EFFECT OF MPC CONCENTRATION ON CLPE-x-MPC

5.2 with an increase in the MPC concentration during
polymerization. In addition, in the TEM images
shown in Figure 5, the thickness of the poly(MPC)
laver increased with the MPC concentration. When
the poly(MPC) layer has a brush-like structure, the
layer thickness may correlate with the molecular
weight of the grafted poly(MPC). The high-density
poly(MPC) graft chains in the CLPE-g-MPC, are
assumed to exhibit a brush-like structure.® It is
generally well known that the reaction rate of radical
polymerization is extremely high.™ In this study, the
length (molecular weight) of the poly(MPC) graft
chains was assumed to be successfully controlled by
the MPC concentration used for polymerization. This
indicates that the length of the poly(MPC) chain
grafted on the CLPE surface increased with the MPC
concentration during pnlymeriu!inn.” The molecular
weight of the grafted poly(MPC) chain on the CLPE-
-MPC surface could not be determined due to the
difficulty in separating the gmfted poly(MPC) chain
from the CLPE substrate, Additional efforts are
needed in this aspect.

In the TEM observation, the thickest poly(MPC)
layer (200-250 nm) was observed on the CLPE-g-
MPC surface with a 1.00 mol/L. MPC concentration
|Fig. 5(d)]. However, the N and P content in the
CLPE-g-MPC surface decreased at MPC concentra-
tions above 0.67 mol/L (Fig. 2). On the CLPE-g-MPC
surface with a 1.00 mol/L MPC concentration, an un-
grafted (unstained) CLPE region was observed in the
FM image [Fig. 6(b)]. The present graft polymeriza-
tion reaction with free radicals is photo-induced by
ultraviolet-ray irradiation using benzophenone as a
radical initiator. On the contrary, a certain amount of
ultraviolet-ray irradiation energy can directly pro-
duce free radicals form the methacryl acid group of
the MPC unit in the monomer solution. When the
MPC concentration in a feed is high, graft polymer-
ization between the radicals on the CLPE surface and
the MPC monomer and homopolymerization of MPC
occurs simultaneously in the reaction system. The
free radicals not only facilitate direct gratting of MI'C
to CLPE, thereby forming C—C covalent bonds
between the MPC polymer and the CLPE substrate,
but also induce homopolymerization of MPC as a free
polymer in the solution. Moreover, the diffusion of
the monomer might be interfered in the polymer solu-
tion with high concentration because of high viscos-
ity. When the monomer and initiator attached to the
CLPE surface were subjected to ultraviolet-ray irradi-
ation, radicals were freely formed on the CLPE
surface in the early stage but not in the late stage of
polymerization, probably because the increased poly-
mer radicals and/or grown grafted polymer chains
blocked the diffusion of the radicals to the CLPE sur-
face.™ Therefore, it is supposed that the ungrafted
bare CLPE surface appeared due to a decrease in the

MPC concentration during graft polymerization and
homopolymerization,

When the photo-irradiation time was fixed (90 min
in the present study), the gratting efficiency (N and P
content) of the CLPE-g-MPC surface increased with
the MPC concentration up to 0,50 mol/L and then
decreased at concentration above 0.67 mol/L. It is
assumed that when the monomer concentrations in a
feed is low (0-0.50 mol/L), the rate of MPC homopo-
lymerization is higher than that of MPC graft poly-
merization. In contrast, when the monomer concen-
trations in a feed is high (>0.67 mol/L), the rate of
MPC graft polymerization might be higher than that
of MPC homopolymerization. Moreover, while the
rate of MPC graft polymerization increases with the
MPC concentration, the entire polymerization system
begins to show gelation at MPC concentrations above
0.67 mol/L and the grafting efficiecncy might drasti-
cally decrease. In Figure 1, when the photo-irradiation
time was greater than 45 min, the P concentration in
CLPE-g-MPC became constant at high values for all
the MPC concentrations. It has been reported that the
photo-irradiation time must be controlled to obtain a
high-density poly(MPC) layer.'* The density of the
poly(MPC) chains on the CLPE surface gradually
increased with the photo-irradiation time and the
entire CLPE surface was grafted with a photo-irradia-
tion time greater than 45 min (approximately 90 min
in the present study). From the above results, it is
clear that to achieve high grafting efficiency for
CLPE-g-MPC, it is essential to use a long photo-irradi-
ation time in the polymerization system, which con-
tains a high-concentration monomer without gelation,

In our previous studies, the mechanism of wear
reduction has been reported."™"* Since MPC is a
highly hydrophilic compound, poly(MPC) is water-
soluble. The water-wettability of the CLPE-g-MPC
surface is considerably greater than that of the
untreated CLPE surface. Kobayashi et al. reported
that the water molecules adsorbed on the surface of
the highly hydrophilic poly(MPC) brushes act as a
lubricants and reduce the interaction between the
brushes and the counter-bearing face.™ Therefore, the
artificial hip joint bearing with the grafted poly(MPC)
surface exhibits considerably greater lubricity than
that without the poly(MPC) surface. In Figure 8, we
observed that water-wettability (static water-contact
angle) corresponded with the dynamic coefficient of
friction. The significant reduction in the coefficient of
friction of the grafted poly(MPC) surface resulted in a
substantial improvement in wear resistance, "%’
Fluid-film lubrication (or mixed lubrication) of the ar-
tificial hip joint bearing with the grafted poly(MPC)
surface was achieved by the intermediate hyvdrated
layer. 1t can be affirmed that this novel artificial hip
joint utilizing poly(MPC) mimics the natural joint
cartilage. The fluid (water)-film forming ability of a
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10-nm-thick poly(MPC) layer is equivalent to that of a
micrometer-order-thick poly(MPC) layer because the
outermost poly(MPC) layer determines this ability.
The hip joint simulator wear test confirmed that the
wear rate was much lower in the CLPE-g-MPC cups
than in the untreated CLPE cups (Fig. 9). The water-
wettability of the CLPE-g-MPC surface was greater
than that of the untreated CLPE surface because of
the presence of a poly(MPC) nanometer-scale layer.
At an MPC concentration of 0.25 mol/L, the ortho-
paedic bearing with the CLPE-g-MPC surface exhib-
ited high lubricity because the poly(MPC) layer
supported a thin film of water on its surface even at a
thickness of 10 nm. Consequently, the 10-nm-thick
poly(MPC) layer was responsible for the improved
wear resistance, which is independent of its thickness.
When the CLPE surface is modified by poly(MPC)
grafting, the MPC graft polymer causes a significant
reduction in sliding friction between the graft surfa-
ces because the water thin films that are formed act as
extremely efficient lubricants. The water-lubrication
systems utilizing poly(MPC) suppress direct contact
of the counter-bearing face with the CLPE substrate
in order to reduce the frictional force.®*! Thus nano-
meter-scale modifications of CLPE with poly(MPC) is
expected to significantly increase the durability of the
orthopaedic bearings. Poly(MPC) grafting obtained
with an MPC concentration of 0.50 mol/L is particu-
larly effective in maintaining the wear resistance of
CLPE-g-MPC for use as an orthopedic bearing mate-
rial over a long time periods."!

CONCLUSION

The effect of MPC concentration on photo-induced
radical graft polymerization was examined, and the
resultant properties of CLPE-g-MPC were discussed
with respect to the characteristics of the poly(MPC)
nanometer-scale layer. The thickness of the grafted
poly(MPC) layer increased with the MPC concentra-
tion in the feed, The hip joint simulator wear test con-
firmed that the wear rate of the CLPE-g-MPC cups
was considerably lower than that of the untreated
CLPE cups. Since MPC is a highly hydrophilic com-
pound, the water-wettability of the CLPE-g-MPC sur-
face was greater than that of the untreated CLPE sur-
face due to the formation of a poly(MPC) nanometer-
scale layer. The CLPE-g-MPC orthopaedic bearing
surface exhibited high lubricity by poly(MPC) layer
even 10-nm thick. This layer is considered responsible
for the improved wear resistance. Nanometer-scale
modification of CLPE with poly(MPC) is expected to
significantly increase the durability of the orthopaedic
bearings. It is necessary to use a long photo-irradia-
tion time in the polymerization system, which con-
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tains a high-concentration monomer without gelation,
to attain such a nanometer scale modification with
poly(MPC).

