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Figure 4.26 AFM images of silicon-supported mixed tris(TMS)/silanol monolayer having
varied %tris(TMS) coverage: (a) 0%, (b) 51%, (c) 66%, and (d) 82% and silicon-supported
mixed tris(TMS)/OL-bromoisobutyrate monolayer having varied %tris(TMS) coverage: (e) 0%. (f)
51%. (g) 66%. and (h) 82%
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Table 4.6 Average roughness of silicon-supported mixed surfaces determined by AFM analysis

Ra (nm)

%tris(TMS) coverage silicon-supported mixed silicon-supported mixed

tris(TMS)/sitanal monotayer tris(TMSYOL-
bromoisobutyrate
monolayer
0 0.2006 0.1708
81 0.0794 0.1322
66 0.1174 0.1401
a2 0.0854 0.1508

In order to investigate the spatial distribution of PMPC brushes, silicon-supported mixed

tris(TMS)/sitanol surfaces having various %tris(TMS) coverage were used as nano-scale

templates for surface-initiated polymerization. The graft density of surface-tethered -

bromoisobutyrate groups was also varied as a function of reaction time (1-4 days) between the

residual silanol groups in nanopores with sitane compound having end-funciionalized Cf-

bromoisobutyrate groups {n;). The polymerization was mostly conducted in pure methanol. In

some cases, we also attempted to grow PMPC brushes in mixed methanol:water = 4:1 (viv}.
Firstly, the effects of %tris(TMS) coverage on topography of surfaces having grafted

PMPC brushes were explored. Using 4 days of reaction between silicon-supported mixed

tris(TMS)/silanol monolayers and the silane compound having end-functionalized Q-

bromoisobutyrate groups (n;), it was assumed that the residual silanols in nanopores are

completely replaced by the Ol-bromoisobutyrate groups that are capable of initiating
polymerization. In another word, the nanopores are mostiy filled with surface-tethered initiator
and there is not much space between the initiators and the surrounding tris(TMS) groups.
Qriginally, we envisioned that protrusions representing the aggregates of PMPC brushes in the
nanopores should appear on the surfaces. And the higher'the %tris(TMS} coverage, the
smatier the size of protrusions. AFM Images of silicon-supported mixed tris(TMS)/PMPC

brushes having different %tris(TMS) coverage using polymerization time of 1h in methanol
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shown In Figure 4.27 suggested that it was not the case. All surfaces did not_show any
features that can be an evidence of distribution of polymer brushes grown from the nanopores.
According to the data in Table 4.7, the surfaces become even smoother after a longer period of
polymerization was used.

It was postulated that the densely grafied PMPC brushes within the limited space in
nanopores may be forced by the surrounding tris(TMS) to stretch away from the surface when
the polymer chain was relatively short and densely packed inside the nanopores. Under
sufficiently long period of polymerization, the polymer chains became so long that they can no
longer stretch out, thereby tend to fold over the tris(TMS) monolayer. For that reason, the
surface presumes relatively smooth topography despite of its low overall graft density in the
presence of tris{(TMS). That is exactly what is observed in Figure 4.27. Nonetheless, the
surfaces may become increasingly rough if the extensive growth of polymer brushes was

allowed.

b)

R, = 0.4660

c) d)

R, = 0.2359 R, = 0.1398

Figure 4.27 AFM images of silicon-supported mixed tris(TMS)PMPC brushes prepared in
methanol for 1 h having varied %tris(TMS) coverage : (a} 0%, {b) 51%, (c) 66% and (d} 82%
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Table 4.7 Average roughness (R,) of silicon-supported mixed tris(TMS)YPMPC brushes

prepared in methanol determined by AFM analysis

% tris(TMS) R, of silicon-supported
coverage mixed tris(TMS)Y PMPC brushes (nm)
Polymerization time of 1h Polymerization time of 5h
0 0.1783 0.1322
51 0.4660 0.1598
66 0.2359 0.1727
82 0.1398 0.1404

In order to visualize the evolution of PMPC brushes grown from nanopores, two
afternative routes were undertaken in order to regulate the graft density of polymer brushes.
Firstly, by fixing %tris(TMS} coverage at 82%, the strategy exploited the kinetics control of the

reaction between silicon-supporied mixed tris(TMS)/silanol monolayers and silane compound

having end-functionalized Ci-bromoisobutyrate groups {n,} from 1 to 4 days which later vielded
fow to high graft density of initiator and corresponding PMPC brushes.

According to Figure 4.28, it was found that the surfaces having varied graft density of
PMPC brushes exhibited profrusions having a diameter less than 100 nm. The size of
protrusion was in good agreement with the average roughness {R,) listed under each images.
The protrusions are believed to represent self-aggregation of PMPC brushes in nanopores. In
the case of low graft density (Figure 4.28 (a)), there should be enough space within the pores
for the polymer chains to adopt more coil-like architecture or aggregated form instead of being
in extended forms which are thermodynamically unfavorable. As the packing of PMPC brushes
(Figure 4.28 (b)) was denser, the protrusions became larger and so did the roughness.

