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Summary

Nano-suspensions of silica, silver and zinc oxide were subjected to-the cytotoxicity
test, the chromosomal aberration test, and the 13-week repeated dose test for their
safety evaluation. Silver showed the strongest cytotoxicity among the three. Only zinc
oxide induced chromosome aberrations. In the in vivo test, zinc oxide caused inhi-
bition of the normal body weight increase, increase in the relative lung weight, and
pulmonary fibrosis. We propose the three tests as a candidate of a primary screening
test battery for safety evaluation of nanomaterials (NMs).

Introduction

Development in the field of nanotechnology has brought NMs closer to us day by
day and at the same time toxicological concerns of NMs have been growing. NMs
are expected for a variety of applications not only in industry, but also in the field
of medicine such as drug delivery system, gene transfer vectors, and scaffold for cell
culture in regenerative medicine. NMs are new materials with unknown characteristics
and we need to consider the safety of their use. In the present study, we performed
the in vitro and in vivo toxicological studies of three NMs to evaluate their safety.

Materials and Methods

A silica sol (amorphous SiO, 17.8%, particle size 10-20 nm) and zinc oxide (40%
in water, NanoTek® ZH1121W, Alfa Aesar) were commercially available. Silver powder
(Sigma-Aldrich, particle size <100 nm) was suspended in water by ultrasonics, filtered
through a 0.45 um PVDF filter, and then the concentration of silver in the filtrate was
determined by capillary electrophoresis. Cytotoxicity of the NMs was determined by
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Fig. 1 Zinc oxide; a) Suspensions prepared for the each dose of the in vivo test, b) particle size distribution
of the suspension, and c) the result of the cytotoxicity test in that CHL cells were treated with the suspension
for six days. Values are expressed as mean + SD for four wells.

Table 1. Chromosome aberration test of zinc oxide
Treat- Mass conc. Polyploid Cells with chromosome aberrations (%)*
ment (h) (ug/ml) (%) ctg ctb cte csb cse total

24 0
2.5

5

10

20

48 0
2.5
5
10
20
*Structural chromosome aberrations: ctg, chromatid gaps; ctb, chromatid breaks; cte,
chromatid exchanges; csb, chromosome breaks; cse, chromosome exchanges.

Red figures indicate positive responses.
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the colony formation assay using a Chinese hamster cell line CHL'. The chromosome
aberrations (CAs) were investigated in CHL cells treated with the NMs for 24 or 48
h'. In the 13-week repeated dose test, six rats per group were intratracheally sprayed
with the NMs in a 0.2 ml portion of test suspensions once a week for 13 weeks. One
week after the last administration, rats were subjected to an autopsy and lungs were
fixed for histopathological examinations. We used ANOVA to test the significance of
differences between treated groups and their controls in data on body weight, relative
organ weight, and hematology with post hoc comparisons made using the Dunnett test.

Results

The mean diameter of silica, silver, and zinc oxide in suspension was 54.2, 159.2,
and 183.8 nm, respectively. The 50% growth inhibition concentra- tion of them was
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Fig. 2 Body weight curve of rats treated with zinc oxide in the 13-week intratracheal repeated dose test. A
significant inhibition in the normal increase of body weight was observed at the highest dose of 2 mg/kg.

153.5, 1.25, and 12.0 ng/ml (Fig. 1), respectively, in the cytotoxicity test. Only zinc
oxide induced structural CAs (Table 1).

In the 13-week repeated dose test, the normal increase in mean body weight was
significantly inhibited at 2 mg/kg of zinc oxide (Fig. 2), although no clinical signs
were found in rats treated with all test suspensions.

Histopathologically, granulomatous inflammation with foamy cells in the alveoli
or surrounding the bronchiole and perivascular cell infiltration were detected as com-
mon lesions in rats treated with three test suspensions. The lesions increased in their
intensities with dose, and similarly distributed in all the lobes indicating that they
were evenly exposed to the NMs.

On the other hand, alveolar epithelial hyperplasia was prominent in rats treated
with silver than with silica.

Microgranuloma and aggregation of foamy cells were found in the mediastinal
lymph node at higher doses of silica and silver, indicating that macrophages with
NMs phagocytosed moved to lymph node through lymphatic vessels. Zinc oxide
markedly induced proliferation of alveolar/bronchial epithelium and mucinous cells
in bronchus and fibrosis at two highest doses. NOEL of silica, silver, and zinc oxide
was less than 0.06, 0.004, and less than 0.0312 mg/kg, respectively.

Conclusions

The three tests performed in the present study showed characteristic results of
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each nano-suspension. It suggests that they may be a set of useful tools to screen
NMs for safety evaluation, although further studies are needed to confirm the fact.
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Mechanical properties of UHMWPE evaluated by tensile punch test.

Hideyuki SAKODA, PhD., Atsuko MATSUOKA, PhD.

Abstract

Tensile punch test has a wide range of applications due to the small specimen size required
and the simplicity of the test method. Although there is an ASTM standard for testing UHM-
WPE, very strict requirements for jig and specimen dimensions makes the test method less than
practical for common use. In this study, we investigated the effect of specimen thickness on the
test results in order to develop a more practical and simpler test method.

Direct compression molded UHMWPE with a thickness ranging between 049 mm to 0.56
mm was fixed in a flat jig and punched with a hemispherical punch. From the obtained stress-
strain curves, stiffness, initial peak load, ultimate displacement and work to failure were calculated.

Initially, excessive or insufficient compression force for fixation of the specimen was found to
lead to unreliable results. Controlling the fixation torque of the fixation screws or using thickness
gauges with the adequate thickness as a spacer effectively overcame this problem.

Secondly, calculated mechanical parameters were found to be affected by specimen thick-
ness, but there were strong correlations between specimen thickness and each parameter.
Therefore, it was considered that the influence of specimen thickness could be managed statisti-
cally, if multiple homogeneous specimens were available.

Finally, in order to confirm the effectiveness of this test method, specimens soaked in squalene
were also tested. The results showed reduction of stiffness, which was consistent with a previous
report. This study showed that the tensile property of UHMWPE can be estimated by the tensile
punch test without strict control of specimen thickness as long as multiple homogeneous speci-
mens are available.