We express special thanks to Mr. Yoshiki Ando, Mr
Makoto Kondo, Mr. Takatoshi Mivashita, and Mr. Noboru
Yamawaki (Japan Medical Materials, Osaka, Japan) for
their excellent technical assistance.
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Abstract

The surface modification of poly(dimethylsiloxane) (PDMS) substrates by using ABA-type block copolymers comprising poly(2-methacry-
loyloxyethyl phosphorylcholine (MPC)) (PMPC) and PDMS segments was investigated. The hydrophobic interaction between the swelling—
deswelling nature of PDMS and PDMS segments in block copolymers was the main mechanism for surface modification. Block copolymers
with various compositions were synthesized by using the atom transfer radical polymerization (ATRP) method. The kinetic plots revealed
that polymerization could be initiated by PDMS macroinitiators and it proceeds in a well-controlled manner: therefore, the compositions of
the block copolymers were controllable. The obtained block copolymers were dissolved in a chloroform/ethanol mixed solvent. The surface
of the PDMS substrate was modified using block copolymers by the swelling—deswelling method. Static contact angle and X-ray photoelectron
spectroscopy (XPS) measurements revealed that the hydrophobic surface of the PDMS substrale was converted (o a hydrophilic surface because
of modification by surface-tethered PMPC segments. Protein adsorption test and L929 cell adhesion test were carried out for evaluating the bio-
compatibility. As observed, the amount of adsorbed proteins and cell adhesion were drastically reduced as compared to those in the non-treated

PDMS substrate. We conclude that this procedure is effective in fabricating biocompatible surfaces on PDMS substraies.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polydimethylsiloxane (PDMS) has many attractive engineer-
ing properties such as high oxygen permeability, good formabil-
ity, chemical stability, optical transparency, and good mechanical
properties. Because of these reasons. PDMS has been used in
many engineering fields employing biomaterials, such as making
artificial organs, and recently as a base material for manufactur-
ing biochips [ 1—3]. However, due to the hydrophobic nature of
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its surface, biological components found in blood and body fluids
interact strongly with the PDMS surface when it is present in
a biological environment. A significant amount of protein ad-
sorption onto the PDMS surface caused by such a hydrophobic
interaction is the most important problem to be overcome be-
cause it triggers many undesirable bioreactions [4,5]. Therefore,
in order to construct a biofunctional surface 1o prevent the non-
specific adsorption of proteins is essential for the proper func-
tioning of PDMS-based biomaterials.

When modifying the surface, selecting biocompatible ma-
terials and the modifying method should be firstly considered.
As biocompatible materials, poly(2-hydroxyethyl methacry-
late), poly(ethylene glycol) (PEG), poly(acrylic acid), and
2-methacryloyloxyethyl phosphorylcholine (MPC) polymers
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have been researched as modifying materials [6—9]. Among
these. MPC has been known to be a long-term biocompatible
material and very easily applicable because of the large num-
ber of free water fractions around the zwitterionic phosphoryl-
choline head groups and its methacrylate backbone [9—16].

Chemical techniques to modify PDMS by using MPC as
a biocompatible material have been researched for last decade.
Xuetal. [17] fabricated PMPC segments onto silicone films by
means of an ozone-induced grafting method, these segments
exhibited good blood compatibility. Goda et al. [9] successfully
introduced PMPC chains onto PDMS surfaces by means of UV-
induced grafting using benzophenone as the initiator. They re-
vealed non-biofouling PDMS surfaces and a reduction in the
friction coefficient. Iwasaki et al. [ 18] used the ABA-type tri-
block copolymers composed of PMPC segments as an A-block
and poly(vinylmethyl siloxane-co-dimethylsiloxane) as a B-
block. The hydrosilyl-group-functionalized PDMS film surface
was successfully reacted with the B-block and could form
a lower biofouling surface. Although these chemical tech-
niques are clearly powerful tools to modify the PDMS surface,
they still have several disadvantages such as complexity in pro-
cessing, the possibility of side reactions, chemical contamina-
tion (e.g., remaining initiators), and the dependence of the
PDMS shapes. Physical techniques are relatively free from
such problems. Commonly used physical techniques for mod-
ifying the surface of silicone-based materials are usually car-
ricd out by using plasma treatments or the deposition of
modifying materials [19]. One of the simplest physical tech-
niques recently developed is the swelling—deswelling method
that uses a block copolymer comprising PDMS segments
[20]. In this study, this relatively simple methodology of sur-
face modification (as compared 1o both chemical and com-
monly used physical techniques) was applied to construct
a hydrophilic PDMS material. We introduce an anti-biofouling
PDMS surface by using a very simple swelling—deswelling
method with ABA-type block copolymers comprising PMPC
and PDMS segments. A MPC polymer was used to inhibit
both protein and cell adhesion, which was partially difficult
when PEG was used [21]. In order to investigate the effect of
molecular weight on the surface characteristics, all the block
copolymers were synthesized by means of the atom transfer
radical polymerization (ATRP) method because of its broad
utility in synthesizing block copolymers by using very different
types of two or more species such as PMPC and PDMS [22—
24]. The biocompatibility of the PDMS substrate modified by
means of the swelling—deswelling method was tested by inves-
tigating the amount of adsorbed proteins and the cell adhesion
test.

2. Materials and methods
2.1. Materials

MPC was synthesized as previously described |25]. Hydrosilyl-terminated
poly(dimethylsiloxane) (Mn = 1014) was purchased from Gelest (Morrisville,
PA, USA), Further, 2.2'-bipyridyl was obtained from Kanto Chemical (Tokyo,
Japan); the solvent used in this sudy was purchased from Wako Chemical
(Osaka, Japan) and used as received. Allyl 2-bromoisobutyrate, Cu(l)Cl,
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Z-methyl-1.4-naphthoquinon, and Karstedt's catalyst were purchased from Sig-
ma—Aldrich (St Louis, MO, USA). A Sylgard 184 silicone elastomer kit was
purchased from Dow Coming (Midland, ML, USA). Dulbecco's phosphate-
buffered saline (10 ) (PBS: without calcium chloride and mag chloride)
was purchased from Invitrogen Corporation (Carlsbad, CA, USA). Bovine
plasma fibrinogen (BPF: F-8630) and bovine serum albumin (BSA: A-8022)
were obtained from Sigma Chemical Co. (5t Louis, MO, USA). A micro-
BCA protein assay reagent kit (#23235) was purchased from Pierce Chemical
(Rockford, IL, USA).

The PDMS substrate was prepared as follows: a mixture of the FDMS pre-
cursor and cross-linker (10:1 by mass) (Toray Dow Comning, Tokyo, Japan)
was spread on a Petri dish and cured in a vacuum oven at 70 °C for a day after
degassing. Then, the sample was cut into quadrangles (10 x 10 % 2 mm)

2.2. Synthesis of ABA block copolymer

The PDMS macroini was synthesized by means of a previously re-
ported method [23]. A typical polymerization process could be described as
follows: 0.332 g (0.232 mmol of the overall molecular weight) of the synthe-
sized PDMS macroimtiator was placed imo a 20 mL flask with 2.5 g MPC
(8.5 mmol) and 5 ml. methanol, The solution was bubbled with Ar gas for
15 min. Then. a mixwre of 0.046 g (0.46 mmol) of Cu(D)C1 and 0.145 ¢
(0.928 mmol) of 2,2"-bipyidyl was put into the flask and sealed using a rubber
septum. A syringe-capped Ar halloon was ;ulmud at the septum, and the mix-
ture was stirred at room temp until a homoge solution was
formed. Periodically, 0.1 mL alig of the j i were I d
for the kinetic analysis, Afier the reaction, 10 mL of methanol was poured
into the mixture and then filtered through an alumina column to remove the
transition metal catalyst. A clear colorless reaction mixture was then repreci-
pitated in a large amount of ether and chloroform (7:3) mixed solvent followed
by a dialysis process for a day. After fmcu-d!ymg. a white block copolymer
was obtained, Four different polymer comy were synth, d by con-
trolling the reaction time,

2.3, Swelling—deswelling of POMS

The solvem position suitable for the was determined by
investigating the swelling ratio of the PDMS substrate and the solubility of
the block copolymers in six posi of chloroform/ethanol mixed sol-
vents. The PDMS substrate was immersed into a mixed solvent whose chloro-
form compositions were 100, 90, 70, 50, 30, and 0 vol% for a day @t room
temperature. After confirming if the swelling state reached the equilibrium
state, the swelling ratio was calculated as follows:

Swelling ratio(%) = {—'f"-—“lf-‘-]x 100
4

where W, and W, denote the swelled and d lled weigt ively.