The surfaces whose nanopores were almost completely covered with PMPC brushes
were quite smooth and the protrusions simultaneously diminished as can be observed in Figure
4.28 {¢-d). Such behavior might stem from the fact that PMPC brushes were dense enough to
be abie to fill the nanopores and to eliminate the vailey-and-hill features on the surface, The
disappearance of the protrusions may be facilitated by two possible actions of polymer brushes
previously explained. The first action involves the polymer chains being forced to stretch away

from the surface and thus covering the nanopores while the other involves the folding of
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polymer chains over the tris(TMS) layer. This latter action should be favorable only when the
polymer chains are sufficiently long. Behavior of polymer brushes can be schematically

concluded in Figure 4.29.

b)

0
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d)

R, = 0.2487 Rs = 0.1398

Figure 4.28 AFM images of silicon-supported mixed tris{(TMS)YPMPC brushes having 82%
tris(TMS) coverage prepared in methanol for 1 h by controlling grafting time of initiator: (a) 1

day, {b) 2 days, {c) 3 days and (d) 4 days

low graft density high graft density

Figure 4.29 Schematic representation of possible orientation of polymer brushes grown from

nanopores having different graft density
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Since the density of PMPC brushes in nanopores is the key to the ability to visualize
the polymes distribution, the second alternative route was then done by varying %tris(TMS)

coverage, but using a short reaction time (1 day) between silicon-supported mixed

tris(TMS)/silanol monolayers and the silane compound having end-functionalized CL-

bromoisobutyrate groups (n;). These experiments were designed in order to make sure that the

residual silanols in nanopores are not completely replaced by the (l-bromoisobutyrate groups
that are capable of initiating polymerization. After the formation of polymer brushes, there
should be some space for PMPC brushes to aggregate inside the nanopores. AFM images of
siticon-supported mixed tris(TMSYPMPC brushes prepared by this approach are: illustrated in
Figure 4.30. The size of protrusions obviously reflect the size of nanopores which should be
inversely proportionat to %tris{TMS) coverage. The higher %tris(TMS) coverage. the smaller

the protrusions,

R, = 0.3720 R, = 0.4660

Figure 4.30 AFM images of silicon-supported mixed tris{TMS)/PMPC brushes prepared in
methanol for 1 h using grafting time of initiator for 1 day and having varied % tris(TMS)
coverage: (a) 0%. (b) 51%. (c) 66% and (d) 82%



84

Comparative investigation was conducted on the system of poly(t-butyl methacrylate)
(PfBMA) brushes. Figure 4.31 shows AFM images of silicon-supported mixed tris{TMS)/PtBMA

brushes having 82% ftris(TMS) coverage. PIBMA brushes was grown in toluene for 1 h from

silicon-supported mixed tris(TMS)/Ql-bromoisobutyrate having different graft density of G-

bromoisobutyrate groups. The reaction between silicon-supported mixed tris{TMS)/silanol
monolayers and silane compound having end-functionalized Cl-bromoisobutyrate groups (n3)

for 1 day and 4 days yielded low and high graft density of (Ol-bromoisobutyrate groups,
respectively, Even though both surfaces have different graft density of PIBMA brushes, their
surface topographies are indistinguishable and relatively smooth in texture. The surfaces
became rougher when polymerization fime was extended from 1h to 5h (Figure 4.32) without
affecting surface topographies. Unlike PMPC brushes, PIBMA brushes are hydrophobic. The
mixed tris(TMS)PIBMA brushes system thereby doesnt exhibit nanoscopic phase separation
although the surface graft density of P(BMA brushes was low. These results also implies that
self-aggregation of PMPC brushes in nanopores which appears as protrusions is truly a
consequence of phase incompatibility between hydrophilic PMPC brushes and hydrophobic
tris{TMS). Once again, it should be highlighted that such nanoscopic phase separation was

noticeable when the graft density of PMPC brushes was low.

R, = 0.1993 R, = 0.2596

Figure 4.31 AFM images of silicon-supported mixed tris(TMS)YPtBMA brushes having 82%

tris(TMS) coverage prepared in toluene at 90°C for 1 h by controlling grafting time of initiator:
(a) 1 day and (b) 4 days
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Figure 4.32 AFM images of silicon-supported mixed tris(TMS)YPtBMA brushes having 82%

tris(TMS} coverage prepared in toluene at 90 °Cfor5h by controlling grafting time of initiator:
(@) 1 day and {b) 4 days

4.8 Biocompatibility of PMPC brushes

As a biocompatible polymer, PMPC is well recognized for its non-fouling characteristic,
meaning it resists nonspecific interaction with plasma proteins and cells. One way to test the
biocompatibility of PMPC brushes is to determine the interactions between surfaces bearing
PMPC brushes and blood components: plasma proteins from platelet-poor plasma (PPP) and
platelets from platelet-rich plasma (PRP). Using poly(methyl methacrylate) (PMMA) brushes as
a positive control substrate, a series of silicon-supported PMPC brushes having different

thickness and graft density were subjected to the tests.

