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Antifouling property of monothiol-terminated bottle-
brush poly(methylacrylic acid)-graft-poly(2-methyl-2-
oxazoline) copolymer on gold surfaces

Xiajun Zheng, Chong Zhang, Longchao Bai, Songtao Liu, Lin Tan, Yanmei
Wang*

In this study, a series of well-controlled bottle-brush polymers, poly(methylacrylic acid)-g-poly(2-
methyl-2-oxazoline) with monothiol-terminated group ((PMAA-g-PMOXA)-SH) were synthesized by
using reversible addition-fragmentation chain transfer (RAFT) polymerization and cationic ring-opening
polymerization (CROP), and then (PMAA-g-PMOXA)-SH were grafted to the surface of gold sensor in
situ aminolysis reaction. Cyclic voltammetric (CV), X-ray photoelectron spectroscopy (XPS), variable
angle spectroscopic ellipsometry (VASE), water contact angle (CA) and atomic force microscopy (AFM)
were used to characterize the copolymer modified gold sensor. The protein resistant property was
investigated by surface plasmon resonance (SPR). And platelet adhesion was observed by scanning
electron microscopy (SEM). Compared with the bare gold sensor, the (PMAA,,-g-PMOXA,,)-SH
modified gold sensor can reduce the levels of fibrinogen (Fg), bovine serum albumin (BSA) and
lysozyme (Lyz) adsorption by 96.5+3.1% , 85.8+5.7%, and 49.4+1.6%, respectively. Meanwhile, the
(PMAA,,-g-PMOXA,,)-SH modified gold sensor also possess excellent resistance to platelet adhesion.
All these data demonstrated that this simple method is feasible, and bottle-brush (PMAA-g-PMOXA)-

SH modified gold sensor has potential application in biosensor and biomedical areas.

Introduction

Nowadays, gold is extensively applied in biosensor interfaces,
such as electrochemical biosensors,* surface plasmon resonance
(SPR)?® and quartz crystal microbalance (QCM),* because of
its many prominent property, such as hard to oxidation, better
conductivity and easy for surface modification.>® In particular,
a biosensor made of gold applied to the clinical diagnosis of
epidemic diseases,® long-term nursing of chronic diseases,°
and early diagnosis of cancers®! can save many lives around the
world. Whereas, when the gold biosensor exposed to complex
biological fluids environment, a series of harmful responses
including thrombus formation, blood coagulation, platelet
activation and other unfavorable responses have occurred,?%*
which resulting in a low signal-to-noise ratio (S/N),*> !¢ leading
to low biosensor efficiency. All these consequences are
considered due to the protein fouling on the substrate surfaces
once the substrate contact with the biological fluids. Therefore,
rendering the protein resistant property to biosensor is of a
matter of debate in the development of biosensor areas. The
grafting of antifouling materials to the substrate surface is a general
method.

This journal is © The Royal Society of Chemistry 2013

It is widely known that poly(ethylene glycol) (PEG),
oligo(ethyleneglycol) (OEG) and their derivatives have been
extensively used as antifouling materials and show excellent
antifouling property.’”'® However, PEG is known to undergo
degradation by (auto-) oxidation to form aldehydes and ethers which
limiting their application.?*® Furthermore, PEG coatings will
lose their function when paced in vivo.?"?? Thus, it is necessary
to search for the alternative polymers. In recent years, poly(2-
oxazoline)s appear in researchers' field of vision, especially the
water soluble poly(2-methyl-2-oxazoline) (PMOXA) as
biomaterials owing to its many distinctive properties, such as
tolerating to oxidative degradation,® a less demanding
synthesis?* and non-cytotoxicity.?® Furthermore, it is reported
that substrate surfaces modified with poly(2-oxazoline)s have
shown similar protein-repellent properties to PEG based
materials.?®?” In the past decades, several approaches have been
applied to tether the polymer on solid substrate such as “grafting
t0”,% 2° and “grafting from™*% etc. Although the “grafting from”
approach can produce polymer brushes on the substrate with high
grafting density, the requirements of functionalized surface and inert
polymerization conditions make it difficult for preparing antifouling
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surface.  Additionally, the living cationic  ring-opening
polymerization (CROP) used for PMOXA polymerization must be
performed strictly within an inert atmosphere as it is sensitive to
oxygen and water. Therefore, the most common used method for
anchoring PMOXA is “grafting to” method. Recently?’, a simple
annealing protocol has been used to graft the comb copolymer poly
[(2-methyl-2-oxazoline)-random-glycidyl methacrylate] (PMOXA-r-
GMA) onto the silicon/glass to yield a covalent and cross-linked
PMOXA-based antifouling coating in our group. The aim of this
work is to deal with the biofouling problem on gold substrates which
have been extensively applied in electrochemical biosensors?,
SPR? 3 QCM* and other biosensor and biomedical areas. When
it refer to antifouling property, some researches have shown that
bottle-brush polymers are the kind attractive candidate for
antifouling coating due to their conformational flexibility and high
grafting density of the side chains.**%® Zhang and coworkers®
have prepared some poly(2-oxazoline)s based bottle-brush
brushes on amino-functionalized silicon/silicon dioxide
substrates via a two-step polymerization using “grafting from”
method, and found these kinds of coatings possess an excellent
non-fouling behavior while the bottle-brush brushes are
composed with poly(2-methyl-2-oxazoline) side chains. Thus we
believe that tethering the PMOXA with bottle-brush structure to the
gold substrate using the “grafting to” method will produce a good
antifouling coating.