Key words : UHMWPE, tensile property, punch test, tensile test.
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1. Apparatus and specimen for tensile punch
test prescribed by ASTM F2133-02.
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test used in this study.
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3. Apparatus and specimen for tensile punch
test with thickness gauge (thickness gauge
method).
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B 4. Stiffness of virgin UHMWPE with various
fixation methods. The results of tightening
torque of 0.5 Nm (0.5 Nm) and thickness
gauge method (Gauge) were highly related
to specimen thickness. However, excessive
tightening torque (>1 Nm) or insufficient
tightening torque (0 Nm) lead to scattered
results.
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B 5. Stiffness of virgin UEMWPE (05 Nm and
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(SQ). The results were highly related to
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6. Initial peak load of virgin UHMWPE (05 Nm
and Gauge) and squalene-soaked UHMWPE
(SQ). The results were independent of speci-
men thickness. SQ showed a value similar to
that of virgin UHMWPE.
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R 7. Ultimate displacement of virgin UHMWPE
(05 Nm and Gauge) and squalene-soaked
UHMWPE (SQ). The results were highly
related to specimen thickness. SQ showed
a value similar to that of virgin UHMWPE.
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8. Work to failure of virgin UHMWPE (05 Nm
and Gauge) and squalene-soaked UHMWPE
(SQ). The results were highly related to
specimen thickness. SQ showed a value simi-
lar to that of virgin UHMWPE.
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ABSTRACT

The surface of a titanium (Ti) alloy substrate was modified by a simple and quick process using a water-
soluble polymer, and the effects of 3,4-dihydroxyphenyl (DHP) groups in the polymer side chain on the
modification process were examined. The polymers (PMDP) composed of both 2-methacryloyloxyethyl
phosphorylcholine (MPC) unit and 3,4-dihydroxyphenyl methacrylate unit were synthesized for surface
anchoring. The Ti alloy substrate was coated with PMDP using an aqueous solution of the polymer. A
PMDP layer with a thickness of 20 nm was formed on the Ti alloy substrate simply by dip coating for
10s without drying. Even when the Ti alloy substrate with PMDP coating was immersed in the aque-
ous medium for 1 week, no change in the thickness was observed, i.e., the PMDP layer was bound to
the surface very stably. Oxidation of the DHP groups reduced the stability of the polymer layer signif-
icantly. Thus, the DHP groups play a significant role in achieving stable binding. Protein was adsorbed
on the Ti alloy substrate; however, this was not observed for the PMDP-coated Ti alloy substrate. In
conclusion, we confirmed the effects of DHP groups in PMDP on the stability of the coating on the Ti
alloy substrate. Moreover, we found that surface treatment using PMDP was simple, quick, and reli-
able, and thus, it has great potential for improving biofouling of Ti alloy substrates used in medical

devices.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Titanium (Ti) alloys have many desirable properties such as a
relatively low Young's modulus, good fatigue strength, formabil-
ity, machinability, and corrosion resistance. Accordingly, they have
been widely used in biomedical devices and components since
the late 1970s, especially in cardiac and cardiovascular applica-
tions (e.g., prosthetic heart valves, protective cases in pacemakers,
implantable blood pumps, cardiovascular stents, and circulatory
devices) [1]. However, Ti alloy substrates induce severe biological
responses such as thrombus formation and tissue reaction [2]. As
a result, anticoagulant therapy is necessary to minimize the risk
of thromboembolic complications. Therefore, surface modification
of Ti alloy substrates is indispensable for improving its thrombo-
genicity and tissue compatibility.

Protein adsorption s the first essential event followed by biolog-
ical responses such as acute thrombus formation and inflammation

* Corresponding author at: The University of Tokyo, Department of Materials
Engineering, 7-3-1, Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan.
Tel.: +81 3 5841 7124; fax: +81 3 5841 8647.
E-mail address: ishihara@mpc.t.u-tokyo.ac.jp (K. Ishihara).

0927-7765/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfb.2011.06.034

and then fibrous encapsulation, bacterial adhesion, and infection
[3]. It is generally believed that reducing protein adsorption on
the substrates can significantly attenuate these adverse biologi-
cal responses. One well-known polymeric material used to prevent
protein adsorption is hydrophilic poly(ethylene glycol) (PEG) [4].
Indeed, PEG functions well under both in vitro and in vivo con-
ditions for a relatively short period. However, because PEG-based
materials are susceptible to degradation by spontaneous oxidation
under physiological conditions, these systems lack long-term sta-
bility, which reduces their effectiveness as a surface modifier [5].
In other words, PEG-based materials are not suitable for use in
implantable cardiovascular devices.

Another promising and effective way of preventing pro-
tein adsorption to attain biocompatibility is to prepare an
artificial cell membrane surface on the substrates using phos-
pholipid polymers. Such polymers have been synthesized using
2-methacryloyloxyethyl phosphorylcholine (MPC), which is a
methacrylate monomer bearing the same polar group as that in the
natural phospholipid molecules in the side chain [6,7]. Ishiharaetal.
developed a synthetic route for MPC in 1989 that has been success-
fully applied worldwide. MPC polymers show adequate stability
both chemically and physically even when under in vivo condi-
tions. Moreover, they have excellent thrombogenicity and tissue
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compatibility [8-12]. At present, MPC polymers are widely used
for the surface modification of implantable medical devices and
artificial organs [13-17].

There are many reports of surface immobilization of MPC
polymers on Ti alloy substrates. However, these methods have
many limitations for widespread practical use. Layer-by-layer
assembly (LBL) involves complex multistep procedures [18], the
self-assembled monolayer (SAMs) technique requires surface-
specificinteraction [19], and surface-initiated atom transfer radical
polymerization (ATRP) needs unstable polymerization conditions
[20]. Poly(MPC-co-n-butyl methacrylate (BMA)) (PMB) is a typ-
ical MPC polymer. The polymer suppresses non-specific protein
adsorption, platelet adhesion, activation, and aggregation in whole
blood, even in the absence of anticoagulants [8-11,21]. The coating
procedure of PMB from its solution is relatively simple [8-10,16].
PMB can be tightly bound to the substrate by the drying process.
More than 5 h of prehydration time is needed to enable the surface
functionalities of PMB, although the time depends on the thickness
ofthe PMB layer [22]. However, this prehydration process cannot be
applied to medical devices such as cardiovascular stents and blood
separation devices. Thus, for practical applications, it is desirable to
use a more simple, convenient, and versatile method to immobilize
MPC on Ti alloy substrate surface without prehydration.

Recently, to facilitate convenient adhesion of organic com-
pounds to metal substrates, mussel-inspired chemistry has been
widely investigated [23-25]. Mussels can rapidly and permanently
adhere to all types of inorganic and organic wet surfaces in aque-
ous environments. Such adhesive properties rely on the repeated
3,4-dihydroxy-1-phenylalanine (DOPA) motif found in the foot pro-
tein of mussels [26]. Although the exact mechanism of adhesion
is not fully understood, it has been widely speculated that the
3,4-dihydroxypheny! (DHP) group of DOPA is responsible for the
adhesion [27,28]. Lee [29] reported that the oxidation of the DOPA
motifin the foot proteins dramatically reduces the strength of adhe-
sion to metals. This mussel-inspired chemistry can be used for
surface modification using polymers. When a polymer with DHP
groups is in contact with a metal substrate, the thin polymer film
is spontaneously deposited on the surface. The functionalization of
the polymers imparts new characteristics to the metal substrate.
In fact, it has been reported that PEG with DHP groups was used
to modify a TiO, surface in the pH range 6.0-7.4 to reduce protein
adsorption on the surface [30].