4.8.1 Plasma Protein Adsorption

The amount of plasma protein adsorbed on a material surface is a primary factor in
evaluating the blood compatibility of the material. When a blood-incompatible material is in
contact with blood, a surface induces thrombosis which is initiated by the adsorption of plasma
protein, followed by adhesion and activation of platelets. Here we determine the amount of
plasma protein adsorption using BCA microassay. A calibration curve using albumin as a

standard is displayed in Figure 4.33.
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Figure 4.33 Calibration curve of the amount of albumin adsorbed and the absorbance obtained

from BCA microassay

Protein adsorption data are concluded in Table 4.8. Due to the hydrophilic nature of

silicon, the amount of protein adsorption was quite fow. The amount of adsorbed protein slightly

increased on a more hydrophobic silicon-supported (t-bromoisobutyrate monolayer. Even

though the amount of plasma protein adsorbed on the surfaces having PMPC brushes was

lower than that on the surface grafted with Ol-bromoisobutyrate, the difference was not that

significant considering the more hydrophilic nature of PMPC in comparison with the surface

covered with Ol-bromoisobutyrate monolayer. In order to verify that the reduction of protein
adsorption was really due to the presence of PMPC brushes, poly(methyl methacrylate)

(PMMA), known as a blood incompatible polymer, was chosen as a positive control. PMMA

brushes were grown from silicon-supported COl.-bromoisobutyrate monolayer, the same surface
used for growing PMPC brushes. The fact that PMMA brushes adsorbed a targer amount of
protein as opposed to PMPC brushes helped confirming the above statement.

The amount of protein adsorbed on the surface having PMPC brushes was almost
independent of the thickness of polymer brushes implying that PMPC brushes being as thin as
~10 A was sufficient to possess protein-resistant property. Apparently, the coverage of
tris{(TMS) played a significant role in controlling protein adsorption. The higher the content of

tris(TMS) or the lower graft density of PMPC brushes on the surface, the higher the quantity of
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adsorbed protein. Responses to plasma proteins also depended upon the thickness of polymer
brushes, however. Considering the series of silicon-supported mixed 66%tris(TMS)PMPC
brushes, it seemed that the longer pelymer brushes were capable of repelling plasma protein

despite their relatively low graft density or high %tris(TMS) coverage.

Table 4.8 The amount of plasma protein adsorbed on various silicon substrates

Thickness of Amount of protein adsorbed
Surface polymer brushes 6,0 () (mgfcmz)
(A)
Silicon - 34/15 032 1 0.12
Silicon-supported Ol - 71/82 0.65 * 0.30
bromoisobutyrate monolayer
Silicon-supported PMPC 10 23/0 0.45 1+ 0.09
brushes 26 22/0 0.40 £ 0.05
64 20/0 0.34 - 0.04
Silicon-supported PMMA 18 66/54 1.47 £ 0.60
brushes 30 67/58 2.40 + 0.39
silicon-supported mixed 26 56/30 3391033
86%tris{TMS3)/PMPC brushes 30 54/27 123+ 0.10
43 54/20 0.13 £ 0.05
silicon-supported mixed 23 63/31 542 + 0.18
75%tris(TMS)/PMPC brushes
silicon-supported mixed 18 70/40 7.83 1 0.54
82%tris(TMS)/PMPC brushes
silicon-supported mixed 6 77152 24.04 X 0.78

88%tris(TMS)/PMPC brushes

This outcome is in good agreement with the assumption previously proposed based on

topographic evidence obtained from AFM analysis. It was postulated that the stretching of iong
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polymer chains is thermodynamically unfavorable so the polymer chains tend to fold over the
tris(TMS) monolayer. The lower receding contact angle as a function of polymer thickness can
be an indication of PMPC brushes dominating at polymerfwater interfaces or under hydrated
condition. As a result, the coverage of PMPC brushes is no longer directly correlated
with %tris(TMS). In another word, the protein resistance is not dictated by %tris{TMS) but by
the thickness of PMPC brushes instead.

