAFT
agent grafting, and RAFT polymerization were measured by
spectroscopic ellipsometry (M-2000 DITM; J.A. Woollam
Co.). Silicon wafers were used as substrates in this measurement
instead of PDMS sheets. The set parameters and test procedures
were as follows: the wavelength ranged from 124 to 1,700 nm
and both 65° and 70° were used as the angle of incidence. For
data analysis, A and ¥ values were set at wavelength ranging
from 600 to 1,700 nm. The thickness of multilayer films was
determined using Cauchy model with 4, and B as fit parameters
set at 1.45 and 0.01, respectively. Then, the thickness of the
multilayer films could be automatically calculated.

Molecular weight measurement

The molecular weight of grafted brushes on the surface could not
be directly measured. To learn about the chain length informa-
tion, an indirect way was used to evaluate the molecular weight
of the brushes under the same conditions. An appropriate amount
of initiator was put into the solution and polymerization was
initiated. Waters gel permeation chromatography (GPC) system
equipped with a set of Waters Styragel columns was used to per-
form the GPC measurements. Both Waters-2414 refractive index
detector and Waters-2487 dual A absorbance detector were used
in the columns. The diluent was HPLC grade THF, and the flow
rate was low (1.0 mL/min). A series of polystyrene standards
with near-monodisperse was used for the calibration.

Surface elemental analysis

The X-ray photoelectron spectroscopy (XPS) spectrum was
used to detect the surface elementals of the top surfaces. Al Ko
excitation radiation (1,486.6 eV) was employed and recorded
on a PHI 5300 ESCA System (PerkinElmer, Waltham, MA,
USA). A take-off angle of 45° was used in the measurement.
The power worked at 250 W (12.5 kV) was applied as the X-ray
source. The binding energy ranging from 0 to 1,000 eV was
run in the survey spectra to collect high-resolution spectra.

Cytotoxicity assays

Cell cultivation

The Dulbecco’s Modified Eagle’s Medium/F12 (1:1) cell cul-
ture medium containing 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin was used to incubate
the HLECs (ATCC, SRA01/04) in a 5% CO, incubator at
37°C. Confluent cells were digested to harvest the cells using
0.25% trypsin and 0.02% EDTA, followed by centrifugation
(1,000 x g for 3 minutes). Then, the cell concentration was
calculated using hemocytometer and resuspended for incuba-
tion on the surfaces of materials. The HLECs with a density of
1.0x10* cells per sample were cultivated with the specimens
in 96-well tissue culture plates for 24 hours. Subsequently, the
viability and morphology studies of HELCs on the samples
were measured by FDA and CCK-8 methods.*®

Cell viability

In this experiment, CCK-8 (Beyotime, Haimen, People’s
Republic of China) assay was employed to quantitatively
evaluate the cell viability of multilayer films toward HLECs.
After inoculating for 24 hours, the HLECs were replaced by
100 uL 10% fetal bovine serum Dulbecco’s Modified Eagle’s
Medium/F12 (1:1) mixed medium containing 10 uL. CCK-8.
The mixed medium was incubated to form water dissoluble
formazan at 37°C for 2 hours. Then, 100 UL of the formazan
solution was aspirated from each sample with a pipette and
added to a new 96-well plate. The absorbance at 450 nm
(calibrated wave) was examined using a microplate reader
(Multiskan MK33; Thermo Electron Corporation, Shanghai,
People’s Republic of China). Tissue culture plates (TCPS)
without any modified films were used as control and six
parallel replicates were prepared.

Cell morphology

Stock FDA solutions (5.0 mg/mL) were prepared by dis-
solving FDA in acetone. The working solution with the
concentration of 5.0 pg/mL was freshly prepared by adding
FDA stock solution into 0.1 M phosphate-buffered saline
(PBS). The membrane integrity and cytoplasmic esterase
activity of cells on the surface could be examined using FDA
(Sigma-Aldrich Co.) as indicator for fluorescence microscope
investigation (Carl Zeiss Meditec AG, Jena, Germany) at 10x
magnification in fluorescein filter, 488 nm excitation. After
incubation with the specimens in the 96-well tissue culture
plate for 24 hours, FDA solution (20 uL) was added into the
HLEC solution and incubated for 5 minutes. After washing
with PBS twice, fluorescence microscopy examination was
performed at the wavelength of 488 nm for each sample.
TCPS that did not contain samples were used as controls.
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Protein adsorption test

Bovine serum albumin (BSA) adsorption test was performed
to estimate the anti-adhesive effect of brush coatings using
a bicinchoninic acid protein assay kit (Beyotime). Firstly,
the 0.5 mg/mL BSA solution was prepared by diluting the
standard solution (5.0 mg/mL) in the PBS solution. The
BSA protein was incubated with the coating modified and
pristine PDMS in a 96-well plate for 2 hours. Then, the
loosely bound protein layer was removed by rinsing the
sheets in a rectangular chamber containing distilled water
for 1 minute. After washing with distilled water to remove
the loosely bound protein, each well of a 96-well plate was
injected with 0.2 mL bicinchoninic acid working solution.
The microplate reader (Multiskan MK33; Thermo Electron
Corporation) was used to measure the absorbance at 570 nm
after incubation for 30 minutes at 37°C.