The synthesized block copolymers were dissolved in ?IJ vnl'i chloroform
mixed solvent at 10 mg/ml. and 30 mg/mL.. Further, the PDMS substrates were
immersed into | mL of each polymer solution for 5 days at room temperature.
After rinsing by a fresh mixed solvent, the samples were dried in a vacuum
oven at 60 °C for & h, followed by performing the first comtact angle measure-
ment. The samples were then aged in 5 mL of water at room temperature for 3
days, followed by thorough rinsing with water and drying in a vacuum oven
for a day; then the second contact angle measurement was performed.

2.4. Characterization

24.1, ATRP characterization

The monomer conversion was calculated by comparing the NMR peak in-
tegrals due to the groups in the MPC monomer at 4 = 5.5 and 4 = 6.0 with
those of the a-methyl group in the polymer chain at & = 0.5—1.1. The size ex-
clusion ch graphy (SEC) was conducted using & JASCO
RI-1530 detector containing two connected gel columns iTSl({iFl Super
HM-M) with a poly(methyl methacrylate) fard in h prop:
(Aow rate: 0.2 mL/min at 40 “C),
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24.2. Contact angle measurement in water

The static waler contact angles were measured by using a goniometer
(Kyowa Inerface Science Co., Tokyo, Japan) at room temperature. All the
samples were dried in a vacuum oven for a day before the

252 1929 cell adhesion test

The adhesion test of LY29 fibroblasts (RCH 0081, Cell Bank, Japan) onto
the modified PDMS substrate was carnied out. The cells were grown with each
PDMS sub in 1 mL of the minimum essential medium (Giboo BRL Life

Then, water droplets of 3 ul. were contacted with the samples for 55 and
the contact angles were d using photographic images. More than three
positions were measured for each sample.

243 X-ray photoeleciron speciroscopy (XPS) measurement

The surface-tethered materials were investigated by XPS using magnesium
K. sources with a take-off angle of %0 (Krtos/Shimadzu, Kanagawa, Japan),
All the samples were vacuum dried at 60 “C for a day before the measurement.
The characterized elements were C, O, N, and P, and the binding energies were
referenced to the Cls peak at 285.0 ¢V

244 Atomic force microscope (AFM) observation

The AFM images under the wet condition were analyzed using NanoScope
IMla (Nibon Veeco, Tokyo, Japan), The excitation frequency range was 7.8—
9 kHz. and the scan rate and scan scales were 0.5 Hz and 50 nm, respectively.
All the samples were aged in water for a day before the observation and the
scanning size of all the samples was 25 pm x 25 pm each.

2.5, Biocompatibility evaluation

251, Protein adsorption test

All the samples were aged in water for 3 days in order to remove the phys-
ically adsorbed block copolymers and ensure the existence of the tethered
block copolymers. The PDMS sub were | d in a mi of
0.03 gidl. BPF and 0,045 g/dl. BSA in PBS (pH 7.4 and jon strength of
0.15 M) for 60 min at 37 °C and then rinsed with 500 mL. of fresh PBS twice
by the stirring method (300 rpm for 3 min). The adsorbed protein was de-
tached in sodium dodecyl sulfate (SDS) (1 wi% in water) by sonication for
20 min, and the protein concentration in the SDS solution was determined
by using the micro-BCA method |26 By using lh: concentration of the stan.

Technologies, Eragny, France), supplemented by 10% fetal bovine serum
(FBS) and penicillin (50 pg/mL). All the samples were stored in a 100% hu-
midified incubator a1 37 °C with 5% COj for a day, After washing with fresh
medium, all the PDMS substrates were observed using an optical microscope
(Olympus Optical Co. LTD. IX71S1F-2, Tokyo, Japan).

3. Results and discussion
3.1. Synthesis of ABA block copolymer

Well-defined block-type copolymers comprising MPC units
have been synthesized by photoinduced living radical polymer-
ization and the reversible addition-fragmentation chain transi-
tion polymerization of MPC and other methacrylates [27.28].
In this study, we applied the ATRP of MPC from the macroini-
tiators of PDMS 1o develop PDMS/PMPC block copolymers
because of the large difference in solubility between PDMS
and PMPC (Scheme 1). Fig. | shows the kinetic plot of
In ([M],/[M]) versus reaction time for the ATRP of PDMS mac-
roinitiators with MPC monomers. The resulting first-order slope
indicates that the polymerization reactions proceeded with an
approximately constant number of active species for the dura-
tion of the reaction; therefore, it was assumed that the contribu-
tion of the termination reactions could be neglected even under
the limited solubility condition of the PDMS macroinitiators.

Fig. 2 shows the molecular weight evolution Mn and PDI as

dand protein solution, the of adsorbed | was lated a function of the monomer conversion. As indicated in Eq. (1),
é H3 CH; ﬁ cl:!-h
Br—C— Ho-Si—0+S H 0—C—C—Br
i ~ofongfsi-o)srforfo—c—¢
CHg CH:, CHs
CHs
Hzc:-(l:
Cu(l)Cl, bpy, R.T.
(NG by OCHZCHZOPOCH,CHAN(CHy)
Hs CH_ji ng CH3
BP{-E—CH;};&{) O{CH%{ o};&—(cu,};o—c—c-(—cn,—c%—e )
o 0= CHs
+ | 2(;.p.:)
{H;ChNHZCHzCOIFIJOHZCHQCO OCH’CH CHZCH’N(CH""’
(o}
PMPC segment PDMS segment PMPC segment

Scheme |. Reaction scheme and molecular structure of ABA triblock copolymer.
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Fig. 1. Kinetic plot for the ATRP of MPC by PDMS macroinitiators to form
the PDMS/PMPC hlock copolymer.

a linear increase in Mn versus monomer conversion was
observed.,

fM“' | macrotmiiaton

» Conversion (1)

Mnlhtuq-' = Mnln.n(.wmllnuw L M Do

However, the molecular weights measured by SEC were
much larger than those calculated using Eqg. (1). This is caused
by the difference between the number of calculated and syn-
thesized PDMS macroinitiators. Since the final product of
the PDMS macroinitiators was assumed to be 100% of the
synthesized macroinitiators, the molecular weight of the syn-
thesized polymer with a conversion of 96% should be approx-
imately 10 kDa. On the basis of this calculation, the actual end
functionality of the PDMS macroinitiators was approximately
20%, this was the reason why the overall molecular weight of
the synthesized polymer was five times larger than the calcu-
lated value. These relatively low-end functionalities (10—
55%) of the PDMS macroinitiators synthesized using ally] 2-
bromoisobutyrate was already reported [23]. All the polymers
used in this study were synthesized considering this result:
a molecular weight that is five times greater than the infeed
compositions of MPC was targeted.

0 20 40 60 80 100
Monomer conversion (%)

Fig. 2. Molecular weight and polydispersity plot against the monomer conver-
sion. Synthesized block copolymer showed about five times higher molecular
weight than the theoretical values, this was probably due to the end function-
ality of the PDMS macroinitiator. The dotted line represents Mn in the theo-
retical molecular weight.
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Fig. 3. SEC data of the PDMS/PMPC block copolymers

Fig. 3 shows the SEC trace of the ATRP: it demonstrates that
the overall block copolymer peaks remained monodal (Mw/
Mn = 1.16) throughout the reaction, and the polymer peak con-
tinuously shifts to a higher molecular weight as monomer con-
version increased. This indicates that all the radical species in
the reacting mixtures are homogeneously participating in poly-
merization even two components shows large difference in sol-
ubility, thus block copolymers were successfully synthesized in
well-controlled manner,

The overall information about the synthesized block copol-
ymers is listed in Table 1.