Ulrich S. Schubert and coworkers have reported that the
bottle-brush polymers composed of a poly(methylacrylic acid)
(PMAA) backbone and oligo (2-ethyl-2-oxazoline) (OEtOXx)
side chains can be synthesized by using living OEtOx chains
directly grafting onto a deprotonated PMAA backbone.®
Motivated by this, we synthesized a series of graft polymers
composed of PMAA backbone and PMOXA side chains in this
work. As illustrated in Scheme 1, firstly, PMAA backbone were
synthesized using the reversible addition-fragmentation chain
transfer (RAFT) polymerization and PMOXA side chains were
obtained by cationic ring-opening polymerization (CROP) of
methy oxazoline (MOXA), and then the living oligomeric
oxazolinium species were terminated by deprotonation PMAA
to obtain bottle-brush PMAA-g-PMOXA with a dithioester
group. As it is known, gold has a strong specific interaction

MeTOs, CH;CN, 80°C

e *>:47/

MOXA PMOXA
AIBN, CPDB, Et,0H, 70'C_ NC. S S
= S
RAFT
COOH CcooH Ph
MAA PMAA

DMF, NEts, 80°C

end capping

with thiol,*#2° so the polymers terminated with a dithioester can
be conferred into thiol-terminated ((PMAA-g-PMOXA)-SH) by
aminolysis,*>*® and then bonded to the gold surface. Whereas
the susceptibility of thiol to aerial oxidation (to form the
corresponding disulfide) is also a potential problem using thiol.
In order to minimize this problem, firstly, bare gold sensor was
immersed into dithioester terminated polymer solution, and
then the bottle-brush polymer can be anchored to the gold
substrate to form bottle-brush coating through thiol group
generated during situ aminolysis in this work. The protein
resistant properties of the bottle-brush (PMAA-g-PMOXA)-SH
coatings could be finely tuned by varying the backbone and
side chain length. Protein adsorption was analyzed
quantitatively by using surface plasmon resonance (SPR)
performed with fibrinogen (Fg), bovine serum albumin (BSA)
and lysozyme (Lyz). And platelet adhesion was observed by
scanning electron microscopy (SEM).

Experiment section

Materials

SPR gold sensors were used as the substrate. Triethylamine
(TEA), 2-methylacrylicacid (MAA), N, N-dimethylformamide
(DMF), diethyl ether, chloroform, 2-aminoethanol (MEA),
acetonitrile (AN), ethanol, CaH,, 2, 2'-dicyano-2,2'-azopropane
(AIBN), were purchased from Sinopharm Chemical Reagents
Co., Ltd. (SCRC, Shanghai, China), and purified according to
standard methods before use. 4-Cyanopentanoic acid
dithiobenzoat (CPDB) was synthesized according to the
literature procedure.** 2-Methyl-2-oxazoline (MOXA, Aldrich,
98%) was dried by CaH, overnight, and then distilled before
use. Methyl p-toluenesulfonate (MeOTs) was purchased from
Aldrich and used as received. Fibrinogen (Fg, 340 kDa, pl =
5.5), bovine serum albumin (BSA, 66 kDa, pl = 4.7), and
lysozyme (Lyz, 14 kDa, pl = 12) were purchased from Sigma-
Aldrich. All water used in this experiment was deionized water.

RAFT polymerization of PMAA

MAA (3.00 g, 34.88 mmol) was dissolved in 2.50 mL ethanol,
and AIBN (71.50 mg, 0.44 mmol) in 2.00 mL ethanol as well as
a solution of CPDB (385.42 mg, 1.74 mmol) in ethanol (4.00
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Scheme 1 Schematic illustration of the synthesis and structure of (PMAA-g-PMOXA)-SH polymer.
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mL) were added into a round bottom flask with a magnetic
stirring bar, then other 8.94 mL ethanol were added. The
concentration of monomer was 2.00 mol L™ and the ratio of
[monomer] : [CPDB] : [AIBN] was 20 : 1 : 0.25. After three
freeze-pump-thaw cycles, the flask was flame sealed under
vacuum. And then the flask was placed in a 70<C oil bath. After
15 h, the reaction flask was quenched by an ice-water bath.
Then the crude product was precipitated into chloroform. The
resulted pink powder were obtained by dialysis (membrane
1000 Da molecular weight cutoff) against deionized water for 3
days and then lyophilized. The obtained polymer using above
recipe was named as PMAA,, Another polymer PMAA, was
synthesized in the same process only by changing the
[monomer] : [CPDB] molar ratios to 40.