In this study, we synthesized water-soluble MPC polymers that
have DHP groups in the side chain (PMDP). Surface modification of
the Ti alloy substrate was carried out using an aqueous solution of
the polymer. The surface characteristics and stability of the coated
polymer layer were examined, and the effects of the DHP groups on
the adhesion of PMDP have been discussed. Finally, we examined
the reduction of protein adsorption on the surface of the Ti alloy
substrate after modification using PMDP.

2. Materials and methods
2.1. Materials

Two types of water-soluble MPC polymer, poly(MPC-co-
methacrylic acid (MAA)) (PMA), were obtained from NOF Co.
(Tokyo, Japan) which were synthesized by conventional rad-
ical polymerization of MPC and MAA [31]. The compositions
of the MPC units in PMA were 30unit mol% (denoted PMA3)
and 50 unit mol% (denoted PMA5). The number average molec-
ular weight (Mn) of PMA3 and PMA5 was 2.7x10° and
3.2 x 10%, respectively. Dopamine hydrochloride was purchased
from Sigma-Aldrich (St. Louis, MO, USA). 1-Ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide, hydrochloride (WSC) was purchased

from Dojindo (Kumamoto, Japan). A Ti alloy substrate with thick-
ness of 1.0 mm was purchased from Sumitomo Metals, Ltd. (Tokyo,
Japan). The Ti alloy substrate was cut into 10 mm x 10 mm pieces
and polished with #2000 and #3000 polish papers. The pieces were
then rinsed in acetone and ethanol by sonication for 15 min. After
drying in air, the substrates were cleaned using oxygen plasma
apparatus (PR500 plasma reactor, Yamato Science, Tokyo, Japan)
for 10 min before use. To test the resistance of the substrate surface
to protein adsorption, bovine serum albumin (BSA, Sigma-Aldrich)
was used without further purification.

2.2. Synthesis of phospholipid polymer

The water-soluble MPC polymer with DHP groups was syn-
thesized by condensation reaction between PMA and dopamine
hydrochloride. The reaction scheme is shown in Fig. 1. Dopamine
hydrochloride and WSC were dissolved in 4mL of PMA aqueous
solution (5.0 wt%), and 96 mL of pH 6.0 buffered solution (potassium
dihydrogen phosphate and sodium hydroxide) was added. The
reaction was carried out at room temperature for 24 h under Ar gas
atmosphere to prevent the oxidation of the DHP groups. The molar
ratio [dopamine hydrochloride]/[COOH] was 2.0. After the reaction,
the polymer solution was filtered using ultrafiltration membranes
(Millipore Co., USA; molecular size cut off: 3.0 x 10%) until there
was no further release of unreacted dopamine through the mem-
brane, which was confirmed by ultraviolet (UV, V-560, Jasco Co.,
Tokyo, Japan) adsorption. The polymer solution was freeze-dried.
PMDP prepared from PMA3 are denoted as PMDP3, and that pre-
pared from PMAS5 are denoted as PMDP5. The chemical structure of
these polymers was confirmed by both UV and Fourier transform
infrared (FTIR) spectroscopy (FT/IR-615, Jasco) for 32 scans over the
range 650-4000 cm~" at a resolution of 4.0 cm~'. The contents of
the DHP groups in PMDP were calculated from the UV absorbance
of the polymer aqueous solution at 280 nm by comparing with that
of a given concentration of dopamine hydrochloride.

2.3. Surface modification on Ti alloy substrate with PMDP

The PMDP solution was prepared using the following aqueous
media: pure water (pH about 5.5) and buffered solutions with pH
6.0 and 8.5. The Ti alloy substrate was coated with the PMDE solu-
tion by simply dipping it in the solution at room temperature for
either 10s or 24 h.

The surface of the substrate was analyzed by FTIR reflection
adsorption spectroscopy to confirm that the substrate coated with
the solution. The surface morphology was then observed using an
atomic force microscope (AFM, Nihon Veeco, Tokyo, Japan) oper-
ated in the tapping mode. The measurements were performed
under ambient conditions using a standard cantilever at a scan
rate of 1.0 Hz. The root mean square (RMS) surface roughness was
calculated from the roughness profiles.

Following the polymer adhesion process, a quartz crystal
microbalance (QCM) sensor was used with dissipation monitoring
(QCM-D, Q-Sense, Gothenburg, Sweden) and a fundamental reso-
nant frequency of 5.0 MHz. The QCM is widely used to measure the
change in mass (Am) of materials/molecules attached to the sur-
face of the QCM sensor via changes in the resonant frequency (Af).
The QCM-D can detect adsorbed mass up to a resolution of less than
a few nanograms per square centimeter. The resonant frequency of
the QCM sensor (f) depends on the total oscillating mass. When a
thin film is attached to the QCM sensor, the frequency decreases;
if the film is thin and rigid, the decrease in frequency is propor-
tional to the mass of the film. Thus, the amount of the adsorbed
material on a given surface can be measured by the decrease in the
frequency of the oscillator. In this manner, the QCM operates as a
very sensitive balance. The mass of the adhered layer can be calcu-
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Fig. 1. Synthetic route of PMDP.

lated using the Sauerbrey equation [32], Am=—C x Afn/n, where
C=17.7ngcm-2Hz"1, nis the overtone number (n=1, 3, 5, 7.), and
fnisthefrequency of the overtone. Four resonant frequencies (over-
tones, n=1, 3, 5, and 7) were used to detect the oscillation of the
shearwave through the crystal at 5, 15, 25, and 35 MHz, respec-
tively. The data from the seventh overtone is reported, because
it contained minimum noise. The Ti-coated (Ti/Au) QCM sensor
obtained from Q-Sense was cleaned using oxygen plasma for 10 min
before use. The QCM sensor was exposed to the water solution until
a stable baseline of the QCM signals was obtained. The QCM cell was
then filled with 2.0 mgmL~! of PMDP aqueous solution. After the
PMDP solution was retained for 20 min in the QCM cell, phosphate
buffered saline (PBS) solution was flowed to replace the PMDP solu-
tion and wash away the weakly adsorbed PMDP from the surface.
The QCM signals were monitored throughout the procedure. All the
measurements were performed at 37 °C and repeated at least three
times.

2.4. Surface characterization and stability evaluation of the
coating polymer layer

After coating, the Ti alloy substrates were immersed in water at
room temperature for at least 2 days to evaluate the stability of the
coating polymer layer. The hydrophilicity of the Ti alloy substrates
before and after immersion in the PMDP solution was evaluated
with a contact angle goniometer (CA-W, Kyowa Co. Ltd., Tokyo,
Japan). The captive-bubble method was used to determine the
static contact angle. Each Ti alloy substrate was immersed in water
to equilibrate and then fixed horizontally on a metal plate. A small
air bubble was attached to the surface of the Ti alloy substrates. The
measurement was repeated five times for each substrate, and the
average was calculated.