In the case of homogeneously and densely grafted PMPC brushes grown from silicon-
supported (L-bromoiscbutyrate monolayer, the protein adsorption does not really depend on the
thickness of polymer brushes as long as the surface is fully covered by the polymer brushes.
The extremely thin layer of polymer brushes is certainly enough for generating non-fouling
surface. On the other hand, the thickness and the graft density of polymer brushes become

important parameters in controlling protein adsorption on heterogeneously and lcosely grafted

PMPC brushes grown from silicon-supported tris(TMS)CL-bromoisobutyrate monolayer. When
polymer brushes are quite short, the polymer chains are forced to stretch out or aggregated in
the nanopores surrounded by tris(TMS), the protein adsorption is varied as a function
of %tris{TMS) or the graft density of PMPC brushes. In contrast, when the polymer brushes are
so long that they can fold and partly cover tris{TMS), the protein adsorption no longer relies

on %tris{TMS}), but is mainly influenced by the length or the thickness of the polymer brushes.

4.8.2 Human Platelet Adhesion
It is well known that platelets also contribute to the thrombus formation. in general, a
foreign substrate induces adhesion and activation of piatelets with the adsorbed protein layer

serving as a controlling factor of the platelet response. Figure 4.34 shows SEM micrographs of

silicon surface, silicon-supported Of-bromoisobutyrate monolayer, silicon-supported PMMA

brushes, and silicon-supported PMPC brushes after contacting with PRP. Many platelets

adhered to the PMMA brushes. A few platelets were adhered on the surface grafted with O(-
bromoisobutyrate but did not adhere on the silicon surface. The thickness layer of PMPC
brushes does not seem to influence the adherent piatelets. PMPC brushes compietely inhibited
platelet adhesion. The data from platelet adhesion studies agree very well with the plasma

protein adsorption and confirm the blood compatibility of PMPC brushes.
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SEM micrographes of silicon-supported mixed tris(TMS)YPMPC brushes afler exposure
to PRP are not shown mainly due to the fact that there was no specific correlation
between %tris(TMS) or the graft density of PMPC brushes and platelet adhesion. Some area
was covered with small aggregates of platelets whereas other area was completely absent of
platelets, These results indicate that piatelets do not recognize the nanoscaled distribution
PMPC brushes having dimension of jess than 100 nm (0.1 pm) which is ~ 20 times smaller

than a diameter of platelet (2-3 [im)
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Figure 4.34 SEM micrographs of various silicon surfaces after contacting with human PRP



CHAPTER YV -

EXECUTIVE SUMMARY

it has been demonstrated that hydrophilic polymer brushes of 2-methacryloyloxyethyl
phosphorylcholine (MPC) can be successfully prepared by surface-initiated atom transfer

radical polymerization (ATRP) from silicon-supported oC-bromoisobutyrate monolayer using
CuBr/bpy as a cafalytic system in the presence of either propyl-2-bromoisobutyrate as a
sacrificial Initiator or CuBr; as a deactivator. The linear dependence of molecular weight and
thickness on polymerization tima clearly suggested that polymerization is living. The graft
density of 0.3-0.5 chains/nm’ was calculated. The presence of surface-tethered PMPC brushes
was also verified by water contact angle measurements as well as XPS analysis. Mixed
methanof:water = 4:1 (v/v) and pure methano! were found to be the suitable solvents for
growing PMPC brushes in the living manner.

By controliing the kinetics of a reaction between silanol groups on the silicon surface
with tris{trimethylsiloxy) chlorositane (tris(TMSCI), silicon-supported mixed tris{TMS)/silanol
surfaces having a range of tris(TMS) coverage were generated. The reaction progress was
monitored by ellipsometry, contact angle measurements and XPS analysis. Nanoscaled holes
(nanopores) in tris(TMS)} monolayer containing unreacted silanol groups of silicon-supported

mixed tris(TMS¥silanol monolayer further reacted with silane compounds having end-

functionalized ({-bromoiscbutyrate and vyielded silicon-supported mixed tris(TMS)/0C-
bromoisohutyrate monolayer. These substrates were later used as nanoscaled templates for
the synthesis of surface-tethered PMPC brushes. Due to the hydrophobicity of tris{TMS) groups
surrounding OC-bromoiscbutyrate initiators, the growth of PMPC brushes from sificon-supported
mixed tris{TMS)/oC-bromoisobutyrate monolayer was more favorable in a more surface-wettable
solvent, methanol in this particuiar case, than water.