Synthesis of (PMAA-g-PMOXA)-SH

MOXA (4.43 mL, 52.30 mmol), MeOTs (0.66 mL, 4.40 mmol),
AN (8.86 mL) were added to a 25 mL Schlenk tube under a
nitrogen atmosphere. The polymerization was performed at
80°C for 22 h. After that, PMAA, (0.20 g ) and TEA (0.49 mL)
which dissolved in DMF (0.87 mL) in advance under the
protection of nitrogen were added to the Schlenk tube, then the
tube were heated to 80 °C for 24 h. After that, the solution was
quenched by using an ice-water bath. The resulting products
were obtained by precipitation into diethyl ether. With
purification, the obtained polymers were dialyzed (membrane
3500 Da molecular weight cutoff) in deionized water for 3 days
and then lyophilized. The color of the product was pink. We
defined this polymer as PMAA,,-PMOXA ,. Similarly, another
two copolymer PMAA,-PMOXAgs and PMAA,,-PMOXAg
with different backbone and different side chain length were
synthesized using the same procedure as above by solely
changing the MOXA/MeOTs molar ratios from 12 : 1 to 6 : 1.
While the MOXA monomer was always 1/2 of the AN solvent.
Partial resulting copolymer was converted to the thiol terminated
polymer ((PMAA-g-PMOXA)-SH) by aminolysis with MEA (MEA
to polymer = 20 : 1) for further characterization. A typical
procedure is as follows. PMAA,-PMOXA,, (0.50 g) was
dissolved in 20 mL deionized water and then the polymer solution
was added into a three necked, round bottom flask equipped with a
Teflon coated magnetic stir bar. After that, 20 mol equiv MEA were
added to the polymer solution. The reaction mixture was
deoxygenated by bubbling with nitrogen. The solution was then
stirred at ambient temperature for 4 h until the polymer solution
became colorless. And then (PMAA,-PMOXA;,)-SH was
obtained after purification the polymer solution by dialysis in
deionized water for 3 days and lyophilization. (PMAA,-
PMOXAg)-SH and (PMAA,-PMOXAg)-SH were obtained as
the same process.

Preparation of polymer-modified gold SPR sensors

The gold SPR sensors were glass slides coated with an
adhesion-promoting chromium layer (thickness 5 nm) and a
surface plasmon-active gold (Au) layer (45 nm) by electron
beam evaporation under vacuum. Before polymer coating, the
SPR sensors were immersed into freshly prepared piranha

This journal is © The Royal Society of Chemistry 2012
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solution (H,SO,4 : H,O, = 3 : 1, v/v, 70°C ) for 10 min to
remove any organic contamination, and then rinsed with
deionized water and ethanol and dried under a stream of
nitrogen. The preparation process is showed in Scheme 2. The
polymer solutions were prepared by dissolving PMAA-g-PMOXA
into ethanol at room temperature to keep the polymer solution
concentration 5 mg/mL. Then MEA were added to the polymer
solution, maintaining the molar ratio of MEA to polymer at 20 :
1. The reaction mixture was deoxygenated by bubbling with
nitrogen, and then freshly prepared gold sensors were immersed
in and shaken in an orbital shaker for 48 h at room temperature.
After that the modified gold sensors were washed with
deionized water and ethanol to remove unbonded polymer and
dried in a nitrogen stream.

The characterization of copolymer
NMR spectroscopy

!H NMR spectra were recorded on a Bruker AV300 NMR
spectrometer (resonance frequency of 300 MHz for 'H)
operated in the Fourier transform mode. Deuterated dimethyl
sulfoxide (DMSQO) was used as the solvent.

Gel permeation chromatography (GPC)

The polydispersity indices (PDI) of PMAA and (PMAA-g-
PMOXA)-SH were determined by GPC. GPC of PMAA was
performed by a Waters gel permeation chromatography analysis
system equipped with four Ultrahydrogel columns (2000, 500, 250
and 120; 7.8>300 mm), the column temperature was 35°C. The
mobile phase employed was phosphate buffer saline (pH=7.4) at a
rate of 1 mL/min calibrated with PEO standards. As for (PMAA-g-
PMOXA)-SH copolymers, tandem gel permeation
chromatography/light scattering (GPC/LLS) was performed at 50<C
using a SSI pump connected to Wyatt Optilab DSP and Wyatt
DAWN EOS light scattering detectors with DMF containing 0.02
mol/L LiBr salt as eluent at a flow rate of 1.0 mL/min, and
separations were achieved using 10°, 10* and 10° A Phenomenex
Phenogel 5 um columns.

UV-vis absorption spectra

UV-vis absorption spectra were taken on a Shimadzu UV-2550
spectrophotometer using 1-cm path length quartz cuvettes. Ethanol

was used as the solvent.
4B =
Platelet
Q@ i W%W%

MEA, ethanol, 25T Modified gold
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W PMOXA
B8
- h
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Scheme 2 Modification route of gold sensor.
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The characterization of copolymer-modified SPR sensors
Electrochemical measurements

The cyclic voltammetric (CV) studies were performed by using a
CHI600D electrochemical workstation (Chenhua, Shanghai) with a
three-electrode system of platinum wire as a counter electrode and
Ag/AQCI as a reference electrode. The barrier properties of
unmodified and modified gold sensors were evaluated in a
solution of ferricyanide (10 mM) ([Fe(CN)g]*/[Fe(CN)]*)
contained 0.1 mol L™ KCI. The potential window was —0.2 to 0.6
V and then 0.6 to —0.2 V (vs. Ag/AgCl ), and the scanning rate
was 100 mV/s.

Variable-angle spectroscopic ellipsometry (VASE)

The variable-angle spectroscopic ellipsometry (VASE) spectra were
carried out on a spectroscopic ellipsometer (M-2000, Woollam Co.,
Inc., Lincoln, NE). The measurements were performed in the
spectral range of 370-1000 nm at two different angles of incidence
(70<and 809. The analysis software CompleteEASE 4.81 was used
to analyze all data. A Cauchy layer model was used to determine
film thickness. In order to ensure the formation of homogeneous
polymer coating, every sample was measured at least three times.

Atomic force microscopy (AFM)

The surface morphologies of polymer-coated gold sensors were
determined by using atomic force microscope (AFM) (Veeco
Instruments, Mannheim, Germany) with tapping mode in dry state.
Measurements were performed in air.