3.2, Surface modification with block copolymers

3.2.1. Swelling—deswelling of PDMS substrates in mixed
solvents

The surface modification of the PDMS substrate by using
the swelling—deswelling method was carried out. Since all
block copolymers are not dissolved in chloroform, a mixed sol-
vent containing a good solvent for block copolymers should be
used. Usually. the compositions of the mixed solvent play an
important role in the swelling behavior of PDMS [29]. Thus
we measured the swelling ratio of the PDMS substrate for var-
ious compositions of the mixed solvent, as shown in Fig. 4, As
very well expected. the swelling ratio of the PDMS substrate
decreased as the volume fraction of ethanol increased. Table 2
lists the solubility of the PDMS/PMPC block copolymers in
various compositions of the mixed solvent. Based on this result,
we selected a chloroform composition of 70 vol% for the

Table |
Information about synthesized polymers

Polymer MPC/PDMS  Monomer  Reaction  Yield Mnx 10* PDI

mmlil?g- conversion  time (h} (%) SEC NMR

unit ratio’ (%)
PM1 6.0 38 i 36 241 261 133
PM2 73 62 6 B2 367 319 127
PM3 LR 1] 12 234 494 379 1.24
PM4 1.7 96 20 406 537 497 1.17
PMPC = o0 24 51 324 - 1.33

“ Repeating unit ratio was determined by NMR.
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Fig. 4. Swelling ratio of PDMS substrate prepared in mixed solvent,

mixed solvent in order to obtain both proper swelling ratio and
good solubility for block copolymers.

3.2.2. Contact angle of modified PDMS substrates

The static contact angle measurement results are shown in
Fig. 5. In all the samples, hydrophobic PDMS surfaces were
converted to hydrophilic surfaces, However, we could not ob-
serve a significant concentration and molecular weight depen-
dence of the PDMS/PMPC block copolymers on the contact
angle. This is probably due to the limitation of the surface dif-
fusibility of the PDMS substrate against the block copolymer;
further researches are undergoing about this result. Even
though, we could conclude that hydrophobic PDMS surfaces
were successfully converted to hydrophilic surfaces by means
of the simple swelling—deswelling method based on the fact
that the overall values were half those of the non-treated
PDMS substrate.

In order to confirm whether PDMS segments perform an
active role in the hydrophilicity of PDMS in block copolymers
or not, we synthesized PMPC that has almost the same molec-
ular weight as the block copolymer with PM4. Fig. 5 also shows
the contact angle comparison of the PDMS substrate treated
with a block copolymer and PMPC. As shown in Fig. 5, there
were almost no changes in the PDMS substrate treated with
PMPC as compared to the non-treated one. This indicates
that the PDMS segment in the block copolymer plays a domi-
nant role in the surface modification of the PDMS substrate by
the swelling—deswelling method. When PDMS substrate is
swelled in proper solvent, large volume of inter space is

Table 2
Solubility of synthesized block copolymers for various compositions of the
mixed solvent

Polymer Vol% of chloroform in chlorofi

mixed solvent

100 90 70 50 30 0
PM4 + + + 4
PM3 - - - + + ¥
PM2 + ¥ + b
PMI ~ + % - + +
PMPC - - - + + +

+: soluble: = insoluble.
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Fig. 5. Static contact angle of PDMS substrate treated and non-treated with the
PDMS/PMPC block copolymer and PMPC.

PDMS PM1

generated by dimensional change. Thus the block copolymer
segment positioned in or at the PDMS substrate (mainly
PDMS segment) could be stably held by the shrinking force
when the PDMS substrate is deswelled [20]. Hydrophobic in-
teraction between PDMS segment and PDMS substrate make
it more stable even that is in hydrophilic state such as biological
environment. (About 80% of tethered segments were remained
in water even after 2 months.) And this is thought as the reason
why only PDMS containing block copolymers showed a tether-
ing effect after aging in water. The overall mechanism is illus-
trated in Scheme 2. Due to the hydrophobic interaction, only
the block copolymers could successfully tether the PMPC seg-
ment after penetrating into the substrate. (The fact that there
was no physically adsorbed block copolymer was confirmed
throughout the first contact angle measurement before aging
in water, 110° =2°)

3.3. Surface characterization of modified PDMS

3.3.1. XPS characterization

The surfaces of the treated and non-treated PDMS substrates
were analyzed using the atomic detection of C, O, N, and P by
XPS. In all the cases of swelled—deswelled PDMS substrates
with a block copolymer solution, the N and P components
from the surface-tethered PMPC segments were detected at
402.5¢V and 134.0 eV, respectively (Fig. 6). On the other
hand. no peak was detected in the non-treated PDMS substrate.
This result indicates that the hydrophilicity of the swelled—
deswelled PDMS substrate was due to the surface-tethered
PMPC segments. The atomic percentage of P according to this
result is shown in Fig. 7. This result clearly illustrates that the
amount of P, which indicates the amount of PMPC segmenis on
the surfaces, strongly depends on the concentration of the poly-
mer solution rather than the molecular weight, i.e., a higher
concentration leads to a larger number of phosphorylcholine
groups on the PDMS surface. This result was expected because
all the PDMS substrates showed almost the same swelling ratio
regardless of the polymer concentration. This means that the
possible amount of block copolymers passing into the swelled
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PDMS/PMPC
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Swelling in polymer solution

Deswelling Aging in water

Scheme 2. Overall processing of surface tethering,

PDMS substrate was more in the 30 mg/mL polymer solution
than that in the 10 mg/mL polymer solution; therefore, more
PMPC segments are tethered onto the surfaces after aging in
water,

3.3.2. AFM observation

The surface morphology of the modified PDMS substrate
was observed under the wet condition by using AFM. Fig. 8
shows the topological images of the non-treated and represen-
tative-treated PDMS substrates. Different topological changes
were clearly observed between the non-treated and treated
PDMS substrates in 10 mg/mL and 30 mg/mL polymer solu-
tion. Based on the XPS analysis, it was thought that this
difference was due to the surface-tethered PMPC segment.
The difference in tethering density was also clearly observed
by AFM (Fig. 8b, ¢). The root mean square roughness in
15 um > 15 pm surface of a, b, and ¢ was 1.3 nm, 4.0 nm,
and 3,7 nm. respectively. This observed result is another evi-
dence to make sure the polymer concentration is main variable
in swelling—deswelling process. Generally, more densely teth-
ered PMPC segments could more strongly prohibit protein

PDMS

PM1-10

PM1-30

PM4 - 10

PM4 - 30

L

adsorption, and this is considered to be reasonable based on
the references because the larger amount of PMPC segments ex-
hibits much thick hydrated layers around the phosphorylcholine
groups [30.31]. This quantitative relationship between the
amount of protein adsorption and the density of surface-tethered
PMPC segments will be discussed below,

3.4. Biocompatibility evaluation

3.4.1. Protein adsorption test

The construction of a non-biofouling surface is the primary
target to prepare biomaterials because most of the undesired
bioreactions and bioresponses in artificial materials are pro-
moted because of the adsorbed proteins [32.33]. Fig. 9 shows
the result of the protein adsorption test calculated according to
the micro-BCA experimental method. In most of the cases, the
amount of adsorbed proteins decreased drastically as com-
pared to that in the non-treated PDMS substrates. Note that the
amount of adsorbed proteins on the PDMS substrate treated in
the 10 mg/mL polymer solution was slightly greater than that
treated in the 30 mg/mL. polymer solution. This tendency is in

Noa P2y

A p—
e i it
N SR
e S B T
L B J./\_,

205 290 285 280

410 405 400 395

140 135 130 125

Binding energy (eV)
Fig. 6. XPS spectra of non-treated and ireated PDMS substrates with PM1 and PM4, The marks of 10 and 30 indicate the concentration of the PDMS/PMPC block

copalymer solution,
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good agreement with the contact angle data, as shown in
Fig. 5, and the results are discussed with the abovementioned
XPS and AFM images. The fact that the phosphorylcholine
groups in various materials preclude any protein adsorbing on
the surface has been demonstrated by many researchers [34—
36]. This phenomenon has been attributed to the large number
of free water fractions around the phosphorylcholine groups.
This makes the proteins contact with the material surface in
a reverse manner without a significant conformational change

100 nm

10

15
20 i
um
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[ 10]. Therefore, the more the phosphorylcholine groups on the
PDMS substrate, the more the effect on the prevention of pro-
tein adsorption. In this research, we could confirm that the
concentration control was efficient way to make more densely
tethered surface, thus more anti-biofouling surface was
formed.