Antibacterial tests in vitro

Both bacteria live/dead staining and shake-flask culture
methods were carried out to measure the antimicrobial
activities of brushes coatings using S. aureus (ATCC 6538)
as the model bacteria.

The shake-flask culture method was performed to inves-
tigate the sterilization rate of the p (DMAEMA*-co-MPC)
copolymer brush coatings. The coating modified and pristine
PDMS sheets were incubated with S. aureus suspension
(1.1x10° colony forming units/mL, 10 mL) in test tubes.

The bacterial suspension was pipetted out at the predeter-
mined time and was diluted with PBS buffer. In all, 0.2 mL
of the solution was plated onto the solid agar and incubated
for 24 hours before counting the number of viable bacteria.
The percentage of viable bacteria in the suspension relative to
the initial number of bacteria was defined as survival ratio.

Furthermore, bacterial adhesion and viability were
also determined using the LIVE/DEAD BacLight bacte-
rial viability kit (L-7012; Invitrogen). For this method,
bacterial structural integrity on the surfaces of live or
dead cells could be evaluated. Before testing, 10 mL of
1.0x10° cells/mL S. aureus suspensions in PBS was incu-
bated with the antibacterial coating modified and pristine
PDMS for 15 seconds, 24 hours, and 72 hours. After being
stained according to the kit protocol and washing, the PDMS
sheets were kept in the dark and observed by fluorescence
microscope investigation (Carl Zeiss).

All data were obtained from at least three independent
experiments with five parallel samples and expressed as
mean =+ standard deviation and typical images.

Results and discussion
Fabrication and characterizations

of the copolymer brushes

As shown in Figure 1, the copolymer brushes were synthesized
through four-step reactions. The PDMS surfaces were endowed
with primary amine groups using PEI pretreatment in the first

Figure | AFM images on various surfaces.

Notes: (A) Pristine PDMS, (B) p (DMAEMA"), (C) p (DMAEMA*-c0-0.10 MPC), (D) p (DMAEMA*-c0-0.25 MPC), and (E) p (DMAEMA*-c0-0.50 MPC). p (DMAEMA*-coMPC)
copolymer brush coatings were synthesized by RAFT polymerization in DMAEMA*/MPC monomer solution in ethanol in the mass ratio of 1:0, 1:0.1, 1:0.25, and 1:0.5 and

the obtained samples were named as P1-0, P1-0.1, P1-0.25 and P1-0.5, respectively.

Abbreviations: AFM, atomic force microscopy; PDMS, poly(dimethyl siloxane); p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl
phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl methacrylate; RAFT, reversible addition—fragmentation chain transfer.
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step. In the second step, by reaction with NHSS and EDC
covalent binding of RAFT agent containing —COOH groups
was achieved to generate an initiator layer on the PDMS with
—NH, groups. RAFT polymerization was then performed from
the initiator-modified surfaces. The third step involved the
copolymerization of MPC and DMAEMA monomer surface-
initiated RAFT from the PDMS surface to generate copolymer
brushes. In the final step, 1-bromoheptane was used to quater-
nize the p (DMAEMA*-co-MPC) copolymer brush coatings
with bactericidal function. Each step was characterized by
WCA, spectroscopic ellipsometry, and AFM to confirm that
the reaction proceeded smoothly. As shown in Table 1, WCA
of PDMS was at 116.0°+3.7° showing high hydrophobicity and
it changed to 55.2°42.4° after PEI treatment showing apparent
hydrophilicity. However, the RAFT macroinitiator coating had
WCA at 92.3°+4.2° exhibiting hydrophobicity.