Contact angle measurements

Wettability of the modified sensors was investigated with a Kino
SL200K instrument (America), using the sessile drop method under
room temperature. A water drop with volume of 2 uL was dropped
onto the samples with a microsyringe in an atmosphere of air. At
least 3 contact angles at different locations on each sample were
measured to get a reliable value.

Protein adsorption experiments

Protein adsorption was measured with a BIACORE 3000
system instrument (Sweden BIACORE AB) for SPR study at
room temperature. Protein adsorption on a modified SPR sensor
and unmodified SPR sensor was tested with Fg, BSA, and Lyz
in PBS buffer (137 mM NacCl, 2.7 mM KCI, 2 mM KH,PO,
and 10 mM Na,HPO,, pH 7.4). A baseline signal was
established by flowing PBS buffer at a rate of 0.05 mL/min
through the sensor until the baseline being stable. 1 mg/mL
single-protein solution of Fg, BSA, Lyz flowed through
independent channels for 10 min, and then the channels were
rinsed with PBS buffer solution to remove unbound protein
molecules. The amount of adsorbed proteins on the surface was
quantified by measuring wavelength change (1000 RU=1
ng/mm?) between the baselines before and after protein
injection.

4| J. Name., 2012, 00, 1-3

Platelet adhesion

The gold sensors were placed in individual wells of 6-well
tissue culture plate and equilibrated with PBS for 2 h. Fresh
blood with 3.8% sodium citrate anticoagulant (9:1) was
centrifuged (1200 rpm, 10 min) to obtain platelet-rich plasma
(PRP). And then the bare gold sensor and modified gold sensor
were incubated with PRP for 2 h at 37 <C. After being rinsed with
PBS, the substrates were immersed into 2.5% glutaraldehyde in PBS
for 30 min, subjected to a series of graded alcohol-water solutions
(25%, 50%, 75%, 95% and 100%) for 20 min in each step and dried
under vacuum. Finally, the substrates were examined by a scanning
electron microscope (SIRION200, FEI, USA).

Results and discussion
Synthesis of monothiol-terminated bottle-brush copolymer

The chemical structure and synthesis route of monothiol
terminated (PMAA-g-PMOXA)-SH are shown in Scheme 1.
Dithiobenzoate group terminated PMAAs were synthesized use
RAFT polymerization. Then PMOXA side chains were
introduced using the deprotonated PMAA backbone to
terminate the PMOXA cation species. Subsequently, the thiol
terminated polymers were obtained by aminolysis with MEA.
Three samples PMAA,-g-PMOXA;, PMAAy-g-PMOXA; and
PMAA-g-PMOXA, with different structure varying backbone
and side chain length were prepared. Fig. 1 shows the *"H NMR
spectra of PMAA,, (in black of Fig. 1(a)), PMAA, (in red of
Fig. 1(a)), PMAA,-g-PMOXA; (in black of Fig. 1(b)), PMAA,-
g-PMOXAg (in red of Fig. 1(b)), and PMAAy-g-PMOXA,, (in
green of Fig. 1(b)). All of the corresponding resonance peaks (a,
b, c, d) of PMAA were found in the spectra. As shown in Fig.
1(a), comparing the peak integrals of PMAA, (in black) and
PMAA,, (in red) derived from the carboxyl protons (d) at 12-13 ppm
with the aromatic proton (c) at 7.4—8.2 ppm, respectively, the
degree of polymerization (DP) of PMAA, and PMAA,, were
22.25 and 43.90 individually. The GPC data of PMAA,, and
PMAA,, were shown in ESI (Table S1 and Fig. S1). The PMAAs
with relatively low polydispersity (PDI<1.2) were obtained,
suggesting the living characteristics of the RAFT polymerization
process. The chemical shifts of all the protons in the copolymers
can be clearly identified in Fig. 1(b), attesting to the formation
of the expected structures. The peak around 7.4—8.2 ppm in Fig.
1(b) was assigned to aromatic proton c. Peaks a and b were
attributed to PMAA characteristic peak. The e, f, g, h proton
peaks from MOXA side chains indicated the inclusion of
PMOXA and PMAA moieties in the polymer. The content of
PMOXA in the copolymers was calculated from the *H NMR
data as follows:

1, /3
1,/3

a

%100

PMOXA(mol%) =

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 'H NMR spectra (300 MHz, DMSO-dg) of PMAA with different DP
(a), PMAA4-g-PMOXAs, PMAA-g-PMOXAg, PMAA-g-PMOXA;; (b) and
(PMAA40-8-PMOXAg)-SH, (PMAA,o-g-PMOXAg)-SH, (PMAA,-g-PMOXA 15~
SH) (c).

where 1, and |; are the intensities of the a and f proton peaks,
respectively (Fig. 1b). The content of PMOXA in the copolymers
of PMAA,-g-PMOXAs, PMAA,-g-PMOXAg and PMAAL-g-
PMOXA,, is 86.9%, 85.4% and 83.3%, respectively. The DP of
PMOXA side chain can be calculated from the integral ratio of
methyl protons (Fig. 1(b)-e) and methyl protons (Fig. 1(b)-f). The
DP of PMOXA side chains in PMAA,-g-PMOXAs, PMAA-
PMOXAs, and PMAA,-g-PMOXA,, were about 4.72, 4.77, and
10.36, respectively. And the GPC data of (PMAA4-g-PMOXAg)-SH,
(PMAA,-PMOXAg)-SH and (PMAA,-g-PMOXA,,)-SH  were