34.2. L929 cell adhesion test

For most applications, biomaterials are generally in contact
with the cells, Therefore, the interactions between the cells
and biomaterials should be considered before they are used
in various applications. Fig. 10 shows the optical microscope
images of the PDMS substrates after performing the L929
cell adhesion test. Evidently, significant morphological differ-
ences were observed berween the non-treated and treated
PDMS substrate. A large number of cells were adhered to the
non-treated substrate and most of these attached cells ex-
hibited conformational changes, i.e.. one of the states being at-
tached, migrated, or grown. Contrary to this, the number of
attached cells decreased significantly on the treated PDMS
substrate. Moreover, the attached cells showed no conforma-
tional changes on both PDMS substrates modified in the
10 mg/mL and 30 mg/mL polymer solutions. This result indi-
cated that the interactions between the cells and the PDMS
substrate changed drastically. and it was thought to be caused
by the surface-tethered PMPC segments. There are several

100 nm

10

15 y
20 :
pm

Fig. 8. AFM topological image of representative PDMS substrate treated with PM1 with various concentrations. The scan size is 25 um « 25 um and the height

Ttation is 100 nm



1374 J-H. Seo e1 al.
2 T = 7|____'
s = 10 mg/mL
] 1.5 = 30 mg/mL
a
E =
E 10
0o
82
2 05 :
€
3
E
< 0
PDMS PM1 PM2 PM3 PM4

Fig. 9. Amount of protein adsorbed on the PDMS substrate treated with the
PDMS/PMPC block copolymers with various concentrations,

factors to affect the cell adhesion behavior on the materials
surface. Among these factors, mechanical property such as
clastic modulus is recently reported important factor to di-
rectly affect the cell adhesion behavior. For example, Engler
et al. [37| showed that the increased cell adhesion was related
with the increased stiffness of substrate, Wong et al. [38]
reviewed these relationships to suggest the necessity of the
consideration of mechanical property of materials surface, Un-
fortunately, in this paper we could not discuss about the
change in surface modulus caused by the PMPC tethering be-
cause that Kind of research is now being carried out as other
research field and not yet concluded. However, we speculated

Biomaterials 29 (2008) 13671376

that the surface modification layer was very thin compared
with the PDMS. That means the total mechanical properties
of the modified PDMS did not change dramatically. Thus in
this paper. we discuss the cause of decrease in cell adhesion
in the point of cell—protein interaction. Cell interactions under
external conditions are mediated by receptors in the cell mem-
brane, which interact with the proteins and other ligands that
adsorb onto the material surface from the surrounding plasma
and other fluids. When the materials are surrounded by body
fluids, the surface is rapidly covered with proteins. The nature
of these adsorbed proteins is controlled by the characteristics
of the material surface and these controlled proteins markedly
enhance cell attachment, migration, and growth [5]. Since the
large amount of free water around the PMPC segment pre-
cludes the adsorption and conformational changes in proteins
at the material surface as discussed above, no significant inter-
actions between the receptors in the cell membrane and ad-
sorbed proteins were expected. Further, this is considered to
be the reason why significant morphological changes were ob-
served between the cells on treated and non-treated PDMS
substrates.

4. Conclusions

Hydrophobic and biofouling PDMS surfaces were success-
fully modified by using block copolymers comprising PMPC
and PDMS. PDMS blocks play a dominant role in surface

Fig. 10. Optical microscope images of PDMS substrate wreated with the PDMS/PMPC block copolymer after 1-day adhesion test with L929 cells. Images of the
unmodified PDMS substrate (a), PDMS substrate modified in 10 mg/mL. (b) and 30 mg/mL (¢) PM1 polymer solutions, respectively.
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modification when the PDMS substrate was swelled in the
block copolymer solution and therefore the PMPC segment
could be tethered onto the surface. XPS element analysis and
topological AFM images make it sure that the existence of sur-
face tethering PMPC segment, thus it induce the low value of
water contact angle. The results of the protein adsorption and
cell adhesion test revealed that the simply modified surface
could also exhibit an anti-biofouling nature, The swelled—
deswelled PDMS substrate in a higher concentration of the
polymer solution showed slightly lower values of contact an-
gle. amount of protein, and about three times more phospho-
rous derection in XPS analysis. This means that the
concentration of the polymer solution is the main variable 1o
modify the PDMS surface in the swelling—deswelling method.
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In order to provide a protein adsorption resistant surfiace even when the surface was in contact with a protein solution
under completely dry conditions, a new phospholipid copolymer, poly (2-methacryloyloxyethyl phosphorylcholine
(MPC)-co-2-vinyInuphthalene (vN)) (PMyN). was synthesized. Poly(ethylene terephthalate) (PET) could be readily
couted with PMyN by a solvent evaporation method. Dynamic contact angle measurements with water revealed that
the surface was wetted very rapidly and had strong hydrophilic characteristics: moreover, moleculur mobility at the
surface was extremely low, When the surface came in contact with a plasma protein solution containing bovine serum
albumin (BSA), the amounts of the plasma protein adsorbed on the dry surface coated with PMyN and that adsorbed
on a dry surface coated with polyIMPC-co-n-butyl methacrylate) (PMB) were compared. Substantially lower protein
adsorption was observed with PMyN coating. This is due to the rapid hydration behavior of PMyN. We concluded
that PMyN can be used as a functional coating material for medical devices without any wetting pretreatment.

1. Introduction

Excellent blood compatibility is the most essential property
for many medical devices that are in constant contact with blood.,
such as vascular catheters, disposable blood bags, and so forth.
Adsorption of plasma proteins causes not only thrombus formation
but also a decrease in the performance of the device, Therefore,
1o effectively prevent the adsorption of plasma proteins, it is
necessary o obtain blood-compatible materials, Many attlempts
have been made to improve blood compatibility of medical devices
by surface modification.'™

Previously, we have prepared several polymers by surface
modification using the 2-methucryloyloxyethyl phosphorvicholine
{MPC) polymer.”® The chemical structure of MPC is based on
that of a cell membrane. Polymers composed of MPC and
hydrophobic alkylmethacrylate units have been extensively
utilized in many medical devices as coating materials to improve
the blood compatibility of these devices.”™ In particular,
poly(MPC-co-n-butyl methacrylate (BMA)) (PMB) has been

* To whom all correspond showtd be add, i, Tel +81-3-5841-
7124, Fax +81-3-5841-8647, E-mail ishiham @ mpc.t.u-tokyo.ac. jp.

" Department of Materiuls Engineering.

' Center for NanoBio Integration,

" Depurtment of Bioengineering.

(1) Tsuruta. T.. Hayashi, T.. Kataoka., K., Ishibara, K. Kimura, Y., Fds
Hiomedical Applications of Polvmeric Materialy; CRC Press: Boca Raton, FL,
1903, pp 89— 115.