Surface topographies of polymer brushes were investigated by AFM analysis.
Nanoscopic distribution of PMPC brushes which appeared as protrusions having a diameter of
fess than 100 nm was only visualized when the graft density of PMPC brushes in the

nanopores was not too high. Under such circumstance, the size of protrusions depended upon



91

both %tris(TMS) coverage as well as the graft density of PMPC brushes itself. Certain space in
the nanopores was necessary for the polymer chains to adopt more coil-like architecture or
aggregated form instead of being in extended forms which are thermodynamically unfavorable.
In the case of high graft density of PMPC brushes in the nanopores, the surfaces became quite
smooth due {o two possible actions of polymer brushes. The first action involves the polymer
chains being forced to stretch away from the surface and thus covering the nancopores while
the other involves the folding of polymer chains over the tris(TMS) layer. This latter action
should be favorable only when the polymer chains are sufficiently long. Comparative studies on
the system of mixed {ris(TMS)YPIBMA brushes confirmed that- self-aggregation of PMPC
brushes in the nanopores was truly a consequence of phase incompatibility between
hydrophilic PMPC brushes and hydrophobic tris(TMS).

According fo protein adsorption and platelet adhesion studies, homogeneously and
densely grafted PMPC brushes are apparently blood compatible. It has aise been
demonstrated that surface grafting by extremely thin layer of PMPC brushes is an effective way

for generating blood compatible surface. In the case of heterogeneously and loosely grafted

PMPC brushes grown from silicon-supported mixed tris(TMS)(-bromoisobutyrate monolayer,
the protein adsorption was varied as a function of %tris(TMS) or the graft density of PMPC
brushes when polymer brushes were quite short. In contrast, when the polymer brushes were
so long that they cannot stretch cul, thereby tend to fold over the tris(TMS) monolayer, the
protein adsorption no ifonger retied on %fris(TMS), but was mainly influenced by the length or
the thickness of the polymer brushes. There was no specific correlation between %tris(TMS) or

the graft density of PMPC brushes and platelet adhesion indicating that the distribution of

PMPC brushes in the sub-micron scale (< 0.1 Llm} was definitely too small for the micron-sized
biomolecufes like platelets to appreciate ihe heterogeneity of surface.
Knowledge gained through this research are very beneficial to the development of

nanotechnology for a broad range of biomedical-related applications.
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To beuter understand protein/material and cell/material interactions at the submolecular level, well-defined
polymer brushes consisting of poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) on silicon wafers
were prepared by atom transfer radical polymerization {(ATRP). Silicon wafers were treated with 3-(2-
bromoisobutyryl)propyl dimethylchlorosilane (BDCS) to form a monclayer that acts as initiators for ATRP.
Silicon-supported BDCS monolayers were soaked in a methanol/water mixture solution containing Cu(l)Br,
bipyridine, and a sacrificial initiator. After MPC was added to the solution, ATRP was carried out for 18
h. The molecular weight and thickness of the PMPC brush layer on the silicon surface increased with an
increase in the polymerization time. The dense polymer brushes were obtained by the “grafting from™ system.
By selective decomposilion of the BDCS monolayer by UV light-irradiation, the PMPC brush region and
the sizes were well controlled, resulting in fabricating micropatierns of the PMPC brushes. When the thickness
of the PMPC brush layer was greater than 5.5 & 1.0 nm (3 h polymerization), serum protein adsorption and
fibroblast adhesion were effectively reduced. i.e., proteins and cells could recognize such thin polymer
brushes on the surface. In addition, the density of the adherent cells on the patterned PMPC brush surface
could be controlled by changing the size of the pattern.

Introduction

There bas been a considerable amount of theoretical and
lexperimental interest in the micromanipulation of ceil
‘sdhesion on solid surfaces, which makes usc of the hetero-
‘geneous properties of the surface 1o controi the cell adhe-
sion.? Photolithographic and microcontact printing tech-
Hiiques have been used to prepare highly defined micropatterns,
nd their potential applicability to biosensors and drug
lsereening arrays has been demonstrated ™ In the presence
'of serum, adsorption of serum protein sirongly influences
'eefl adhesion. Conlrol of scrum protein adsorption is quite
inccessary to form a well-defined pattern of adherent cells.
Utis generally difficult to contro! protein adsorption on sofid
surfaces because nonspecific protein adsorption is the first
‘phenomenon when the surface comes in contact wilh a
['physiological environment. The nonfouling properties of base
‘materials may be important in the control of protein
radsorption. To obtain a nonfouling polymer surface, we have
\been studying 2-methacryloyloxyethyl phospborylcholine
HUMPC) polymers synthesized as biomimetics in biomembrane
fstructures.® ™ The MPC polymers exhibil a property hat

* Corresponding author: telephone +81-3-5280-8026: fax +31-3-5280-
| B027: e-mail yasuorg@umd.acjp.

! Tokyo Medical and Dental University.

f Chulalongkorn University.