To measure the coating thickness growing on the sub-
strates, spectroscopic ellipsometry measurement was carried
out with the accuracy to the nanoscale. As shown in Table 1,
the thickness of PEI was 1.8+0.3 nm, which indicated the
success of pretreatment. Then, the thickness increased to
2.510.4 nm after grafting of the RAFT agent. After graft-
ing of the copolymer brush coatings, the thickness gradu-
ally increased to 25 nm deducting thickness of PEI and the
RAFT agent. The thickness of self-assembly monolayer or
physically adsorbed film is impossible to achieve such a thick
thickness.**? So, the “grafting from” method through RAFT
polymerization is suitable to construct copolymer brush
coating to modify biomaterials. Apart from hydrophilicity,
topography**# change is another important factor affecting
the anti-adhesion properties of the material surface. As shown
in Table 1 and Figure 1 the surfaces of PEI and the RAFT
agent were smooth, which nearly changed on the surface
in the pretreatment with low the root mean square (RMS)
roughness (2.06+£0.32 and 3.42+0.41 nm, respectively). As
shown in Figure 1, the height and number of the peaks on the
surface were clearly illustrated by the AFM three-dimensional
images. The RMS roughness (5x5 um?) of the p (DMAEMAY)

brush coatings was 3.16£0.31 nm, which indicated no appar-
ent difference with p (DMAEMA*-co-MPC) copolymer brush
coatings. It could be concluded that the surface of copolymer
brush coating was uniform and smooth with low RMS, which
also indicated the successful preparation of p (DMAEMA*-
co-MPC) brush coatings on PDMS.

XPS with a higher precision for the analysis of elemental
composition was used to test the obtained brushes. Pristine
PDMS consisted mainly of carbon, oxygen, and silicon ele-
ments. BEs of four XPS peaks at 532, 284, 102, and 152 eV
attributed to O 1s, C 1s, Si 2p, and Si 2s core level signals,
respectively, which were discernible in the PDMS surface
wide scan spectrum (Figure 2A). However, there was nei-
ther peak around 400 eV nor around 134 eV showing no N
and P elements on PDMS surface (Figure 2B and C). After
being grafted by p (DMAEMA®) brush (Figure 2D-F), the
N 1s core level spectrum showed an additional peak at the
BE of ~401 eV, attributable to the N s core level signals
of C-N* species, indicating the successful fabrication of
p (DMAEMA*) brushes on the PDMS surface. Furthermore,
core level signals of C 1s and O 1s, a new peak with BE at
131 eV indicating core level signal of P 2p, which was discern-
ible in the wide and P 2p spans of the p (DMAEMA*-co-MPC)
copolymer brushes modified PDMS surface (Figure 2G-I). It
showed the existing MPC units in the p (DMAEMA*-co-MPC)
brush coating. XPS can only detect a thickness ranging from
1 to 10 nm.* After grafting of brush coating, no Si core level
signals had been detected, which confirmed the thickness mea-
sured by spectroscopic ellipsometry (more than 25 nm). It could
be concluded that p (DMAEMA*-co-MPC) copolymer brushes
had been successfully constructed on PDMS surfaces.

The areas of the curves were used to calculate the
relative proportions of C/O/N/P/Si (74.1/17.6/8.3/—/—,
atom%), respectively, which agreed favorably with the
theoretical values calculated in p (DMAEMA®). The growth
of the p (DMAEMAY) brushes on PDMS was respon-
sible for the appearance of the nitrogen peak. As shown
in Table 2, the element ratio experimentally measured for

Table I A summary of the various characteristics of p (DMAEMA*-co-MPC) copolymer brush coating

Test method PDMS APTES RAFT agent p (DMAEMA®) p(DMAEMA*- p(DMAEMA*- p(DMAEMA*-
c0-0.10 MPC)  ¢0-0.25 MPC)  ¢0-0.50 MPC)

Static contact angle (°)  116.0£3.7 552424 923442 75.1£1.6 59.64+2.5 48.143.3 34.4+2.4

Thickness* (nm) NA 1.840.3 2.5+0.4 29.4+0.6 27.4+0.6 26.4+0.7 28.610.6

RMS (nm) 2784026  2.06+0.32  3.42+0.41 3.1620.31 3.3240.27 2.88+0.47 3.48+0.35

Notes: *Thickness measurement was done on silicon wafer. Data are presented as mean * standard deviation. p (DMAEMA*-coMPC) copolymer brush coatings were
synthesized by RAFT polymerization in DMAEMA/MPC monomer solution in ethanol in the mass ratio of 1:0, 1:0.1, 1:0.25, and 1:0.5 and the obtained samples were named

as P1-0, P1-0.1, P1-0.25 and P1-0.5, respectively.

Abbreviations: p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl phosphorylcholine); PDMS, poly(dimethyl siloxane); RAFT,
reversible addition—fragmentation chain transfer; NA, not available; RMS, root mean square; APTES, (3-Aminopropyl)triethoxysilane; MPC, 2-methacryloyloxyethyl

phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl methacrylate.
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Figure 2 XPS spectra collected from PDMS surface (A) wide-scan spectra, (B) PDMS surface N |s core-level spectra, (C) PDMS surface P 2p core-level spectra.
p (DMAEMA*)-modified PDMS (D) wide-scan spectra, (E) N Is core-level spectra, (F) P 2p core-level spectra. p (DMAEMA*-c0-0.25 MPC)-modified PDMS (G) wide-scan
spectra, (H) N Is core-level spectra, and (I) P 2p core-level spectra.