The thickness of the PMDP layer formed on the substrate was
measured using an ellipsometer (J. A. Woollam Co., Inc., Tokyo,
Japan) at an incident angle of 70° in the visible region. The thickness
of the polymer coating layer was determined using a Cauchy layer
model with an assumed refractive index of 1.49 at 632.8 nm.

A surface elemental analysis was carried out using an X-ray pho-
toelectron spectroscope (XPS, AXIS-HSi165, Kratos/Shimadzu Co.,
Kyoto, Japan) with 15kV Al Ka radiation source at the anode. The
applied voltage was 15kV, and the electric current was 10 mA. The
take-off angle of the photoelectrons was maintained at 90°.

To examine the effects of oxidation of the DHP groups in PMDP,
the PMDP aqueous solution was kept in air for spontaneous oxi-
dization. After one month, the solution was freeze-dried, and the
chemical structure of the remaining polymer was analyzed by both
UV and FTIR spectroscopy. The polymer was dissolved in water

again, and the solution was used for coating the Ti alloy substrate.
The stability of the polymer layer was evaluated by ellipsometry.

2.5. Measurement of amount of protein adsorbed on Ti alloy
substrate

The amount of BSA adsorbed on the PMDP3-coated surface was
quantified using the QCM-D. First, a Ti-coated QCM sensor was used
as a QCM-D. After flowing 2.0 mg mL~! of PMDP3 aqueous solution
through the QCM cell, the sensor was exposed to a PBS (pH 7.4)
solution until a stable baseline of QCM signals was obtained. Then,
1.0mgmL-! of BSA in PBS was flowed to fill the QCM cell. After
the BSA solution was retained for 20 min in the QCM cell, the PBS
solution was flowed to replace the BSA solution and wash away
the weakly adsorbed BSA from the surface. The QCM signals were
monitored throughout the procedure. All the measurements were
performed at 37 °C and repeated at least three times.

3. Results and discussion
3.1. Characterization of PMDP

We considered that the DHP groups were useful for binding the
polymer after adsorption on the Ti alloy substrate from its aqueous
solution. The IR spectra of the two PMDP polymers are shown in
Fig. 2 with the starting materials, PMA and dopamine hydrochlo-

ride. The IR spectra of PMDP3 and PMDP5 were similar. The DHP
group in PMDP was verified by the appearance of an absorbance

PMA “"""’ﬁ‘”\m‘\/\/\,

PMDP3
PMDP3

Dopamine
hydrochloride

H ¥ T L i i 1
2500 2008 1566 1000

Wavenumber (cnrl)

Fig. 2. IR spectra of PMA, PMDP, and dopamine hydrochloride.
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Fig. 3. UV absorption spectrum of PMDP aqueous solution (only the spectrum of
PMDP3 is shown).

peak at 1553 cm~!, which is attributed to the aromatic ring of
dopamine hydrochloride. In addition, the presence of the ester car-
bonyl group of the methacrylate units in PMDP was verified by
the appearance of an absorbance peak at 1715 cm~!. The UV spec-
trum shown in Fig. 3 confirms the introduction of the DHP group
in PMDP. An adsorption was observed at 280 nm, corresponding
to the DHP groups. Absorbance calculations showed that the con-
tent of DHP groups was 4.0 unit mol% in PMDP3 and 2.0 unit mol%
in PMDP5. The content of DHP groups in the polymer chain was
less than expected. This was because of the solubility of dopamine
hydrochloride and reactivity of carboxylate groups in PMA at this
pH.

3.2. Surface modification on Ti alloy substrate with PMDP

The Ti alloy substrate was immersed in the aqueous solution of
PMDP for different periods. After immersion in the PMDP solution
for 10s, the Ti alloy substrate was pulled out and dried under vac-
uum for observation with AFM. The AFM images are shown in Fig. 4.
The RMS surface roughness of the original Ti alloy substrate was
1.0 nm, whereas that of the PMDP3-coated Ti alloy substrate was
only 0.5 nm, indicating that the surface roughness can be reduced
by this polymer coating process. The amount of polymer on the
Ti alloy substrate was measured with QCM-D. As shown in Fig. 5, a
small amount of PMA was deposited on the substrate (small change
in frequency); on the other hand, 354 ng cm~2 of PMDP3 adhered to
the substrate (20 Hz change in frequency). These results show that
PMDP3 covered and adhered to the Ti alloy substrate immediately
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Fig. 5. Adsorption and binding process of PMDP3 and PMA3 on Ti-coated QCM
Sensor.
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Fig. 6. Change in contact angle of Ti alloy substrate treated with PMA and PMDP
by immersion in water for 2 days. Open column: Just after coating for 10s. Closed
column: After 2 days.

from its aqueous solution and formed a uniform coating layer via
the dipping procedure. The peaks of DHP groups in the FTIR spectra
also indicate the presence of PMDP3 on the Ti alloy substrate and
ester carbonyl group after the coating procedure (data not shown).

The surface hydrophilicity was evaluated by performing con-
tact angle measurements. PMDP is water-soluble, which means
the polymer is quite hydrophilic. The contact angle was 54° on
the original Ti alloy substrate, as shown in Fig. 6. After treatment

b RSM roughness = 0.5 nm

10 nm

1.0 pm

Fig. 4. AFM images of (a) original Ti alloy substrate and (b) Ti alloy substrate coated with PMDP3 by immersion for 10s.



Y. Yao et al. / Colloids and Surfaces B: Biointerfaces 88 (2011) 215-220 219

‘Thickness (nm)

25
20 4
15
10
5 4
o
2

Immersion time in water (day)

|

Immersion time in water (day)

‘Thickness (am)
o

Fig. 7. Change in thickness of PMDP3 layer on Ti alloy substrate after immersion in
water. (a) For different coating times (open column: 24 h; closed column: 10s) and
(b) with different pH (open column: pH 8.5 buffer; closed column: water; hatched
column: pH 6.0 buffer).

with the PMDP3 solution, the contact angle decreased dramatically
and reached 0°. This value was maintained even after the substrate
was immersed in water for 2 days. This result suggests that PMDP3
remained on the substrate. On the other hand, in the case of PMA
and PMDP5, the contact angle returned to 54° (the same as in the
case of the original Ti alloy substrate) after immersion for 2 days.
These polymers may be detached from the substrate, As shown in
Fig. 7, the stability of the PMDP3 coating was confirmed by ellip-
sometry from the thickness change observed during the washing
process. For both time periods (10s and 24 h), in the case of the
PMDP3 aqueous solution, the thickness of the coating layer did
not change and minor differences because of the different coating
periods and pH were observed. The signals of phosphorus atom at
133 eV and carbon atoms at 285-288 eV in the XPS spectra support
the presence of PMDP on the Ti alloy substrate after 7 days immer-
sion procedure (data not shown). Although the binding mechanism
of the DHP group to the metal and metal oxide could not be clar-
ified, the affinity of the DHP groups to the Ti alloy substrate was
observed.