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry B

( a) = = PMAA-g-PMOXA4
1.5 > :
— (PMAA -g-PMOXAg)-SH
1.24

z 094

£

2 Pl

5 0.6 ’ \

z \

- 4 \

s
0.3 .~ A
—-—-— Y
00— T e
T r )
250 300 350 400
Wavelength (nm)

(b) — = PMAA, -2-PMOXAg
157 —— (PMAA9-g-PMOXA g-SH
1.2

o

g 0.9 ~

SN

£ ’ \

2 069, - N

] - - \

Ay
0.3 .
~
N
~ ~

0.0 =

T T ]

250 300 350 400
‘Wavelength (nm)
(C) — — PMAA(-g-PMOXA[,
154 —— (PMAA3(-g-PMOXA5)-SH
1.24
3 0.94
=
2 PLES
5 0.64 , A
= \
< 4 \

0.3 4

. Vs \

—_— ~
NS ~..
0.0 —=
250 300 350 400

Wavelength (nm)

Fig. 2 UV-vis spectra of PMAA,-g-PMOXAg (a), PMAA,,-g8-PMOXA¢ (b)
and PMAA,,-g-PMOXA;; (c) with dithiobenzoate groups (dash trace) and
after treatment with MEA (solid trace).

shown in ESI (Table S1 and Fig. S2). The molecular weight
distribution of the resulting copolymers was relatively low
(PDI<1.3), demonstrating the good control of the polymerization.
However, the tailing of the peaks illustrated there are some
adsorption between copolymer and column.

The reduction of the terminal group of above copolymer was
confirmed by NMR spectra and UV-vis spectra. It can be seen in Fig.
1(c), the disappearance of aromatic proton around 7.4—8.2 ppm in
the copolymer indicated the success of the reduction process. As
illustrated in Fig. 2, the dithiobenzoate group has a strong absorption
band around 305 nm in dash trace in Fig. 2 a, b and ¢ for PMAA4,-0-
PMOXAs, PMAA-g-PMOXAs,  and  PMAAy-g-PMOXA,,,
respectively. After reduction with MEA, the adsorption bands
disappeared, indicating that the dithiobenzoate group at the chain
end of PMAA-g-PMOXA was removed (as shown in solid trace in
Fig. 2 (a), (b) and (c)), yielding the copolymers terminated with a
thiol group ( (PMAA-g-PMOXA)-SH).

The characterization of polymer-modified SPR sensors

Electrochemical measurements

J. Name., 2012, 00, 1-3 | 5
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Fig. 3 Cyclic voltammograms for estimate the surface coverage of
(PMAA4-8-PMOXAg)-SH (in black), (PMAA,-g-PMOXAg)-SH (in pink),
(PMAA,o-g-PMOXA;,)-SH (in red) modified gold surface and bare gold
surface (in purple).

The surface coverage of the modified gold sensors can be
determined by cyclic voltammogram. Fig. 3 shows the CV
curves of bare gold (in purple) sensor and (PMAA-0-
PMOXAg)-SH (in black), (PMAA-g-PMOXAg)-SH (in pink)
and (PMAA,;-g-PMOXA,)-SH (in red) modified gold sensors.
The bare gold sensor electrode reveals higher oxidation and
reduction current peaks, indicating that the electron transfer
reaction on the bare gold sensor surface was controlled by
diffusion process. For (PMAA,-g-PMOXA,)-SH modified
gold sensors, the CV shows the smallest oxidation and
reduction current, which means (PMAA-g-PMOXA,,)-SH
possessed the best blocking behavior for the electron transfer
reaction. While in the case of (PMAAy-g-PMOXAg)-SH
modified gold sensor, the CV also shows a good blocking
behavior but no better than (PMAA-g-PMOXA;,)-SH
modified gold sensors. Whereas the gold sensor modified with
(PMAA4-g-PMOXAG)-SH exhibits a rather imperfect blocking
behavior, in which charge can access and pass through the gold
surface. This phenomenon closely relates to the surface
coverage in which high surface coverage causes good blocking
behavior.*® Therefore, both (PMAA,o-g-PMOXA;,)-SH and
(PMAA,-g-PMOXAG)-SH modified gold sensors showed high
surface coverage, but the surface coverage of (PMAA,-g-
PMOXA,)-SH with longer PMOXA chains was much higher
than (PMAA,-g-PMOXAg)-SH with shorter PMOXA chains.
This means the length of PMOXA side chains might influence
the surface coverage of coating formed by (PMAA-g-
PMOXA)-SH copolymer. Compared (PMAA-g-PMOXA)-
SH modified gold sensor to (PMAA4-g-PMOXAg)-SH
modified gold sensor, although the length of PMOXA side
chains is the same in both copolymers, the surface coverage of
theirs is different. The (PMAA,-g-PMOXAG)-SH with shorter
PMAA backbone formed coating possessed much higher
surface coverage than (PMAA,-g-PMOXAg)-SH with longer
PMAA backbone. It is suggesting that the length of the PMAA
backbone of (PMAA-g-PMOXA)-SH could affect the
formation of the coating on the gold sensor, too much longer
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backbone will result in few polymers binding to the gold
surface.