Abbreviations: XPS, X-ray photoelectron spectroscopy; PDMS, poly(dimethyl siloxane); p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-
methacryloyloxyethyl phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl methacrylate.

p (DMAEMA*-co-MPC) copolymer brushes and PDMS  were 45 100/25 700 g/mol (Mw/Mn) and 1.75, which was
was consistent with the theoretical values. Furthermore, as a typical product of RAFT polymerization. As shown in
GPC measurement was carried out to determine the relative ~ Figure 3, the GPC profile distribution of molecular weight
molecular weight and polydispersity index (PDI=Mw/Mn)  of the copolymer had a monomodal peak, which proved the
of the copolymer brushes (Table 2). The molecular weight  high purity of tested samples. What is more, it indicated
and PDI of p (DMAEMA*-c0-0.25 MPC) copolymer brushes  that the construction of the copolymer brushes of MPC and

Table 2 Element composition (atomic%) and molecular weight of the brushes on the PDMS surface determined by XPS and GPC

Species analyzed PDMS p (DMAEMAY) p (DMAEMA*- p (DMAEMA'- p (DMAEMA*-
co0-0.10 MPC) co0-0.25 MPC) c0-0.50 MPC)

C/OIN/P/Si 50.0/25.0/-/25.0 72.7/18.2/9.1/-/- 70.8/19.5/8.7/0.5/- 68.6/21.6/8.2/1.3/- 65.1/24.9/7.2/2.7/-

(theoretical)

C/OIN/PISi 53.8/19.0/-/27.2 74.1/17.6/8.3/-/- 68.7/21.3/9.1/0.9/- 66.7/21.9/9.6/1.8/- 62.6/25.3/8.5/3.6/-

(experimental)

Mn (x10%) - 23.6 26.9 257 282

Mw (x103) - 383 41.8 45.1 46.3

PDI - 1.62 1.55 1.75 1.64

Abbreviations: PDMS, poly(dimethyl siloxane); XPS, X-ray photoelectron spectroscopy; p (DMAEMA"-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacry-
loyloxyethyl phosphorylcholine); GPC, gel permeation chromatography; PDI, polydispersity index; MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA,
2-(dimethylamino)-ethyl methacrylate; Mw, weight-average molecular weight; Mn, number-average molecular weight.
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Figure 3 GPC chromatogram of p (DMAEMA-c0-0.25 MPC) copolymer.
Abbreviations: p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-
2-methacryloyloxyethyl phosphorylcholine); GPC, gel permeation chromatography;
MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-
ethyl methacrylate.

DMAEMA was in a controlled way through RAFT polym-
erization with PDI less than 1.8.

Nonfouling activity against protein
adsorption

On contact with human body fluid, nonspecific protein adsorp-
tion occurs on almost all implants, which can cause bacterial
infections, immune response, and thrombus formations.* As
model protein, BSA was used to assess the nonfouling prop-
erty against nonspecific protein absorption of the coating sur-
faces. The results showed that BSA was extensively adsorbed
on the PDMS and p (DMAEMA") brush coating-modified
PDMS (Figure 4). It demonstrated that strong interactions
existed between protein and these two kinds of surfaces. It
is worth noting that the p (DMAEMA*-co-MPC) copolymer

0.25

0.20

0.15 1

0.104

0.05

Absorbance at 570 nm

0.00 —+ - -
A B Cc D E

Figure 4 BSA adsorption.

Notes: (A) Pristine PDMS, (B) p (DMAEMA?), (C) p (DMAEMA*-c0-0.10 MPC),
(D) p (DMAEMA*-c0-0.25 MPC), and (E) p (DMAEMA*-c0-0.50 MPC)-modified
PDMS. The statistical significance is indicated by different letters (P<<0.05).
Abbreviations: BSA, bovine serum albumin; PDMS, poly(dimethyl siloxane);

p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloy-

loxyethyl phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine;
DMAEMA, 2-(dimethylamino)-ethyl methacrylate.

brush coatings were effective in reducing BSA absorption.
Moreover, the nonfouling effect toward BSA obviously
increased as the amount of MPC increased from 10-50 wt%.
When the MPC content was 10 wt% in the copolymer brush,
the adsorption of BSA dramatically decreased to 49.9% of that
on p (DMAEMA") brush coatings. When the content of MPC
was up to 50 wt%, the BSA adsorption amount decreased to
29.3%. As reported in the process of non-selective protein
adsorption on material surface, the hydrophobic interactions
played an important role.*’” The effective reduction of BSA
adsorption could be due to the presence of MPC in the brush
coating. The high hydrophilic property of MPC groups with
net neutral charges on the surface could be due to protein
resistance. It is widely accepted that MPC coating could take
up quantity of water to resist protein adhesion.*4
Antibacterial activity tests