 Kyushu University.

resists nonspecific interaction with plasma proteins and |
cells.®10 Further, it has been shown that the activation and
inflammatory response of cells in contact with MPC poly-
mers are not induced.!'? While immobilization with MPC
polymers to obtain nonfouling and biccompatible surfaces
is successful. the uses of polymers (0 manipulate proteins
and cells on surfaces are rarely reported. Furthermore, the
effects of the surface siructures of MPC polymers in a
submolecular scale on biofouling have not yet been studied.
To produce well-defined polymers, conirolled “living”
radical polymerization has been explored.!® Atom transfer
radical polymerization (ATRP) is one of the best methods
for this process because it can be applied to a wide variety
of monomers."*"'7 An altemnalive process, pioneered by
Huang and Wirth'®!® and Tsujii and co-workers,”' to
prepare well-defined polymer brushes on solid surfaces with
ATRP is considerably theoretical and deals with experimental
interests in the control of surface propenties. Surface-initiated
graft polymerization is called a “grafting from™ system and
has the advantage of preparing densec polymer brushes as
compared with the adsorption of functionalized polymers to
solidfliquid interfaces (i.c.. a “graflling 10™ system) due to

steric hindrance of polymer.?

Numerous “grafting from” systems to improve weltability
and nonfouling properties have been reported thal use
photoirradiation, plasma discharge. and corona discharge

10.1021/bm049613k CCC: 827.50 @ 2004 American Chemica! Society
Published on Web 08/04/2004
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ireatments.”~% While these processes were quite successful,
their use precludes accurate control of the polymer structure.
In contrast, ATRP is a robust method because of well-
controlled molecular architecture,' 27 A previous paper
described the effectiveness of ATRP in preparing a well-
defined graft polymer on a solid surface.2~** ATRP has also
been applied for the fabrication of polymer brush micropat-
terns on solid surfaces. M-

Control of surface propertics is very important in the
praduction of bio-related materials that can be used in
biemedical and diagnostic applications, ATRP may be quite
useful for this characteristic, However, only a few ATRP
trials to optimize protein/malerial or cell/material interfaces,
that is, biointerfaces, have been reported. 389

Quite recently, Feng et al.® independently reported the
preparation of PMPC brushes on silicon wafers. However,
the effect of the surface propertics of dense PMPC brushes
with nanometer thickness on protein adsorption, cell adhe-
sion, and their manipulations has not yet been studied.

Here, we report on the preparation of well-defined PMPC
brushes to optimize the surfuce structures of bio-related
materials and the effect of surface properties on protein
adsorption and cell adhesion and their micromanipulation.

Materials and Methods

Materials. Silicon wafers (100 orientation, P/B doped)
were purchased from Nukuyanu Semiconductor Co., Lid.,
Tokyo, Japan. MPC was syuthesized by previously reported
methods.*' 3-(2-Bromoisobutyryl)propyl dimethylchlorosi-
lane (BDCS) was synthesized as previously described. -2
Purified water (reverse osmosis) was further purified on a
Millipore Milli-Q system that involves reverse osmosis, ion
exchange, and filtration steps (18.2 MQ). Tetrahydrofuran
was used after conventional distillation. Other chemicals were
obtained from Aldrich and used without further purification.

Pretreatment of Silicon Substrate. Silicon wafers varied
in thickness from 450 1o 575 zem. Disks (100 mm) were cut
into 1.2 cm x 1.2 cm pieces, The samples were held in a
custom-designed holder and put in a freshly prepared mixture
of 7 parts concentrited sulluric acid containing dissolved
sodium dichromate (~3—5 wt %) and 3 pants 30% hydrogen
peroxide. Upon preparation, the solution turns from red-
brown to green, warms (o 80~90 °C, and foams extensively
due 1o thé formation of oxygen and ozone. Plates were
submerged in the solution overnight, rinsed with 4 30-mL
aliquots of water, and placed in a ¢lean oven at 120 °C for
2 h. Silanization was curried out immediately after treatment
of the plates in this manner,

Monelayers of BDCS on Silicon Wafer. To avoid a
cross-linking reaction ol organosilane and to prepare the
hemogencous menolayer of the injtiator on the silicone
wafer,** monochlorosilane was synthesized. The BDCS
monolayer on the silicon waler was prepared by the method
previously reported.™ Brielly, cleaned silicon wafers (1.2
cm X 1.2 em) were placed in 2 dry Hask to which 30 mL of
dry toluene and BDCS (33 L. (.15 mmol) were added under
an argon gas atmosphere. The flask was allowed to stand
for 18 h. The wafers were then removed from the solution,
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Scheme 1. Synthetic Route of PMPC Brushes on Silicon Wafer
via ATRP

ooty
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rinsed with toluene, acetone, and absolute ethanol, and dried
in a nitrogen Qr argon siream.