XPS measurements

In order to further characterize the modified gold sensors, the
elemental composition of the (PMAA4-g-PMOXAg)-SH,
(PMAA,-g-PMOXAg)-SH and (PMAA-g-PMOXA,)-SH
modified gold sensors and unmodified gold sensor was
determined by XPS. As illustrated in Fig. 4(a), for the bare gold
sensor surface (in black), Au element was detected and
additional carbon and oxygen elements were also detected. The
latter feature can be attributed to the unavoidable contamination
of gold surfaces during preparation and analysis process. As for
(PMAA,-g-PMOXA,)-SH modified gold surface (in red), the
signals at 286.0, 400.1, 531.6 eV and 161.2 eV were ascribed to
element C 1s, N 1s, O 1s and S 2p, respectively (Fig. 4(a)). Fig.
4(b) shows the enlarged S signal from (PMAA-g-PMOXA,)-
SH modified gold surface (Fig. 4(a)). S 2p at 161.2 eV was

()

(PMAA_ -g-PMOXA )-SH modified
20 12
Au 4f

bare gold

et

T T
600 400 200
Binding energy (eV)

(b) S2p

170 168 166 164 162 160 158
Binding energy (eV)

T T T T T !
292 290 288 286 284 282
Binding energy (eV)
Fig 4 XPS spectra of wide scan for bare gold and (PMAA,o-g-PMOXA,)-SH
modified gold surface (a), the enlarged signal of S from (PMAA,y-g-

PMOXA,)-SH modified gold surface (b) and C 1s core-level spectra of the
(PMAA-g-PMOXA;,)-SH modified gold surface (c).
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Table 1. Atomic concentrations, static water contact angles and corresponding layer thickness of unmodified and bottle-brush polymer modified gold

surfaces.

Atomic concentrations

Surface Au(%) C(%) (%) N(%) S(%) Contact angle (deg) Thickness (A)
Bare gold 63.22 29.95 6.83 6145
(PMAA,-g-PMOXA)-SH modified 50.86 29.45 9.01 7.48 3.20 4143 17.645.0
(PMAA,-g-PMOXA)-SH modified 32.38 41.32 13.69 9.36 325 2813 46.026.0
(PMAA-g-PMOXAy,)-SH modified ~ 21.77 51.24 14.69 11.27 1.03 1944 743354

observed and indicated that the thiol was tethered covalently to
the gold sensor; S 2p at 164.6 eV was also detected, which refer
to the unbound thiol; another S 2p signal at 168.3 eV was due
to the presence of oxidized sulfur species.*® There were sharp
increase in C 1s, N 1s, O 1s peaks’ intensity and a decrease in
Au 4f peak intensity for (PMAA-g-PMOXA,)-SH modified
gold surface compared to the bare gold surface. While in Fig
4(c), the XPS C 1s core-level spectra of (PMAAy-g-
PMOXA1,)-SH modified gold surface are curve-fitted into four
peak components with binding energies at 284.7, 285.8, 287.7
and 288.6 eV, attributed to the C-H, C-N, O=C-N and O=C-O
species, respectively. The appearance of the peak assigned to
C—N bond at 285.8 eV is contributions from PMOXA. We also
did the same XPS analysis for another two polymer coating
surfaces. The XPS data are summarized in Table 1. For
(PMAA4-g-PMOXAg)-SH modified gold surface, the Au
signal was still large remained about 50.86%, with decreasing
DP of backbone, for (PMAA,;-g-PMOXAg)-SH modified gold
surface, the atomic concentration of Au decreased from 50.86%
to 32.38% and the atomic concentration of C, O and N
increased from 29.45% to 41.32%, 9.01% to 13.69%, 7.48% to
9.36%, respectively. Obviously after decreasing the PMAA
backbone length, the surface coverage was increased. It is
noticed that (PMAA-g-PMOXA,)-SH modified gold surface
showed the least atomic concentration of Au and the highest
atomic concentration of C, N, O, represented the best surface
coverage of the three coatings. Compared PMAA-g-
PMOXA,)-SH modified gold surface with (PMAA-g-
PMOXAg)-SH modified gold surface, the XPS results
suggested that increasing the PMOXA side chain length can
also slightly increase the surface coverage. The XPS results are
consistent with the above CV results. The atomic concentration
of S in three coatings was slight higher for there might be a
trace amount of sulfur-containing small molecule contaminants
that cannot be completely removed in the modify process of
sensors.*

Surface hydrophilicity and layer thickness

Static water contact angles were used to determine the
hydrophilicity of the bottle-brush polymer modified gold
sensors. From the results presented in Table 1, the water contact
angle on the unmodified gold surface is 61+10< After modified
with the (PMAA-g-PMOXAG)-SH, (PMAA,;-g-PMOXAg)-

This journal is © The Royal Society of Chemistry 2012

SH and (PMAA-g-PMOXA,)-SH bottle-brush polymer, the
water contact decreased to 41439 28439 and 19#H4<9
respectively. While the PMOXA unit was tethered to the gold
surface, the water contact angle of gold surface decreased due
to the excellent hydrophilicity of PMOXA. It can be seen that
the (PMAA,-g-PMOXA,)-SH modified gold sensor showed
the least contact angle, implying that this coating contained a
maximum of PMOXA compared with other copolymers. This
observation is in good agreement with the XPS results, in which it
was found the amount of the hydrophilic PMOXA increased from
(PMAA40-g-PMOXAg)-SH, to  (PMAA,-g-PMOXAg)-SH and
(PMAA,-g-PMOXA,)-SH modified surface. The dry thickness
of the bottle-brush polymer layer on the gold surface was tested
by ellipsometry. After three repeated experiments, we obtained
a thickness about modified gold. The thickness of (PMAA,-g-
PMOXAg)-SH modified gold was only 17.625.0 A. This is due
to the low surface coverage of (PMAA,-g-PMOXAg)-SH
modified gold as determined by CV and XPS measurements.
While for (PMAA,-g-PMOXAG)-SH modified surface, the
film thickness increased to 4646.0 A. With decreasing the DP
of the PMAA backbone, more bottle-brush polymer can bond to
the gold surface, therefore the layer thickness was increased.
And after modified using (PMAA,,-g-PMOXA,)-SH, the film
showed the largest thickness of 74.345.4 A. It is obvious that
the dry film thickness increased with increasing the surface

I H W

0.00m

Nom
2.0 nn

Fig. 5 AFM 3D images showing the surface morphology of: (a) unmodified
gold surface, (b) (PMAA.-g8-PMOXAg)-SH modified gold surface, (c)
(PMAA,-g-PMOXA6)-SH modified gold surface, (d) (PMAA,,-g-PMOXA;)-SH
modified gold surface.
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coverage.