Initial bacterial adhesion

The first 24 hours is known as “decisive period” after bio-
medical device implantation to resist bacterial adhesion.
Adhesion is the first step of biofilm formation and the best
moment for the action of anti-adhesive and anti-biofilm
compounds.® To determine the anti-adhesion property of
the copolymer brushes, waterborne test was carried out on
coatings modified and pristine PDMS. After incubating
with S. aureus suspension for 15 seconds, live/dead stain-
ing method and fluorescence microscopy images were used
to determine the ratio of live and dead bacteria on the sur-
faces. As indicated in Figure 5, pristine and p (DMAEMA®)
brush-coated PDMS were very easy for bacterial adhesion
(the live/dead bacteria cell density ~9.3x10°%/5.2x10° and
5.4x10°/4.8x10* cells per mm?, respectively). The difference
was that a small amount of bacteria (red fluorescence) had
been killed by quaternary ammonium salt in the coating. For
the p (DMAEMA*-co-MPC) copolymer brushes, the number
of adhering S. aureus was significantly decreased (the live/
dead bacteria cell density ~3.3x10%2.3x10%, 1.4x10%/1.8x10°,
and 630/80 cells per mm?, respectively). Furthermore, there
was almost no S. aureus adhesion on the surface of the
p (DMAEMA*-c0-0.50 MPC) copolymer coating indicating
the nonfouling property of MPC constitution. As discussed
in the previous section on BSA, the anti-adhesion mecha-
nism was that quantity of free water was absorbed by MPC
constituent to resist bacterial adhesion.

Biofilm inhibition assay

Approximately 10° colony forming units/mL was used
to initiate the formation of S. aureus biofilm on each
PDMS material, and then the biofilm was detected by
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Figure 5 Fluorescent microscopy images of live/dead staining of S. aureus adhesions.

Notes: (A) Pristine PDMS, (B) p (DMAEMAY), (C) p (DMAEMA*-c0-0.10 MPC), (D) p (DMAEMA*-c0-0.25 MPC), and (E) p (DMAEMA*-c0-0.50 MPC)-modified PDMS at
15 seconds. The green color indicates live bacteria, and the red color indicates dead bacteria, under fluorescence microscopy (the magnification is 10x). (F) Adherence of
the live/dead bacteria cell density on the surfaces.

Abbreviations: S. aureus, Staphylococcus aureus; PDMS, poly(dimethyl siloxane); p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl
phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl methacrylate.

live/dead two-color fluorescence staining method at 24 with that on p (DMAEMA*-co-MPC) copolymer brush
or 72 hours of incubation. As shown in Figure 6, biofilm  coatings. A significant amount of viable bacteria (stained
production on PDMS and p (DMAEMAY) brush-coated green) adhesion could be seen on PDMS, which was
PDMS had increased significantly by 24 hours compared almost formed into a layer (the live/dead bacteria cell

Fe
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Figure 6 Fluorescent microscopy images of live/dead staining of S. aureus.

Notes: (A) Pristine PDMS, (B) p (DMAEMAY), (C) p (DMAEMA"-c0-0.10 MPC), (D) p (DMAEMA*-c0-0.25 MPC), and (E) p (DMAEMA*-c0-0.50 MPC)-modified PDMS at
24 hours. The green color indicates live bacteria, and the red color indicates dead bacteria, under fluorescence microscopy (the magnification is 10x). (F) Adherence of the
live/dead bacteria cell density on the surfaces.

Abbreviations: S. aureus, Staphylococcus aureus; PDMS, poly(dimethyl siloxane); p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl
phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl methacrylate.
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density ~1.6x10%/2.2x10* cells per mm?). Meanwhile, the
number of the bacteria adhered on the p (DMAEMAY)
brushes was less than that on PDMS. Furthermore, a large
number of S. aureus were stained red showing death of the
bacteria (the live/dead bacteria cell density ~1.3x10%/4.6x10°
cells per mm?). As for the copolymer brush-coated PDMS,
there was a significant reduction of the bacterial number
on p (DMAEMAY) brush-modified PDMS (the live/dead
bacteria cell density ~6.3x10%/2.3x10°, 1.5x10°/3.8x10%, and
1.6x10%2.0x10° cells per mm?, respectively). As reported
in the literature, the resistance of bacteria adhesion by the
p (DMAEMA*-co-MPC) copolymer brush-coated surfaces
can be owing to high surface hydrophilicity and low sur-
face energy.’! Moreover, the number of adhered bacteria
decreased greatly with the increase of MPC in the brushes,
and the bacteria had been partially killed on contact with
DMAEMA* constitution. Comparing with the adhesion of
S. aureus at the first 15 seconds, it could be concluded that
the quantitative differences become larger and larger. With
time, the adhered S. aureus proliferated very fast in the
Luria—Bertani broth nutrition environment. The large number
of bacteria almost formed into a monolayer on PDMS and
(DMAEMAY) brushes, which will form into biofilm.