On the other hand, we considered that the reduced content of
DHP groups because of oxidation may lead to instability of the poly-
mer layer. The PMDP aqueous solution was spontaneously oxidized
by air. Then, the chemical composition was studied by UV and FTIR
spectroscopy. In the UV spectrum measured after oxidation, the
intensity of the absorbance peak at 280 nm attributed to the aro-
matic ring decreased. Conversely, an IR absorbance peak appeared
at 2852 cm1; this is attributed to ketone groups. The above results
confirm that the DHP groups were converted to quinine groups. The
oxidized PMDP solution was used as a coating solution. As shown in
Fig. 8, the thickness of the coating polymer layer changed with the
washing period, and the thickness decreased within 2 days. Thus,
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Fig. 8. Change in thickness of oxidized PMDP3 layer on Ti alloy substrate after
immersion in water.
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Fig. 9. Adsorption and detachment process of BSA on bare and PMDP3-modified
Ti-coated QCM sensor.

the oxidation reaction weakened the binding force of the polymer
on the Ti alloy substrate and caused the coating polymer layer to
become unstable. These results strongly support the notion that
the DHP groups in PMDP play an important role in stabilizing the
coating.

3.3. Protein adsorption resistance of Ti alloy substrate treated

with PMDP

Resistance to protein adsorption is one of the most important
properties of biomedical materials. The effects of coating with
PMDP3 were evaluated using the BSA solution. BSA is the most
highly concentrated protein in blood plasma. According to the QCM
signals (Fig. 9), 530 ng cm~2 of BSA was adsorbed on the original Ti
alloy substrate (30 Hz change in_frequency), whereas after treat-
ment with PMDP3, no QCM signal because of BSA adsorption could
be detected. These results indicate that the resistance to protein
adsorption can be improved by coating with PMDP3. The MPC poly-
mer gave a phosphorylcholine-group-arranged surface [22,33]. The
phosphorylcholine group is electrically neutral and hydrated with
free-water-like water molecules [11,34,35]. Thus, both electrostatic
interaction and hydrophobic interaction are extremely weak and
resistance to protein adsorption on the surface is improved [36].

4. Conclusions

A uniform layer of PMDP3 can be deposited on a Ti alloy sub-
strate simply by dipping for 10s in a PMDP3 aqueous solution
without further treatment. The DHP groups play an important role
as molecular anchors for stabilizing the binding between the coat-
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ing and the substrate. The reduction of protein adsorption on the
surface treated with PMDP may induce significant suppression of
biological responses, thus maintaining excellent biocompatibility
of the MPC unit. In conclusion, simple and reliable surface treat-
ment of a Ti alloy substrate was successfully carried out using
bioinspired PMDP, and this method has the potential for application
to high-performance cardiovascular implantable medical devices.

Acknowledgement

The authors thank Prof. Madoka Takai, Dr. Yuuki Inoue, and
Dr. Ryosuke Matsuno from The University of Tokyo for the helpful
discussions. This research was conducted under the CSC program
in China at The University of Tokyo. One of the authors (YY)
expresses her gratitude. The research was partially supported by
Core Research for Evolutional Science and Technology (CREST),
Japan Science and Technology Agency.

References

] X. Liu, P.K. Chu, C. Ding, Mater. Sci. Eng. R. 47 (2004) 49.

] J. Hong, J. Andersson, K. Ekdahl, et al., Thromb. Haemost. 82 (1999) 58.

] D.G. Castner, B.D. Ratner, Surf. Sci. 500 (2002) 28.

] €. Gao, G. i, H. Xue, et al., Biomaterials 31 (2010) 1486.

[5] C.W. Mcgary Jr., J. Polym. Sci. 46 (1960) 51.

[6] K.Ishihara, T. Ueda, N. Nakabayashi, Polym. J. 22 (1990) 355.

[7] T. Ueda, H. Oshida, K. Kurita, et al., Polym. }. 24 (1992) 1259.

[8] K. lIshihara, R. Aragaki, T. Ueda, et al., ]. Biomed. Mater. Res. 24 (1990) 1069.

[1
[2
[3
[4

[9] K. Ishihara, N.P. Ziats, B.P. Tierney, et al, J. Biomed. Mater. Res. 25 (1991)

1397.

[10] K. Ishihara, H. Oshida, T. Ueda, et al,, J. Biomed. Mater. Res. 26 (1992) 1543.

[11] K.Ishihara, H. Nomura, T. Mihara, et al., ]. Biomed. Mater. Res. 39 (1998) 323.

[12] A.L. Lewis, Colloids Surf. B: Biointerfaces 18 (2000) 261.

[13] T.Yoneyama, K. Ishihara, N. Nakabayashi, et al., J. Biomed. Mater. Res. 43 (1998)
15.

[14] A.L. Lewis, L.A. Tolhurst, PW. Stratford, Biomaterials 23 (2002) 1697.

[15] M. Galli, L. Sommariva, F. Prati, et al., Catheter. Cardiovasc. Intervent. 53 (2001)
182.

[16] T.A.Snyder, H. Tsukui, S.I. Kihara, et al,, J. Biomed. Mater. Res. Part A 81A (2007)
85.

[17] T. Moro, Y. Takatori, K. Ishihara, et al., Nat. Mater. 3 (2004) 829.

[18] J. Choi, T. Konno, T. Matsuno, et al., Colloids Surf. B: Biointerfaces 67 (2008) 216.

[19] Y. Iwasaki, N. Saito, Colloids Surf. B: Biointerfaces 32 (2003) 77.

[20] Y. Zhao, Q. Tu, J. Wang, et al., Appl. Surf. Sci. 257 (2010) 1596.

[21] Y. Iwasaki, K. Ishihara, Anal. Bioanal. Chem. 381 (2005) 534.

[22] A.Yamasaki, Y. Imamura, K. Kurita, Colloid Surf. B: Biointerfaces 28 (2003) 53.

[23] H.Lee, S. Dellatore, W. Miller, et al,, Science 318 (2007) 426.

[24] K. Huang, B.P. Lee, D.R. Ingram, et al., Biomacromolecules 3 (2002) 397.

[25] H. Lee, S.M. Dellatore, W.M. Miller, et al., Science 318 (2007) 426.

[26] J.H. Waite, M.L. Tanzer, Science 212 (1981) 1038.

[27] A.A. Ooka, R.L. Garrell, Biopolymers 57 (2000) 92.

[28] M. Yy, }. Hwang, T.J. Deming, et al., J. Am. Chem. Soc. 121 (1999) 5825.