2) Ratner. B, 1), Hoffman, A. 8., Schoen, F. 1. Lemons, J, £, Eds. Biomaterials
Science: Academic Press: San Diego, 1996,

(3} Silver, F. H., Chiristiansen D, L. Eds. Blomuterials Science und Blovom
putihility; Springer: New York, 1999,

141 Chicllint. E.. Sunamoto, 1., Migharesi. C.. Ottenbrite. R. M., Cohn, D
Eds. Riomedicul Polymers and Polvmer Therapeatics. Kuwer Acudemic: New
York, 2001,

{5) Ishibarn, K. Ueda, T Nakabayashi, N. Polym, J. 1990, 22, 355,

16) Ueda, T.: Oshida, H.: Kurita, K Ishihara, Ko Nakabayashi, N, Polv. J
1992, 24, 1259,

(7) Ishihara, K. Amgaki, R Ueda, T Watanube, A Nakabayastn, N,
4. Biomed, Mater: Res, 1990, 24, 1069,

(81 Ishibara, K- Zias, N, P Tiemey. B P Nakabayashi, N Anderson, 1. M.
L. Biomed, Marer. Res, 1991, 25, 1397

19) Ishibara. K.: Oshida, H.: Endo, Y.2 Ueda, T.: Watanabe, A.: Nakabayashi,
N Riomed Muter. Rex. 1992 26, 1543

10,102 1Aa801017h CCC: 540,735

utilized as u surface coating material in an implantable blood
pump that is currently undergoing clinical irials,"" However, this
coating requires a long wetling pretreatment time to achieve
equilibrium hydration by the reorientation of the phosphoryl-
choline groups.'' The mechanism of blood compatibility observed
with regard to MPC polymers is essentially a function of the
phosphorylcholine groups present at the interface between the
polymer and the biological cavironment,'**'® Thus, the surface
density of the phosphorylcholine groups is an important factor.
The phosphorylcholine group is extremely hydrophilic; however,
under dry conditions, it is rurely located at the air-contacting
surface. Mathicu et al. prepared an acrylate polymer bearing
phosphorylcholine groups and investigated the reorganization
of the phosphorylcholine groups in polar and nonpolar environ-
ments.'” In the polar environment, the phosphorylcholine group
was oriented such that its interfacial energy was minimal, and
itexhibited cell adhesion resistant properties. Yang etal. repored
the reorientation and deep migration of the phosphoryicholine
groups within the amphiphilic polymer.'™ Moreover, we have
previously discussed the mobility of the phosphorylcholine group
in PMB, which was evaluated by dynamic contact angle (DCA)
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Figure 1. Chemical structure of MPC polymers, (a) PMvN and (b)
PMB,

measurements with water.' In the case of PMB, there is large
hysteresis during immersion and pullup cycles. This is due to the
high mobility of the polymer side chains with phosphorylcholine
group. Our previous work has shown that under dry conditions,
the phosphoryleholine groups of PMB were overlaid by the
hydrophobic polymer chains in order to decrease the interfacial
ree energy, possibly causing a restricted rate of steric rear-
rangement of this polymer. On the other hand. most single-use
medical devices that are in contact with blood are used without
the wetting pretreatment. Therefore, the application of PMB 1o
single-use medical devices is disadvantageous. To oblain a
hydrophilic surface on the MPC polymer, the chemical structures
ol the MPC polymer and solvent system for casting the polymer
should be considered, In fact, Lewis etal, reported that the coating
of the poly(MPC-co-lauryl methacrylate) from a water-based
solvent system provided a wetting surface,™”'

In this study, in order 1o obtain a high density of phospho-
rylcholine groups even under dry conditions, we designed the
molecular structure of the MPC polymer, First, we considered
that the polymer forms an aggregate in a solvent and that the
outer layer of the aggregate is covered with phosphorylcholine
groups, I this is the case, then in the coating process, the mobility
of the phosphorylcholine groups should be fixed during solvent
evaporation. The phosphorylcholine group is highly soluble in
polar solvents such as water and alcohol. Thus, its amphiphilic
nature is one of the important characteristics ol this polymer.
Moreover, for low mobility of the polymer chains, the glass
transition temperature (7,) of the polymer should be high. On
the basis of this molecular design, we symhesized poly(MPC-
co-2-vinylnaphthalene (vN)) (PMvN), The vN unit possesses
high hydrophobicity and low mobility of naphthalene rings,
Therefore, this polymer has u high 7. Inthis study. we evaluated
the molecular mobility and the wetting property of PMyN, which
was coaled on the substrate: moreover, its properties under wet
and dry conditions were compared. Additionally, protein adsorp-
tion onto the polymer surface was evaluated.

2. Materials and Methods

2.1. Materials. MPC obtained from NOF Co. (Tokyo. Japan)
was synthesized based on a previously reponed method.” and vN
wiis purchased from Kanto Chermeal (Tokyo, Jupan ) and used without

(193 Ueda, T.: Ishihary, K. Nokabayashy, N, J. Hiomed, Mater. Res. 1998, 29,
Wl

1200 Lewis, A L Hughes, P. D Kirkwood, L. C.; Leppand, 5. W Rediman,
R. Pz Tolhurst. L. Ao Soafond, P, W Biomarerials 2000, 21, 1847

1211 Lewis, A, L. Freeman, R N. T.: Redman, R, P2 Tothurst, L. A Kirkwood,
L€ Girey, 1) M Viek. T AL Mater. Sel: Muater, Med. 200X, 4, 39,
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further punfication. BMA was purchased from Nukala Tesque Co,,
Ltd. (Kyoto, Japan), and purified by distillation under a reduced
pressure in an argon atmosphere: fractions collected at a bp of 60
“C/30 mmHg were used. All other solvents used were of extr-pure
reagent grade and were used without further purification. Com-
mercially availoble plates with polyiethylene terephthalate) (PET)
as the substrate were purchased.

2.2, Synthesis and Characterization of Phospholipid Polymers.
PMN and PMB were synthesized by conventional radical polym-
erization of their corresponding monomers by using @.a’-azobi-
sisobutyronitrile (AIBN) as the iitiator.” The monomer and ATBN
concentrations used for polymerization were | mol/L and 5 mmol/L
n ethanol, respectively, The formed polymers were purified by a
reprecipitation method. We used chloroform as the solvent for
reprecipitation in the case of PMyN, The chemical structures of the
MPC polymers were confirmed by proton nuclear magnetic resanance
('H NMR: INM-GX 270, JEOL Co., Lud_, Tokyo. Japan ) and Founer
trunsform infrured spectroscopy (FT-IR 613 Jasco Co,, Lid., Tokyo,
Japan) measurements. Figure | shows the chemical structures of
PMN and PMB. The composition of the MPC unit in PMyN was
determined by 'H NMR measurements. The weight-averaged and
number-uaveraged molecular weights (Mw and Ma, respectively) of
these MPC polymers were determined by gel-permeation chroma-
tography (GPC: Jasco Co., Lid., Tokyo, Japan) with poly(ethylene
oxide) standards in a methanol/water mixiure i volume fraction, 70/
30), The T, of the polymer was determined using differential scanning
calorimetry (DSC; Seiko Instruments, Chiba, Japan). The temperature
range from 0 o 200 “C was scanned at a heating rate of 10 *C/min.
The average diameter of PMyN was determined by dynamic light
scattering (DLS-7000; Otsuka Electronics Co., Lid., Tokyo, Japan).

23. Coating Method. The PET plates (20 = 30 x 0.5 mm”)
were cleaned by sonication in ethanol for 30 min. A mixed solvent
of ethanolfwater (volume fraction, 20/80) was used as the coating
solvent, The PMvN-coated PET plates were treated at 40 °C for 100
min for solvem evaporation and subsequently dried in vacuo
overnight. For coating the PMB on the PET plate. the plates were
immersed into an ethanol solution containing 0.5 wi % PMB. The
solvent was evaporated slowly uml:rcthnnul atmosphere over | day
and subsequently dried in vacuo, ™

2.4. Surface Characterization, Surface elemental analysis of
the PMyN-coated PET plate was carried out by X-ray photoelectron
spectroscopy (XPS; AXIS-Hsi: Shimadzu/KRATOS, Kyoto, Japan).
The X-ray source used for XPS measurements was a Mg Ka source,
The takeofT angles of the photoelectrons were 15° and 907, Dynamic
contact angle (DCA-100; Onentee Ce., Lid., Tokyo, Japan)
measurcments based on the Wilhelmy plate method were carmied out
1o determine the surface mobility and evaluate the hydrophilicity of
the polymer surfaces. The mobility factor (M() of the surface was
calculated from the advanced and receding contuct angles (8, and
O, respectively) by using the following equation: Mf = (0 —
00"

2.5. Measurement of the Amount of Protein Adsorbed on the
Surface under Dry Conditions. Bovine serum albumin (BSA) was
used for evaluating protein adsorption, Under dry conditions, the
noncoated PET plate and PMyN-coated and PMB-coated PET plates
were immersed in phosphaie buffered saline (PBS) (pH. 7.4: jon
strength, 0.15 M) comtuining 0.45 g/dl. BSA. There was no
pretreatment for the hydration and wetting procedures. The plates
were maintained at 37 °C for 60 min in the BSA solution. After the
plates were removed from the BSA solution and rinsed 5 times with
fresh PBS. they were immersed in an aqueous solution containing

1 wit % sodium dodecy sulfate (SDS) for 20 min and sonicated for
desorption of the adsorbed BSA on the plates, A protein analysis
kit (Micro bicinchoninic acid (BCA) protein assay reagent kit: Pierce,
Rockford. IL) was used 1o determine the concentration of the BSA
in the SDS solution.