After incubation for 72 hours, high density of small
bacterial colonies and bacteria with stained green (viable
bacteria) spread on the PDMS surface to form patchy

biofilms (Figure 7). Owing to natural apoptosis, there were
also dead cells (stained red) on the surface (the live/dead
bacteria cell density ~2.9x10%/1.8x10* cells per mm?). As
for the PDMS coated with p (DMAEMA) brushes, after
72 h of incubation with the S. aureus suspension, the surface
was covered with large number of bacteria stained with red
fluorescence (Figure 7B) (the live/dead bacteria cell den-
sity ~1.4x10%8.6x10° cells per mm?). Moreover, most of
bacteria died indicating the high bactericidal property of the
brushes and the absence of anti-adhesive property of such
brush coating. There were also a large number of viable bac-
terial adhering on the p (DMAEMAY) brush surface, indica-
tive of the loss of bactericidal property as the closely adhered
bacterial cadavers acted as barrier between DMAEMA* and
viable bacteria. The bacteria density on the p (DMAEMA*-
co-MPC) copolymer brush surface was also found to be
significantly less than that on the pristine PDMS (the live/
dead bacteria cell density ~7.1x10%/4.6x10°, 1.9x10%/6.7x10%,
and 1.7x10%1.6x10° cells per mm?, respectively). It was
noteworthy that the number of adhesion bacteria on the
copolymer brush surface decreased greatly with an increase
in MPC in the brushes, although the killing efficiency was
not as high as single p (DMAEMAY) brushes.

The morphology and distribution bacteria on the surfaces
of coating modified and pristine PDMS were examined by
scanning electron microscope after incubating with bacterial

Figure 7 Fluorescent microscopy images of live/dead staining of S. aureus.
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3004 L Dead

2

7

Adherence of viable/ L
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2222222

N

Notes: (A) Pristine PDMS, (B) p (DMAEMA"), (C) p (DMAEMA*-c0-0.10 MPC), (D) p (DMAEMA*-c0-0.25 MPC), and (E) p (DMAEMA*-c0-0.50 MPC)-modified PDMS at
72 hours. The green color indicates live bacteria, and the red color indicates dead bacteria, under fluorescence microscopy (the magnification is 10x). (F) Adherence of the

live/dead bacteria cell density on the surfaces.

Abbreviations: S. aureus, Staphylococcus aureus; PDMS, poly(dimethyl siloxane); p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl
phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl methacrylate.
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suspension. It showed that bacteria PDMS could easily adhere
on PDMS surface and almost form a layer of bacteria, as seen
in Figure 8 (the bacteria cell density ~2.4x10° cells per mm?).
Bacteria adhesion and proliferation led to a rapid increase
in the bacteria number, which packed and accumulated into
colonies and early form of biofilm. What is more, the adher-
ing of bacteria on the PDMS surface had clear outline and
good shape, indicating the survival of S. aureus. The bacteria
adhered on p (DMAEMA") brush surface showed unclear
outline, indicating the death of bacteria (the bacteria cell
density ~1.3x10° cells per mm?). Furthermore, only a small
amount of bacteria adhered on the p (DMAEMA*-co-MPC)
brush coating (the bacteria cell density ~3.1x10%, 1.3x10%,
and 2.7x103 cells per mm?, respectively).

Although it has not been fully elucidated the adhesion
mechanism of bacteria on material surface, the interactions
between material and bacteria composed of specific receptor-
adhesion interactive forces, hydrophobic interactions, van der
Waals forces, and electrostatic forces.*? There are mainly two
stages in the process of bacterial adhesion: the initial, revers-
ible, and rapid interaction and the irreversible stage based on
specific and nonspecific interactions. Though there was still
some S. aureus adhered on p (DMAEMA*-co-MPC) copoly-
mer brush surface, most of which might be on the reversible
adhesion stage. As shown in Figures 6C-E and 7C-E, the
adhered S. aureus on the p (DMAEMA*-co-MPC) copolymer

20 ym
5 Zhejiang university

Figure 8 SEM images.

brush surface were almost in survival status (stained green). By
contrast, the adhered S. aureus on the p (DMAEMA) brush
surface were almost bacteria corpse (stained red), which were
in irreversible adhesion. It is assumed that the DMAEMA™ in
both p (DMAEMA*-co-MPC) copolymer and p (DMAEMA*)
brushes could exhibit high efficient bactericidal function. In
order to confirm this assumption, a simple way was to monitor
the bacterial concentration in the solution.