Preparation of Well-Defined PMPC Brushes on Silicon-
Supported BDCS Monolayer. A mixed solvent of 4 parts
methanol and 1 part water was used as a solvent for ATRP
of MPC. Argon gas was purged in these solvents to eliminate
oxygen before the polymerization. Copper bromide (I) (29
me. 0.20 mmol) and 2,2"-dipyridyl (63 mg, 0.40 mmol) were
dissolved in 12 mL of methanol with stirring under argon at
0 °C, to which 6 mL of water was added. Then, ethyl
2-bromoisobutyrate (9 uL, 0.060 mmol) was added as a
sacnificial initiator. Afier being stirred for 30 min under an
argon gas atmosphere, the BDCS-immobilized silicon wafers
were then submerged into the flask. MPC (3.6 g, 0.012 mol)
was separately dissolved in 12 mL of methanol purged with
argon for 1 h to eliminate oxygen. The MPC solution was
added to the flask and polymerization occurred at room
temperature with stirring under an argon gas atmosphere.
The silicon wafers were periodically removed from the
polymerization mixture and rinsed with methanol and water.
Subsequently, they were extracted with a Soxhlet apparatus
in methanol for 72 h and dried in an argon stream. The
weight-averaged molecular weight of free polymer in solution
was measured with a Tosoh GPC system with a refractive
index detector and size-exclusion columns, Shodex. SB-804
HQ and SB-806 HQ with a poly(ethylene glycol) (PEG.
Tosch standard sample) standard in distilled water containing
10 mM LiBr. Scheme 1 shows the synthetic route of a PMPC
polymer brush on a silicon surface.

Surface Patterning with UV Light Irradiation. A
surface pattermn of a BDCS monolayer on a silicon wafer was
prepared with UV light (A = 185 nm) (GLI15ZH, Sankyo
Denki Ce., Ltd., 15 W) irradiation through a mesh for
transmission electron microscopy (L, hole 450 gm, bar 30
g M, hole 120 g2m, bar 50 am; S, hole 45 gem, bar 40 gem;
Okenshoji, Tokyo, Japan) for 3.5 h in an air atmosphere.
The UV-irradiated silicon-supported BDCS monolayers were
soaked in monomer solution and the ATRP of MPC was
performed under conditions similar to these mentioned
above.

Serum Protein Adsorption Test. Silicon wafers with
surface patterning were exposed 1o 0.45 g/dL fluorescein
isothiocyanate- (FITC-) labeled bovine serum albumin (BSA;
Sigma Chemical Co., St. Lotis, MO) in phosphate-buffered
saline solution (PBS) for 30 min and then rinsed with PBS
and water. The sample was dried in an argon stream and
observed with a fluorescent microscope (E-600, Nikon.
Tokyo, Japan).
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Fibronectin adsorption on the sample surface from 10%
fBS/PBS was also determined by immuncassay. The boving
®um fibronectin adsorption onto the sample surface from
e cell culture medium was detected by a method based on
antigen/antibody reaction with FITC-labeled immuno-

P8BS, For the determination of fibronectin adsorption,
¢ wafers were soaked in 2 BSA (Sigma Chemical Co., St

iserum; Yagai Co., Ltd., Yamagata, Japan) for specific
goteins for 1 h at 25 °C. The primary antibody was reacted
¥ilh the adsorbed proteins and then rinsed with PBS. The
geondary antibody was applied to the wafers. FITC-
Bnjugated immunoglebulin (anti-rabbit immunoglobulin G
ITC conjugate, Sigma Chemical Co.) was used as the
econdary antibody. After sufficient rinsing of the samples
h PBS, the surface was observed in the fluorescence
microscope (E-600, Nikon, Tokyo, Japan).

Cell Culture Experiment. Mouse fibroblasts (L-929 cells)
ere purchased from Riken Cell Bank. The L-929 cells were
lintained in the culture medium [Eagle’s modified essential
edivm {(MEM); Nissui Pharmaceutical, Tokyo. Japan]
antaining 10% FBS at 37 °C in a humidified atmosphere
¥ air containing 5% CO;. The contents of the flasks for
&l maintenance were detached by trypsin treatment. The
mncentration of the L-929 cells was adjusted 10 5.0 x 10
ells ml/L.. The L-929 cells were seeded on silicon wafers
d cultured for 20 h in the CQ, incubator with 95%
midity. After the medium was aspirated, the wafer was
msed three times with PBS and in contact with 8 M Nile
&d (Sigma Chemical Co.. St. Louis, MOYPBS for few
onds. The wafers were then rinsed with PBS and placed
2.5 vol % glutaraldehyde solution to fix the adherent cells
athe wafer, The wafer was repeatedly rinsed with distilled
mler and observed with a scanning fluorescence microscope
600, Nikon, Tokyo, Japan).
Surface Analysis. The surface composition was measured
§ X-ray photoelectron spectroscopy (XPS) on a Scienta
SCA 200 specurometer (Uppsala, Sweden) with Al Ka
mys. All the XPS data were collected at takeofT angles of
*and 90°. The dynamic contact angles for the sample
fites were recorded by use of a probe fluid, purified water,
$Erma G-1 contact angle goniometer {Tokyo, Japan), and
dkmont syringes. The advancing (€,) and receding (Og)
iact angles were measured with addition to and with-
Wil from the drop (0—20 zL.). respectively. The thickness
the polymer brush was measured on an imaging ellip-
fer (NL-MIE, Nippon Laser & Electronics Lab., Nagoya,
ait) operating with a 532-nm YAG laser at a 50° incident