[29] H.Lee, N.F. Scherer, P.B. Messersmith, et al., Proc. Nat. Am. Sci. U.S.A. 103 (2006)
12999.

[30] J.L. Dalsin, L. Lin, S. Tosatti, et al., Langmuir 21 (2005) 640.

[31] M.Kimura, K. Fukumoto, J. Watanabe, etal., J. Blomater. Sci. Polym. Ed. 15(2004)
631.

[32] G.Sauerbrey, Z. Phys, A: Hadrons Nucl. 155 (1959) 206.

[33] S. Clarke, M.C. Davies, CJ. Roberts, et al,, Langmuir 16 (2000) 5116.

[34] H.Kitano, K. Sudo, K. Ichikawa, et al., ]. Phys. Chem. B 104 (2000) 10425.

[35] H.Kitano, M. Imai, T. Mori, et al., Langmuir 19 (2003) 10260.

[36] Y. Xu, M. Takai, K. Ishihara, Ann. Biomed. Eng. 38 (2010) 1938.



Soft Matter

Cite this: Soft Matter, 2011, 7, 2968

Www.rsc.org/softmatter

Dynamic Article Links °

PAPER

Quick and simple modification of a poly(dimethylsiloxane) surface by
optimized molecular design of the anti-biofouling phospholipid copolymer

Ji-Hun Seo,” Takashi Shibayama,® Madoka Takai®® and Kazuhiko Ishihara**

Received 10th November 2010, Accepted 21st December 2010
DOI: 10.1039/c0sm01292k

The optimal molecular design of an amphiphilic copolymer composed of 2-methacryloyloxyethyl
phosphorylcholine (MPC) and dimethylsiloxane (DMS) units for modifying a poly(dimethylsiloxane)
(PDMS) surface in a quick and simple manner was developed. Block- and random-type copolymers
with three different compositions were each coated on a PDMS surface in a protic solution. The
resulting surfaces were characterized by X-ray photoelectron spectroscopy, atomic force microscopy,
contact angle measurement. From the results, the random-type copolymer containing 86%
hydrophobic DMS unit was the most suitable molecular design to be stably coated on the PDMS
surface. From view point of bioengineering application, it was confirmed that for optimal suppression
of protein adsorption and cell adhesion on a PDMS surface, the surface should be coated by immersing
it in the polymer solutions with a concentration of 30 mg mL~' for more than 30 s.

1. Introduction

Poly(dimethylsiloxane) (PDMS) elastomers can be applied in
various engineering fields such as bioengineering or microelec-
tronics because of several attractive properties such as optical
transparency, gas permeability, sufficient flexibility to form
complicated shapes, and ease in designing at the microscale level
by soft lithography.'? Since their first medical application in bile
duct repair, PDMS elastomers have been one of the most
commonly used biomaterials for implants as well as base mate-
rials for diagnostic applications.®* However, owing to the
intrinsic hydrophobicity of PDMS elastomers, they cannot be
safely used in blood contact devices or have long-term applica-
tion in micro-fluidics as they undergo strong hydrophobic
interactions with proteins.®* Numerous research, involving
chemical and physical methods, has been conducted with the aim
of overcoming the abovementioned limitation. Chemical
methods, particularly those involving grafting of hydrophilic
polymer materials, have been reported as effective methodologies
for preventing a large amount of protein adsorption.*® However,
chemical grafting generally requires multiple synthetic steps such
as initiator formation, growth reaction, distillation process; this
multiple-step procedure might prove to be a hindrance to the
mass production of modified PDMS elastomers. Further,

“Department of Materials Engineering, School of Engineering, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan.
E-mail: ishihara@mpc.t.u-tokyo.acjp; Fax: +81-3-5841-8647; Tel: +81-
3-5841-7124

bDepartment of Bioengineering, School of Engineering, The University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan. E-mail:
ishihara@mpe.t.u-tokyo.ac.jp; Fax: +81-3-5841-8647,; Tel: +81-3-5841—
7124

topological changes are often induced by the surface swelling of
chemically modified PDMS surfaces.® Hence, several researches
have been conducted for developing physical methods with
a simplified and effective procedure.'®!! However, they are device
dependant and high vacuum states are normally required as
a pre-treatment step, such as plasma treatment. This could also
become a threshold point for massive modification or coating the
inner space of a complicated shape such as a micro-fluidic
system. Thus, a simple coating approach such as a coating and
drying process can be employed as an alternative method for
simplifying the procedure and for realizing shape-independent
modification. These simple coating procedures using a polymer
solution require several variable controls in the case of PDMS
modification. For example, the PDMS elastomer is not wettable
in polar solvents such as water or alcohol, which can dissolve
various amphiphilic polymer modifiers, and undergoes signifi-
cant dimensional changes in mixed non-polar solvents such as
chloroform.”* Moreover, the high molecular movement of
PDMS molecules induced by a low glass temperature inhibits the
stable immobilization of amphiphilic polymers on the PDMS
surface. Thus, even a wettable amphiphilic polymer modifier is
not easily immobilized on the PDMS surface in aqueous media
but is stably immobilized on other hydrophobic substrates such
as poly(methyl methacrylate), poly(ethylene terephthalate), or
polystyrene.’®!* Therefore, several characteristics such as
molecular structure, compositions, wettability, stability, or
surface roughness have to be comprehensively considered for
satisfying the conditions for simple coating of the anti-biofouling
PDMS surface. In this research, we synthesized block/random-
type amphiphilic copolymers with different compositions of
2-methacryloyloxyethyl phosphorylcholine (MPC) and dime-
thylsiloxane (DMS) units for realizing the optimal molecular
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structure for a rapid and simple surface modification. Because
the MPC is one of the most well-known hydrophilic and anti-
biofouling materials,'® a surface coated with an MPC polymer is
expected to exhibit hydrophilic and anti-biofouling properties, as
reported in several previous researches.'*”® As the DMS unit has
a high affinity for the PDMS elastomer, it was chosen as
a stabilizing unit in order to maximize the hydrophobic inter-
action with the PDMS elastomer. For designing a molecular
structure as a block/random-type with varying unit composition,
we tested the wettability, stability, and the corresponding anti-
biofouling properties of the modified PDMS surfaces. The final
purpose of this research is to determine the optimized coating
condition for a quick and simple modification of the PDMS
elastomer by using a phospholipid copolymer with sufficiently
high hydrophilicity and low surface roughness for realizing an
anti-biofouling PDMS surface.