Bactericidal activity test

A plot of survival versus contact time was drawn to analyze
the bactericidal activity of the brush coatings by mean of
contact killing and/or releasing methods. As indicated in
Figure 9, the number of S. aureus in the suspension decreased
by 7% after 24 hours of incubation with pristine PDMS, which
might be due to natural apoptosis. Meanwhile, for the brush
coating, the number of viable S. aureus decreased gradually.
The sterilization rate of the p (DMAEMA") brush surface was
faster than the p (DMAEMA*-co-MPC) copolymer brush
surface. After 4 hours of exposure, the number of viable
S. aureus decreased by more than 46% for the p (DMAEMA")
brush surface and 33%-42% for the p (DMAEMA*-co-MPC)
copolymer brush surface. There were mainly two reasons for
the reduction of bactericidal property of the p (DMAEMA*-
co-MPC) copolymer brush surface. On one hand, the increase
of MPC constituent reduced the contacting of S. aureus to

2

)

.

2224

Adherence of bacteria
(10* per mm?)
>

P1-0 P1-0.1 P1-0.25 P1-0.5

0
PDMS

Notes: (A) Pristine PDMS, (B) p (DMAEMA"), (C) p (DMAEMA*-c0-0.10 MPC), (D) p (DMAEMA*-c0-0.25 MPC), and (E) p (DMAEMA*-c0-0.50 MPC)-modified PDMS after
exposure to waterborne S. aureus. (F) Adherence of the bacteria cell density on the surfaces.

Abbreviations: SEM, scanning electron microscope; PDMS, poly(dimethyl siloxane); p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl
phosphorylcholine); S. aureus, Staphylococcus aureus; MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl methacrylate.
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Figure 9 Changes of the viable S. aureus cells after exposure to various surfaces.
Notes: Pristine PDMS, p (DMAEMAY), p (DMAEMA*-c0-0.10 MPC), p (DMAEMA*-
c0-0.25 MPC), and p (DMAEMA*-c0-0.50 MPC)-modified PDMS for 24 hours.

Abbreviations: S. aureus, Staphylococcus aureus; PDMS, poly(dimethyl siloxane);

p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl methacrylate-co-2-methacryloy-

loxyethyl phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine;

DMAEMA, 2-(dimethylamino)-ethyl methacrylate.

the material surface due to the nonfouling property of MPC,
which led to the formation of hydrophilic coating on the sub-
strate. However, the existing of MPC decreased the density
of DMAEMA in the copolymer brushes. At 24 hours, more
than 8% of the bacteria had been killed for the p (DMAEMA)
brushes and 67%-75% for the p (DMAEMA*-co-MPC)
copolymer brush surface.

These results further demonstrated that the quaternary
ammonium salt grafted-PDMS surface showed high ster-
ilization efficiency against S. aureus. The antimicrobial
activity mainly originated from the hydrophobic chains to
disrupt the cell membranes and to increase cell permeability.
The hydrophobic segment provided by the long alkyl chain
is compatible with bacterial cytoplasmic membrane in the
lipid bilayer. The positively charged PQAs firstly adsorbed
onto the negatively charged bacterial surfaces and diffused
though the cell wall. Then, PQAs bound to and disrupted
the cytoplasmic membrane, which led to the loss of cyto-
plasmic constituents and the death of bacteria. As shown in
Figures 5-8, the number of adhered S. aureus on the copo-
lymer p (DMAEMA*-co-MPC) brush coating was much less
than that on the p (DMAEMA") brush coating. However, the
bactericidal function of copolymer coatings was not much
lower than of p (DMAEMAY) brush coatings. It could be
concluded that the p (DMAEMA*-co-MPC) brush coating
could smart “capture”, kill bacteria, and then release bacteria
corpse. The bacterial release ability mainly could be due to
the nonfouling function of zwitterionic MPC constitution. So,
the surface-initiated RAFT polymerization method achieved

the design of smart nonfouling, bactericidal, and bacteria
corpse releasing multifunction.