AFM measurements

The morphologies of the unmodified gold and modified gold
surfaces were investigated by AFM with tapping mode in dry
state. A significant difference of surface morphologies between
the unmodified and modified surfaces could be observed, which
was also reflected by their root mean square (RMS) surface
roughness values. As shown in the AFM images (Fig. 5), the
bare gold surface was homogeneous and uniform, with RMS
roughness of 1.23 nm (Fig. 5(a)). The RMS roughness wasl.44
nm after modified with (PMAA,,-g-PMOXAg)-SH (Fig. 5(b)).
While the (PMAA,-g-PMOXA)-SH modified gold had a
value of 1.91 nm (Fig. 5(c)). As for the (PMAAy-g-
PMOXA,)-SH modified gold surface, the RMS roughness
increased to 2.71 (Fig. 5(d)). It can be seen that the bare gold
surface showed homogeneous and small Au particles, while

(a)
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2o F"/’—g
=)
&
&
18000
£ (PMAA 49-2-PMOXAg)-SH modified
b
g v (PMAA-g-PMOXAG)-SH modified
z PBS
& 15000 - l (PMAA;(-g-PMOXA | )-SH modified
T T T J
0 500 1000 1500 2000
Time (s)
PBS
= 14000+ Bare gold
=
. (PMAA 49-2-PMOXA)-SH modified
g
=
S
£ 13000
2 (PMAA-g-PMOXA)-SH modified
é
(PMAA -2-PMOXA 19)-SH modified
12000 T T T J
0 500 1000 1500 2000
Time (s)
(c)
19000 - PBS
g
g“ 18000+ Bare gold
.E PMAA 4-g-PMOXA)-SH modified
% 17000 (PMAA 8- PMOXAgr-SH modified
=3
o
E PBS (PMAA 3-g-PMOXA 1 5)-SH modified
16000
T T T ]
0 500 1000 1500 2000
Time (s)

Fig. 6 Fouling from Fg (a), BSA (b) and Lyz (c) protein solution adsorption
on unmodified and (PMAA40-g-PMOXAg)-SH, (PMAA,-g-PMOXAg)-SH and
(PMAA-g-PMOXA;,)-SH modified gold surfaces, respectively.
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after modified with the (PMAA,-g-PMOXAg)-SH there were
some nonuniform nano-islands. The phenomenon is closely
related to the low surface coverage of (PMAA 4-g-PMOXAg)-
SH modified surface. The apparent increment in RMS
roughness for (PMAA,-g-PMOXAG)-SH and (PMAA-0-
PMOXA,)-SH modified surfaces is owing to that with the
increase of surface coverage, more extended structures were
formed on (PMAA-g-PMOXAg)-SH and (PMAAy-g-
PMOXA,)-SH modified gold surfaces, thus the roughness is
increased.*’

The study of antifouling property
Protein resistant property

Three proteins Fg, BSA, Lyz were used in this experiment, because
of their different molecule weight and isoelectric point. Fig 6 shows
SPR profiles obtained for the adsorption of Fg (Fig. 6(a)), BSA (Fig.
6(b)) and Lyz (Fig. 6(c)) on (PMAA,-g-PMOXA)-SH , (PMAA-
g-PMOXAg)-SH and (PMAAx-g-PMOXA,)-SH modified gold
surface, as well as on bare gold surfaces. As shown in Fig. 6(a), Fg
adsorbed strongly on the control bare gold surface, while after
modified with (PMAA-g-PMOXAg)-SH, (PMAA,-g-PMOXAg)

-SH and (PMAA,-g-PMOXA,)-SH, the adsorbed mass decreased
rapidly to a degree of approximately 61.3+1.3%, 78.234.4%,
96.543.1%, respectively. Fig. 6(b) shows the data for the adsorption
of BSA on three polymer modified gold surface and on bare gold
surface. We observed that (PMAA-g-PMOXAg)-SH, (PMAAy-g-
PMOXAg)-SH and (PMAA,-g-PMOXA;,)-SH modified gold
surface reduced the protein adsorption to 31.446.6%, 63.245.0%,
85.845.7%, respectively, as compared to the amount of protein
adsorbed on bare gold surface. Similar results were obtained for Lyz
adsorbed on (PMAA4o-g-PMOXA)-SH, (PMAA,-g-PMOXAg)-SH
and (PMAA,-g-PMOXA;,)-SH modified gold surface (Fig. 6(c)),
the adsorption levels of Lyz decreased to 22.847.8%, 38.0+7.1%,
49.4+ 6%, respectively. After modified with bottle-brush polymers
(PMAA-g-PMOXA)-SH, the gold surfaces have shown good
performance for protein adsorption. In the recent study of our
group?, comb copolymers PMOXA-r-GMA coating formed on
silicon/glass surfaces have also shown resistance to the adsorption of
fluorescently labeled BSA. Therefore, we believe that PMOXA is
a good candidate for the preparation of material with anti-
protein adsorption property. As we can see from these results that
the (PMAA,-g-PMOXA;,)-SH modified gold showed the best
protein resistant property obviously. It is generally accepted that
surface packing density is critical factor for controlling nonspecific
protein adsorption.®® (PMAA-g-PMOXAg)-SH with the lowest
surface coverage resulted in highest protein adsorption. From the
SPR results, we found that the adsorption of three proteins decreased
with increasing surface coverage. To the best of our knowledge, the
protein adsorption on surface also has a large relationship with the
hydrophilicity and thickness of the binding polymer. (PMAA-g-
PMOXA;,)-SH modified gold sensor showed better hydrophilicity
and thicker thickness, resulting in better protein resistant property.
Recently, Zhang and coworkers® found the side chain length of
bottle-brush brushes have a significant influence on protein
adsorption that sufficient side chain length (DP>10) tend to