(22) Sibarani, J.; Takiat, M Ihilirs, K Colfeils Surf. B, Bivinterfuce 2007
4. BB,

(23) Kataoka, K. Taira. K., Kikochi, A, Tsurota, T Hayashi, H., Akutsa T
Kiryanagi, H.. Fis. Mears Replacemen: Arificiad Newrr, Springer; Tokyo, |9,
pp 29-135
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Table 1. Synthetic Results of the MPC Polymers

MPC unit mole fraction

polymen zation
abbreviation in feed in composition™ time (" yield (%) Mw' MJUM,S 1,71°C)
PMvN 05077 0.50 46 88 24« ¥ 1.7 1542
PMB 0.307, * 0.28 15 86 LS~ 1¥ 1.6 56.2

* Determimed by 'H NMR. * Polvmernization temperature is 60 °C.* Determunesd by GPC. ¥ Determined by DSC. 7 [Monomer] = | M. [AIBN] =5 mM
in ethanol. © Reprecipitation solvent is chioroform. © Reprecipitation solvent is ether/chioroform (volume fraction, T0/30)

Table 2. Solubility Characteristics of PMyN, poly(MPC), and poly(vN)*

solvent witer MeOH  EtOH  acetone  dichloromethane  chloroform benzene THF  toluene  hexane  ether
polymer 5P value (MPa'®) 479 297 26 203 19.8 19 18.8 186 182 151 151
PMVN - + + = - = - - -
PolyiMPC) -~ + + - - - -
Poly(yN) - - =~ + =™ + + & =

“ 1 mg of polymer dissolved (4+) and could not be dissolved (=) in the | mL solvent at room temperature.

3. Results and Discussion

3.1, Molecular Design of the Phospholipid Polymer by
Surface Modification. In biomaterials research, protein-adsorp-
tion resistance is the most important issue that remains 1o be
resolved. In general. it has been believed that surface wettability
by water is very closely related to proteim-adsorption resistance.
There are many hydrophilic polymers that prevent protein
adsorption. However, although wettability by water is a very
important factor, it s not a sufficient factor because some
hydrophilic polymers were not effective in reducing protein

c"l

I

{CH;~ CH)——

El 1 L]

: ] - a
Chemical shift (ppm)

Figure 2. 'H NMR spectrum of PMyN showing the signals atrributed
to the protons of the phospharylcholine group (a) and naphthalene ring
(b,

%)

0 = -
=" \!'Pﬂl.h .
1L 1 ] 3
2000 1000 400
Wavenumber (em!)

Figure 3. The FT-IR spectrum of PMyN

adsorption. Our research demonstrates that in such instances, the
phosphorylcholine group is a promising polar group that could
be used. We have been systematically synthesizing MPC ‘ru! vmers
and investigating their protein-adsorption resistance.”™ Other
research groups have also synthesized derivatives of MPC
polymers and demonstrated the important role of phosphoryl-
choline groups."*~"* The density of the phosphorylcholine group
affects the protein-adsorption resistance of the polymer.' ' Thus,
it is necessary to increase the density of these groups at the
surface prior to protein adsorption. Therefore, we designed the
MPC polymer for coating from its solution: that is, the
phosphorylcholine group becomes concentrated at the surface
by evaporation of the solvent. The functional groups at the surface
arc mobile and reorient easily in response to changes in the
surrounding environment. In fact, in the dry state, the hydrophilic
phosphorylcholine groups are embedded under the hydrophobic
polymer chains; however, once the surface comes in contact
with an agueous medium, the phosphoryicholine groups migrute
to the surface. This implies that the wetting pretreatment of the
MPC polymer surface is necessary before it comes in contact
with blood or plasma. Thus. we considered modifying the
molecular structure of the MPC polymer to eliminate the need
for pretreatment.

PMvN is an amphiphilic polymer with bulky naphthalene
groups as hydrophobic moieties. PMyN synthesis was carried
out by conventional radical polymerization. The synihetic results
of the MPC polymers are summarized i Table | The
polymerization time for PMvN was much longer than that for
PMB. This is due to the effect of steric hindrance of the PMyN
polymer. The MPC unit mole fraction in PMyN was identical
to that in the feed. The solubility characteristics of PMvN,
poly(MPC), and poly(vN) were shown in Table 2. PMyN could
be dissolved in ethanol but not in witer. The averaged diameter

Nis Pap

408 404 an EL B L] 136 1,2 128

Binding Energy (¢V)

Figure 4. XPS Spectra of the PMyN-Coated PET Plate.
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Table 3. Atomic Ratios of Phosphorus () vs Carbon (C) (P/C
of PNIVN Measured by XPS at 15° and 907 of the TakeofT
Angles of the Photoelectrons

PIC
sample 15 Oy
PMyN 0.034 010
PMB 0.024 0.030

of PMyN in the mixture of ethanol/water (volume fraction. 20/
800 was 10.5 nm. These results suggest that PMyvN formed an
aggregale in the coating solvent, a mixture of ethanol/water
(volume fraction, 20/80), and that the outer layer of the aggregute
was covered with phosphorylcholine groups. The 7, of PMvN
was 154 °C, which was moderately higher than that of PMB.*
This indicates that @t room temperature, the mobility of the
polymer chains of PMvyN is restricted. Figures 2 and 3 show the
'H NMR and the FT-IR spectra of PMyN, respectively. In the
NMR spectrum, there was a distinctive peak at 3.2 ppm of PMyvN
due to the -N*(CHy)y in the MPC and another characteristic
broad peak at 6.7—8.1 ppm due to the -CgH; of the vN moicty
In the FT-IR spectrum, prominent peaks were observed at 966,

1078, 1242, and 1718 em™! that indicate the presence of

-NT(CHa)y. P-O0—-C. O=P-0", and C=0, respectively. In
addition, there were 3 peaks w752, 821, and 858 cm™ ' due 1o
the adsorptions of f-displucement naphthalene.

3.2, Surface Characterization of PMyN on PET Plate.
Surface elemental analysis of PMvN-coated PET plaie was
performed using XPS. As shown in Figure 4, the signals observed
al 133 and 403 eV were attributed to phosphorus and nitrogen

aoms in the MPC unit, respectively, The atomic ratios ol

phosphorus (P) vs carbon (C) (P/C) of PMyN and PMB measured
by XPS at 15° and 907 of the tukeolT angles of the photoelectrons
were summarized in Table 3. The escape depths at 15° and 90°
of the tukeofT angles of the photoelectrons are approximately <2
nmand 3—10nm, respectively. The P/AC ratios of PMyN analyzed
at 15 and 90° of the akeofT angles of the photoelectrons were
much higher than those of PMB. Moreover, the P/C ratio of
PMyN analyzed at 15" was greater than that of PMB analyzed
at 90°. It has been reported that the P/C ratio of PMB analyzed
for the photoelectrons tiakeoff angle of 15 becomes identical to
that for 90° when PMB had been hydrated and freeze-dried prior
to analysis.'' These results suggest that the phosphorylcholine
groups of PMyN are enriched on the extreme surface of the
sample even under dry conditions. Figure 5 shows images ol
wiater droplets on the PET surface and the PMvN-coated and
PMB-coated PET surfaces afier 2 s of contact. On the noncoated
PET plate and PMB-coated PET plute, the droplets almost Tormed
a semicircle shape, i.c., the water contact angle was very large.
On the other hand. the droplet on the PMvN-coated PET plate
spread rapidly, indicating that the contact angle was extremely
small. Coating with PMyN provided superior hydrophilicity
without the wetting pretreatment. Figure 6 shows the DCA curves