Cytotoxicity of the material surfaces
Although PQAs had a high bactericidal function, which
used to modify the surface of biomaterials, the cytotoxicity
should also be considered. To evaluate the cytocompatibility
of the antibacterial copolymer brush surfaces, growth and
proliferation of HLECs on the surfaces were investigated.
As shown in Figure 10, over a period of 24 hours, CCK-8
assay was applied to quantitative assessment of the cytotox-
icity. The cell viability of the brush coatings exceeded 80%
of that on TCPS, which suggested the low cytotoxicity and
good biocompatibility. However, as for the p (DMAEMA")
brush coating, the cell viability was very low (59% of that on
TCPS), which was ascribed to the cytotoxicity of PQAs.>*
In comparison, the MPC component in the brushes obviously
increased cytocompatibility of the antibacterial surfaces.
The adhesion and morphology of HLECs were also evalu-
ated after the FDA staining method, as shown in Figure 11.
After 24 hours of incubation, there were many HLECs cul-
tured on PDMS and p (DMAEMA) brush coating, which
maintained normal spreading morphology (Figure 11A
and B) (the adherent cell density ~6.3x10° and 3.4x10?
cells per mm?, respectively). It was suggested that these
surfaces were suitable for adhesion and growth of HLECs.
The number of HLECs adhered on the p (DMAEMA*-co-
MPC) brush coating was much less than that on the PDMS

1.0

Cell viability
(absorbance at 450 nm)

T T T T T T
A B C D E
Figure 10 The cell viability assay of HLECs cultured on various surfaces.
Notes: (A) TCPS, (B) p (DMAEMA®), (C) p (DMAEMA*-c0-0.10 MPC),
(D) p (DMAEMA*-c0-0.25 MPC), and (E) p (DMAEMA*-c0-0.50 MPC)-modified
PDMS for 24 hours. The absorbance of the diluted Cell Counting Kit solution has
been deducted from each data point, and the statistical significance is indicated by
different letters (P<<0.05).
Abbreviations: HLECs, human lens epithelial cells; TCPS, tissue culture
plates; p (DMAEMA*-co-MPC), (2-(dimethylamino)-ethyl ~methacrylate-co-2-
methacryloyloxyethyl phosphorylcholine); PDMS, poly(dimethyl siloxane); MPC,
2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl
methacrylate.
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Figure 11 Growth and morphology of HLECs stained with FDA after 24 hours of incubation on various surfaces.

Notes: (A) Pristine PDMS, (B) p (DMAEMAY), (C) p (DMAEMA?*-c0-0.10 MPC), (D) p (DMAEMA*-c0-0.25 MPC), (E) p (DMAEMA*-c0-0.50 MPC)-modified PDMS and,
(F) adherence of the HLECs density on the surfaces. The magnification is 10x.

Abbreviations: HLECs, human lens epithelial cells; FDA, fluorescein diacetate; TCPS, tissue culture plates; PDMS, poly(dimethyl siloxane); p (DMAEMA*-co-MPC),
(2-(dimethylamino)-ethyl methacrylate-co-2-methacryloyloxyethyl phosphorylcholine); MPC, 2-methacryloyloxyethyl phosphorylcholine; DMAEMA, 2-(dimethylamino)-ethyl

methacrylate.

and p (DMAEMAY) brush coatings (the adherent cell
density ~1.4x10%, 340, and 96 cells per mm?, respectively).
This could be owing to the nonfouling function of the zwit-
terionic MPC component. The remaining HLECs after
cataract surgery may proliferate and form Elschnig pearls
on the capsule’s surface and also onto the IOL surface and
eventually resulted in posterior capsule opacification. The
decrease in the number of HLECs adhering on IOL can
inhibit the formation of multicellular secondary membrane
or fibrosis on the posterior capsule and eventually restrain
the occurring of posterior capsule opacification.

Conclusion

In the present study, a novel p (DMAEMA*-co-MPC) copo-
lymer brush was synthesized by “grafting from” surface-
initiated RAFT polymerization method. Spectroscopic
ellipsometry, AFM, and WCA measurements confirmed
each modified step. Surface hydrophilicity and morphology
tests indicted the low roughness and high hydrophilicity of
coatings. The p (DMAEMA*-co-MPC) copolymer brush
surface exhibited high nonfouling activity against BSA
protein, HLECs, and S. aureus as compared to the pristine
and p (DMAEMAY) brush coating-modified PDMS surfaces.
The brush-modified surface also exhibited high bactericidal
efficiency toward S. aureus as revealed by measurements of
bacteria live/dead staining and shake-flask culture methods.

Biofilm inhibition assay showed that copolymer brush
surface was very effective in inhibiting bacterial adhesion
and biofilm formation on contact with S. aureus in nutrient
environment from 15 seconds to 72 hours. Brush coating
could continuously “capture” and kill bacteria, and “released”
bacteria corpse away from the surface. Thus, the complex-
ity of nonfouling property owing to MPC groups with net
neutral charge and high hydrophilic property and the efficient
bactericidal effect of DMAEMA®* had many advantages in
inhibiting biofilm formation. The smart antibacterial surface
also had low cytotoxicity, which will be used for [OL modi-
fication and other biomaterial modification.
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