This journal is © The Royal Society of Chemistry 2012
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provide a very low protein adsorption. In our study, the similar
phenomena were observed that (PMAA,-g-PMOXA;,)-SH
coating ( DP > 10) with longer side chains exhibited better protein
resistant property than the (PMAAy-g-PMOXAg)-SH coating with
short side chains (DP < 10). Also, they found poly(2-methyl-2-
oxazoline) based bottle-brush brushes modified silicon substrate
possessed extremely low protein adsorption property (fluorescent
labeled fibronectin adsorption < 6 ng/cm?). Our studies also
indicated that bottle-brush brushes (PMAA,-g-PMOXA;,)-SH
modified gold substrate prepared by “grafting to” method also
revealed a good protein resistant property. All of three coatings
showed the similar phenomena that the reduced level of Lyz
adsorption was lower while compared with Fg and BSA. Another
factor, the electrostatic interactions should be taken into account.
Under the measurement conditions, residues COO" in polymer keep
negatively charged, thus it will adsorb positively charged proteins
like Lyz, and repel negatively charged proteins like Fg and BSA.

Platelet adhesion

In order to determine the potential blood compatibility of the
unmodified and modified gold surfaces, platelet adhesion studies
were also conducted, since platelet adhesion is one of the most
important steps during blood coagulation. For the platelet adhesion
studies, PRP separated from the blood of a healthy human was
incubated on unmodified and modified gold sensors. It can be seen
from Fig. 7(a) (with a magnification of 3000) that massive platelets
adhered and aggregated on the unmodified gold surface. After
modified with (PMAA,,-g-PMOXAg)-SH (Fig. 7(0)), there were still
several platelets on the surface. While the gold surface was modified
with (PMAA,-g-PMOXAg)-SH (Fig. 7(c)), a dramatic reduction in
platelet adhesion was observed. As for the (PMAA,-g-PMOXA,)-
SH modified gold surface (Fig. 7(d)), there was almost no platelet
adhering. The results of the platelet adhesion are consistent with the
results of protein adsorption, in which (PMAA,-g-PMOXA;,)-SH
modified gold surface showed the best protein resistant property.
The probable explanation could be addressed to this phenomenon.
(PMAA,-g-PMOXA;,)-SH modified gold surface with the best
surface hydrophilicity tend to form a hydration layer on the surface,
therefore the energy barrier that has to be overcome to disrupt the
hydration makes the adsorbing of protein or platelet energetically
less favorable. Previous study in our group® testified that comb
copolymers PMOXA-r-GMA coating formed on silicon/glass
surfaces also exhibited an excellent resistance to platelet adhesion.
All above results elucidated that PMOXA can be considered as a
basic unit for the preparation of antifouling material with different
structure.

Conclusions

In summary, this work demonstrated a feasible and convenient
method to fabricate a protein resistant coating on gold surface. A
series of well-controlled bottle-brush polymers (PMAA-g-PMOXA)
were synthesized by RAFT polymerization and CROP. And then the
monothiol-terminated bottle-brush (PMAA-g-PMOXA)-SH were

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry B

iy

(a) *‘ ‘ § 2 L)

s

© ()

Fig. 7 SEM images of the adhesion of blood platelets on unmodified gold
surface (a) and (PMAA;o-g8-PMOXAg)-SH (b), (PMAA-g-PMOXA6)-SH (c),
(PMAA,-g-PMOXA;,)-SH (d) modified gold surfaces, respectively.

grafted to the surface of gold sensors in situ aminolysis reaction. The
bottle-brush coating exhibited a good property of protein resistance
and anti-platelet adhesion, compared to the bare gold sensor.
Furthermore, the antifouling properties of polymers on the gold
surface were optimized by adjusting the bottle-brush architecture.
Compared (PMAA-g-PMOXAg)-SH coating to (PMAA-0-
PMOXAg)-SH coating we found that the backbone length may
influence the surface coverage based on this method determined by
XPS and CV measurements. The results of (PMAAy-g-PMOXA,)-
SH coating and (PMAAy-g-PMOXAG)-SH coating clearly showed
a correlation between the side chain length and antifouling property,
(PMAA,-g-PMOXA,)-SH with the longer hydrophilic segment
resulting in more hydrophilicity coating surface and better
antifouling property proved by CA, SPR and platelet adhesion
experiments. Overall, this method will be useful for fabricate
antifouling gold surfaces with potential applications in biosensor and
biomedical areas.
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