(a) (b)
Droplet nozzle

PMvN PMB

o
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Table 4. Advancing and Receding Contuct Angles of Water
Applied under the Dry Condition (PET plate)

contact angle (deg)

sample advancing receding MF"
PMyN 24 2 0083
PMB 101 1[] (.84
nncouting 90 4] 0.33

= Mobiluy fuctor

of the PMyN-coated and PMB-coated PET plates. Table 4
summarizes the values of @, and #y obtained from Figure 6. As
shown in Table 4, the PMB-coated PET plate had large hysteresis
{Figure 6) corresponding to a lurge 8, and a small . Under dry
conditions, the phosphorylcholine groups of PMB were covered
with the hydrophobic polymer chains; this induced a decrease
in the surface free energy.'! On the other hand, the phospho-
rylcholine groups should be exposed (o the agueous environment
in order to reduce the interfacial free energy, Thus, the observed
lurge hysteresis for PMB may be related to the reorientation of
the phosphorylcholine groups. In this method. a long pretreatment
time is required for the phosphorylcholine groups to achieve
equilibrium, Therefore, if the PET plate was coaled with PMB,
the surface of the plate did not show goad blood compatibility
without the wetting pretreatment prior to contact with blood."'
On the other hand, no hysteresis was observed in the DCA curve
of the PMvN-coated PET plate. Morcover, its values of both @,
and @y were small. This may be auributed 1o the ability of the
PMyN network to enrich the phosphorylcholine groups at the
surface and immobilize them even under dry conditions. On the
basis of the MI value, the mobility of the polymer chains in
PMvN was expected 1o be quite low due to the high 7, of PMYN,
Figure 7 shows the expected surface structure of PMvN under
dry conditions. We suggest that the process of development of
this surface structure is as follows. PMyN in the mixed coating
solvent of ethanol/water (volume fraction, 20/80) resulls in the
formation of aggregates. and the outer layers of the aggregates
are covered with phosphorylcholine groups. Subsequently, during
solvent evaporation, the surface orientation of the phosphoryl-
choline groups is strictly immobilized due to the rather low
mobility of PMvN. Therefore, as shown in Figure 7, even under
the dry conditions, the PMvyN coating provides a surface enriched
with phosphorylcholine groups.

3.3. Protein Adsorption under Dry Conditions. Figure 8
shows the amount of BSA adsorbed on the PET plates coated
with the MPC polymers. The PMB-coated PET surface was not
in equilibrium with phosphorylcholine groups because the
incubation time was merely 60 min. It is reported that the PMB
coating requires 300 min of wetting to reach equilibrium hydration
by reorientation of the phosphorylcholine groups.'' On the PET
surface, BSA adsorption was significant. When BSA solution
was in contact with the PET plate coated with MPC polymers
under dry conditions without the wetting pretreatment, the amount

(c)

Non-coated

Figure 5, Water droplets on the surfaces under dry condition after contact for 2 52 (1) PMyN-coated PET, (b) PMB-coated PET, (¢) noncoated

PET
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Figure 6. DCA curves of the PMyvN-coated and PMB -coated PET plates
dipped in water m a speed of 80 um/s. The curve of the PMyN-coated
PET plme shows an extremely hydrophilic and motionless surface

Phosphorylcholine group

Figure 7. Expected surface structure of PMyN on the PET surfaces
under dry conditions. The phosphorylcholine groups are enriched on the
surface even in the dry condition

of adsorbed BSA reduced sigm ficantly compared with the amount
that was adsorbed on the PET plates, However, more effective
protein adsorption resistance was observed with the PMyN
coating. This difference between the two MPC polymers may
be their state of hydration due 1o the density and orientation of

the phosphorylcholine groups in the polymer. The amount of

BSA adsorption to achieve equilibrium on the PMB-coated PET

Fueramura ot al

";o.t

u n=%
=05
il‘ a
g 03
3 T
g0l ‘_l.—
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Non-coating rP™MB PMvN

Figure 8. The wmount of adsorbed BSA on the polymer surfaces under
dry conditions. The sumple plates were in contact with 043 ghdl BSA

solution for 60 min at 37 °C

plate after pretreatment was 0.12—0.30 gg/em®." This implies
that the PMvN-coated surface was the same as this equilibrated
surface, Thus, we could develop an MPC polymer surface that
provided rapid hydrophilicity and protein adsorption resistance
when incontact with protein solutions even under dry conditions

4. Conclusion

PMvN is capable of forming a phosphorylcholine group-
enriched surface from its selution during the polymer-coating
process, Under dry conditions, these surfaces immediately showed
hydrophilicity and protein-adsorption resistance on contact with
protein  solutions, Therefore, PMyYN may have a potential
application as a coating polymer in blood-contacting medical
devices, which require excellent blood compatibility.
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ARTICLE INFO ABSTRACT

Article history: To prepare the biocompatible surface, a phosphorylcholine (PC) group was duced on this hydroxyl
Available online 1 July 2008 group g d by surface hydrolysis on the poly composite composed of polyethylene (PE) and poly

(vinyl acetate) (PVAc) prepared by supercritical carbon dioxide. Two different procedures such as rwo-
PACS: dimensional (2D) modification and three-dimensional (3D) modification were applied to obtain the
68.47.Mn steady biocompatible surface, 2D modification was that PC groups were directly anchored on the surface
§2.35,-x of the polymer composite. 3D modification was that phospholipid polymer was grafted from the surface
LU of the polymer composite by surface-initiated atom transfer radical polymerization (SI-ATRP) of 2-
K methacryloyloxyethyl phosphorylcholine (MPC). The surfaces were characterized by X-ray photoelec-
2-Methacryloyloxyethyl phosphoryicholi tron spectroscopy, dynamic water contact angle measurements, and atomic force microscope. The effects
polymer of the poly{MPC) chain length on the protein adsorption y were investigated. The protein
Polymer compaosite adsorption on the polymer composite surface with PC groups modified by 2D or 3D modification was

Atom transfer radical polymerization
Surface modification

significantly reduced as compared with that on the unmodified PE. Further, the of p

adsorbed on the 3D modified surface that is poly{ MPC )-grafted surface decreased with an increase in the
chain length of the poly{MPC). The surface with an arbitrary structure and the characteristic can be
constructed by using 2D and 3D modification. We conclude that the polymer composites of PE/PVAc with
PC groups on the surface are useful for fabricating biomedical devices due to their good mechanical and

surface properties

© 2008 Elsevier BV, All rights reserved.

1. Introduction

The adsorption of proteins on the surface is recognized as the
first event in determining subsequent biological events, including

thrombus formation, foreign body reaction, bacterial infection,

and other undesirable bioresponses [1]. Thus, there is consider-
able interest in surfaces that might inhibit or reduce protein
adsorption [2). One of the approaches to prepare a “protein
resistant” surface is the incorporation of the phosphorylcholine
(PC) group that is a phospholipid polar group of a major
component of the outer membrane of cells. Ishihara et al.
synthesized one of the PC group-bearing monomers, 2-metha-
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cryloyloxyethyl phosphorylcholine (MPC) [3]. Since MPC-based
polymers provide resistance to protein adsorption and cell
adhesion, they use the surface of blood-contacting and implan-
table medical devices [4-15].

For preparing well-defined surface, surface-initiated atom
transfer radical polymerization (SI-ATRP) is particularly useful
because of its versatility with respect to the monomer type, its
tolerance of impurities, and the typically mild reaction conditions
under which it is conducted |16} Feng et al. and Iwata et al.
reported the graft polymerization of MPC by SI-ATRP from silicon
surfaces that were functionalized with 2-bromoisobutyl deriva-
tives [17-19]. The surface showed excellent protein adsorption
resistance when the polymer chain length and density were
optimized. The grafting of poly{MPC) instead of silicone on the
surface of a soft polymer material is considerably useful for
developing new biomaterials and biomedical devices.

Recently, we succeeded in the preparation of a polymer
composite composed of polyethylene (PE) and poly (vinyl