2. Materials and methods
2.1 Materials

MPC was synthesized as previously reported.” A Sylgard 184
silicone elastomer kit was purchased from Dow Corning
(Midland, MI, USA). Dulbecco’s phosphate buffered saline
(PBS, without calcium chloride and magnesium chloride) was
purchased from Invitrogen Corp. (Carlsbad, CA, USA). a,o'-
Azobisisobutyronitrile (AIBN), bovine plasma fibrinogen,
bovine serum albumin (BSA), and fluorescein isothiocyanate
(FITC) labeled BSA were purchased from Sigma-Aldrich (St.
Louis, MO, USA). A micro-BCA protein assay reagent kit was
purchased from Pierce Chemical (Rockford, IL, USA), and 3-
(methacryloyloxy)propyl-tris(trimethylsilyloxy) silane (MTS)
was provided by Shin-Etsu Corp. (Tokyo, Japan). All the
organic solvents (organic synthesis grade) were purchased from
Wako Chemicals (Osaka, Japan) and used without further
purification.

2.2 Preparation of PDMS elastomer

The PDMS elastomer was prepared as follows. A mixture of the
PDMS precursor and cross-linker (10 : 1 by mass) was spread on
a Petri dish and cured in a vacuum oven at 70 °C for 6 h after
degassing. Next, the sample was cut into 10 x 10 x 2 mm
quadrangles. The PDMS microchannel was prepared by pouring
PDMS mixture onto a Si wafer mold (width: 100 pm and height:
50 um) and heat treated by the same procedure as mentioned
above. After the PDMS elastomers containing microline and
washed glass substrates were peeled off, the elastomers were O,
plasma treated and attached to each other, forming a micro-
channel.

2.3 Synthesis of block-type copolymers

Block-type copolymers composed of PDMS and poly(MPC)
(PMPC) was synthesized by atom transfer radical polymeriza-
tion as previously reported.?®*' A typical polymerization process
(B2) could be described as follows: 0.232 mmol of the PDMS
macroinitiator (Mn = 4.21 k) was placed into a 20 mL flask with
8.0 mmol MPC and 5 mL degassed methanol. The solution was
bubbled with Ar for 10 min right after a mixture of 0.46 mmol of

Cu(1)Cl and 0.928 mmol of 2,2"-bipyridyl was put into the solu-
tion. The flask was then purged with Ar gas and the homoge-
neous maroon solution was stirred at 25 °C until monomer
conversion was over 90%. After the reaction, 15 mL of methanol
was poured into the mixture and then filtered through 10 cm
alumina column to remove the transition metal catalyst. A clear
colorless solution was then slightly evaporated and reprecipi-
tated in a large amount of diethylether and chloroform (7: 3)
mixed solvent followed by a dialysis process in water for a day.
After freeze-drying, a white block copolymer was obtained.
Three different compositions of block copolymers were synthe-
sized by using different molecular weights of PDMS macro-
initiator (1.19 k for B1 and 15.1 k for B3) with different in feed
ratios of MPC monomer.

2.4 Synthesis of random-type poly(MPC-co-MTS) copolymers

A typical polymerization reaction was performed by adding 1 M
of monomers in 30 mL of ethanol solution in a glass test tube. 5
mM of AIBN was added as an initiator, and the mixture was
bubbled with Ar gas for 15 min. Next, the tube was sealed using
an oxygen torch and placed in an oil bath at 60 °C for 18 h. The
residual MTS was removed by dropping the reaction mixture in
a large amount of acetone, and the residual MPC was removed
by washing the collected white polymer with a large amount of
water. Number averaged molecular weight (Mn) of synthesized
copolymers were measured by size exclusion chromatography
(SEC) using a JASCO (Tokyo, Japan) RI-1530 detector con-
taining two connected gel columns (TSK-GEL Super HM-M)
calibrated with PMMA standards in hexafluoroisopropanol
(flow rate: 0.2 mL min™, 40 °C).

2.5 Wettability of copolymer solution on PDMS surface

Each copolymer was dissolved in ethanol at 30 mg mL~". 10 pL
of each polymer solution was dropped onto the PDMS surface,
and the contact ingle of the polymer solution droplet was
measured after intervals of 10 s and monitored for 1 min. The
contact angle was calculated using a goniometer (Kyowa Inter-
face Science Co., Tokyo, Japan). The load changes during the
immersing process were monitored by dynamic contact angle
measurement equipment®> (DCA-100, Orientec Co., Ltd,
Tokyo, Japan). A 5 x 2 mm cutting section of a PDMS substrate
was immersed into the 30 mg mL~! polymer solution at an
immersion velocity of 10 mm min~'. Each immersed substrate
was then kept in the polymer solution for 5 min, extracted with
the same velocity, and reimmersed for 1 more minute; the
reimmersion process was repeated two more times.

2.6 Surface coating with copolymers

Each copolymer was dissolved in ethanol at 30 mg mL~". The
PDMS elastomer was then put into each polymer solution for 3
min and naturally dried in a clean air box for 3 h. The dried
samples were then thoroughly washed with fresh water and aged
in water for 1 day to ensure their stability.

The micro-channel was coated as follows. Inlet and outlet
holes were machined at each end of the microchannel using
a drill; these holes were washed with ethanol, after which they
underwent natural drying. Each polymer solution was then
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injected through the inlet hole into the microchannel until it was
filled. After 10 min, a syringe was used to inject fresh air into the
microchannel to remove excess polymer solution; the micro-
channel was then naturally dried for 3 h. 1.5 mL of fresh water
was then injected into the microchannel, and aged for 30 min.
After then a protein adsorption test was conducted.

2.7 Characterization of coated PDMS elastomer

2.7.1 X-Ray photoelectron spectroscopy (XPS) measurement.
The atomic ratio of the coated surfaces was investigated by XPS
using magnesium Ko sources with a take-off angle of 90° (Kra-
tos/Shimadzu, Kanagawa, Japan). The P/Si atomic ratio was
calculated by integration of each peak area. More than 3 posi-
tions at each sample and more than 3 samples for each coating
condition were measured.

2.7.2 Air bubble contact angle measurement. The hydrophi-
licity of each coated PDMS elastomer was investigated by
measuring the air bubble contact angle in water. Each coated
sample was fixed in water, and an air bubble was generated for
interacting with the PDMS surface. After the air bubble was
stabilized on the PDMS surface, the contact angle was calculated
by a tangential method using a goniometer (Kyowa Interface
Science Co., Tokyo, Japan).

2.7.3 Atomic force microscopy (AFM) imaging. The AFM
images under wet conditions were analyzed using NanoScope
IITa (Nihon Veeco, Tokyo, Japan). The excitation frequency was
in the range 7.8-9 kHz, and the scan rate and scan scales were 0.5
Hz and 100 nm, respectively. All the samples were aged in water
for 1 day before observation, and the scanning size of each
sample was 25 x 25 um.

2.8 Protein adsorption test

2.8.1 Quantitative analysis of adsorbed protein. All the
samples were aged in water for 1 day in order to ensure stable
coating of the PDMS elastomer. The samples were immersed in
a mixture of 0.3 mg mL~"' fibrinogen and 0.45 mg mL~! BSA in
PBS (pH 7.4) for 60 min at 37 °C and simply rinsed with fresh
PBS. The adsorbed protein was detached in sodium dodecyl
sulfate (SDS) (1 wt% in water) by sonication for 20 min; the
protein concentration in the SDS solution was determined using
the micro-BCA™ method.

%

2.8.2 Adsorption of protein in PDMS microfluidic device. The
coated microchannel was washed with 1.5 mL of fresh water and
aged for 30 min prior to the adsorption test. 4.5 mg of FITC-BSA
was dissolved in 1 mL of PBS. 10 pL of protein solution was
passed through the microchannel for 1 min. Next, 150 pL of fresh
PBS was injected into the micro-channel to remove the excess
protein solution. The microchannel was then naturally dried in
a clean box, after which, it was observed using a fluorescence
microscope (Axioskop2 plus, Carl Zeiss, Jena, Germany) at an
exposure level of 1/3.5 s.

2.9 Cell adhesion test

The adhesion test of 1.929 fibroblasts (RCB 0081, Cell Bank,
Japan) was conducted on the modified PDMS elastomer. Cells
were grown for each PDMS substrate in 1 mL (3.5 x 104 cells
mL™!) of the minimum essential medium (Gibco BRL Life
Technologies, Eragny, France) supplemented by 10% fetal
bovine serum (FBS). All the samples were stored in a 100%
humidified incubator at 37 °C with 5% CO, for 2 days. After
then, all the PDMS elastomers were observed using an optical
microscope (Olympus Optical Co. Ltd., Tokyo, Japan).

3. Results and discussion

In this research, two types of copolymers containing MPC and
DMS units were designed to determine the optimal molecular
structure of the surface modifier. Scheme 1 shows the molecular
structure of block- and random-type copolymers composed of
MPC and DMS groups. MTS in random-type copolymer
contains three DMS groups with a methyl chain at the end. On
the basis of their DMS unit compositions, the synthesized
copolymers were classified into three categories, namely, less
than 30%, from 30 to 70%, and over 70% of DMS units,
respectively. Table 1 shows the resulting molecular profile of the
synthesized copolymers. As shown, each of the three different
compositions of the block- and random-type copolymer were
synthesized by atom transfer radical polymerization and
conventional radical polymerization. Copolymers containing less
than 70% DMS were very well dissolved in ethanol. However, the
solution containing B3 which contains more than 70% DMS, was
a slightly opaque solution; this is possibly due to aggregation of
polymer chains. In the case of R3, most of the polymer was
clearly dissolved in ethanol and a small amount of undissolved
polymer settled down in the container. This is possibly due to
limitations intrinsic to conventional radical polymerization.
Since the growth rate of AIBN-mediated polymerization is
considerably rapid and non-controllable, some part of the
polymer chain may contain excess amount of MTS as compared
to that in the feed ratio; these types of extreme hydrophobic
chains might settle down in ethanol. In any case, the R3 solution
was filtered to remove precipitates prior to its application in the
characterization or coating process.

The wettability of the PDMS elastomer in the polymer solu-
tion was estimated. In this study, the contact angle between each
polymer solution and the PDMS surface was monitored to verify
whether the polymer solution promotes wettability. Fig. 1 shows
the monitored contact angle for each polymer solution. In the
case of a pure ethanol drop, the initial value of the contact angle
with the PDMS surface was maintained throughout the entire
contact time; this indicates that wettability does not improve
with contact time. On the other hand, for both block- and
random-type copolymer solutions, the contact angle gradually
decreased from its initial value, indicating that the wettability of
PDMS surface gradually improves with contact time. Because all
copolymers are amphiphilic owing to the presence of the
hydrophobic DMS and hydrophilic MPC units, they probably
act as a surfactant at the hydrophobic interface of the PDMS
elastomer in a polar solvent in a time-dependent manner. In the
case of a block-type copolymer solution, the initial contact angle

2970 | Soft Matter, 2011, 7, 2968-2976

This journal is @ The Royal Society of Chemistry 2011



~

o] /{” A [e;
Br 0 Alsi—oFsi 0‘“—<——+/<2‘18‘
<’§‘{=—<E ) > W }}ns N 8
N <

Q

N
77 Vs
| orP ol
\isroj(;) Og
Llsil

Scheme 1 Molecular structure of (a) ABA-type block copolymer (A: PMPC, B: PDMS) and (b) random type poly(MPC-co-MTS).

of B2 and B3 has an even higher value than that of pure ethanol,
whereas B1 shows almost the same value as the solvent. It is
considered that the large amount of DMS in B2 and B3 results in
the macromolecular aggregation in the polar solution. Therefore,
most of the polymer aggregation in B2 or B3 might possess the
hydrophilic PMPC block segment as an outer shell; this aggre-
gation is probably the reason for B2 and B3 to experience a more
repulsive initial contact at the hydrophobic PDMS surface than
the pure solvent. On the other hand, Bl shows the smallest
contact angle as compared to B2 and B3 throughout the entire
contact time. Since B1 containing 11% of DMS block segment in
the middle of the polymer chain, this relatively small amount of
hydrophobic portion might be contributed to the hydrophobic
contact with a large area of PDMS surface rather than forming
a macromolecular aggregation to each other. A reverse
phenomenon was observed in the case of random-type copoly-
mer solutions (Fig. 1b). At the initial contact time, only the R1
solution shows a higher contact angle than the pure ethanol
solvent, which indicates a more repulsive initial contact with the
PDMS surface. Because a random-type copolymer does not
contain a large hydrophobic portion, only parts such as the DMS
block segment in the block-type copolymer, it is thought that the
hydrophobic interactions with the PDMS surface have to be
considered in a point of overall polarity of random-coiled poly-
mer chains in the solution. Since R1 contains the lowest
composition of the DMS unit, its polarity may be the highest
among the random-type copolymers; this high polarity is
thought to induce the initial repulsive contact with the PDMS
surface. In general, it was confirmed that all copolymers promote
the wettability of the polymer solution at the PDMS interface in

Table 1 Molecular profile of synthesized copolymers
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Fig. 1 Contact angle between the PDMS surface and the ethanol drop
containing (a) 30 mg mL~" of block copolymer and (b) 30 mg mL~' of
random copolymer.

a time-dependent manner. Further, the minimal composition of
DMS in the block-type copolymer promotes the initial wetta-
bility of the polymer solution whereas that in the random-type
copolymer produces an opposite effect.

Unit Composition

(%, NMR) *® Mn

Symbol MPC DMS Solubility in Ethanol (30 mg ml-") (x 10% SEC) (x 10°, NMR) PDI (SEC)
Bl 89 11 e 26.4 39.3 1.23

B2 53 47 O 23.0 23.1 1.35

B3 24 76 AY ¢ 33.9 ¢

Rl 88 12 o) 107 2.60

R2 41 59 e) 185 2.57

R3 14 86 o4 209 1.96

4 Opagque solution. ® Partially opaque. ¢ Calculated by NMR due to the solubility problem.
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