ihe surtace morphology and viscoelasticity of the model
giple were observed with an atomic force microscope
M: SPI-3800, Seiko-l, Tokyo). Surface viscoelastic
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Flgure 1. Time dependence of XPS elemental ratio (P/Si) of sificon-

sputtered PMPC brush produced by ATRP: 15° (O) and 90° (@)
takeoff angle data.

functions were evaluated in microviscoelastic mode (VE-
AFM}.*? Images were captured in a 100 #zm x 100 gem area.

Results and Discussion

Controlled radical pelymerization techniques, such as
nitroxide-mediated radical polymerization, atom-transfer
radical polymerization, and reversible addition/fragmentation
chain transfer, allow good control of malecular weight with
narrow distribution,'* Well-defined polymer brushes on a
solid surface are imponiant to clarify proteinfmaterial and
cell/material interactions at their interfaces. In this work,
well-defined PMPC brushes on silicon wafers were prepared
by surface-initiating ATRP, and surface properties wers
investigated physicochemically and biologically to optimize
the biointerface.

Synthesis of PMPC Brushes on Silicon Surface via
ATRP. Figure | shows the polymerization kinetics of MPC
on silicon-supported monolayers. The phosphorus composi-
tion {P/Si ratio determined by XPS) increased with an
increase in the polymerization periods of MPC and reached
a plateau after 12 h. It can be confirmed that the monolayers
of the PMPC brushes were prepared on the silicon wafer
because the P/Si ratio at 90° of the takeoff angle was quite
low {~0.25), ATRP of MPC in protic solvents was studied
by Armes and co-workers.* They reported that MPC could
be polymerized to high conversions in both water and
methanol at ambient temperature. Slower polymerization and
narrower polydispersities were always obtained in an alco-
hotic solution. The kinetics of polymerization could be well
controlled by monomer concentration.® In this work and as
mentioned by Armes and co-workers,* the rate of polym-
erization of MPC in aqueous solution was too fast (data not
shown) to control the molecular weight of the PMPC brush.
A mixed solvent of water and methanol was then used as a
polymerization medium. We have demonsirated the adsorp-
tion of end-reactive PMPC on an organosilane monolayer.**
The XPS phospherus composition of the PMPC brush surface
preparcd by ATRP was much higher than that of the PMPC
polymer-adsorbed surface. Figure 2 shows the water contact
angle data for BDCS monolayer and the PMPC brushes. The
water comacl'anglcs (04/8%) of silicon-supported BDCS
monelayer rapidly decreased with an increase in the polym-
erization periods of MPC and reached a plateau at 15—18/
1° after 60 min. The surface wettability was not affected by
the substrate after the reaction period. In contrast, equilibrated
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T
somact angles of the PMPC brush surface prepared by a
grafting to” system were 60/5°% As mentioned in a
tevious paper,™ the surface density of the PMPC brushes
pared by a “grafting from” system would then be higher
Sian that prepared by a “grafting 10" system. Moreover, the
steresis of the equilibrated contact angles (8, — 6g) of
e PMPC brush surface prepared by ATRP was <20°. This
pilue is significantly lower than that of the PMPC brush
face prepared by the “grafting to” system or poly(MPC-
So--butyl methacrylate) (PMB), which is mentioned in much
the literature as a nonfouling material. >="*" From the
iter contact angle measurement, it has been shown that
e mobility of the PMPC brushes prepared by ATRP is
slatively low and the surface is homogeneous.

Figure 3 indicates the time dependence of the polyimer
icknesses on the silicon wafer surface, which were
gtermined by an ellipsometer. The polymer thickness
eased with the polymerization time and was controlled
iom 0~ 15 nm.

‘The melecular weight of 4 PMPC brush on a silicon wafer
18 determined by measuring the moelecular weight of a free
wlymer becuuse reports have described that these molecular

molecular weight of free PMPC with polymerization
me. The profile of this graph is similar to that of polymer
ickness. The molecular weight reached 6.5 x 107, at which
Ebecame a plateau. In this reactive condition, the ratio of
_PC to the free initiator is 200/1. The molecular weight of
IPC s 29353, giving the theoretical molecular weight of
B bulk polymer as 5.9 x 10%, which coincides with the
iperimental value.
From the data in Figure 5, a cross-sectional arca per chain,
can be determined from the molecular weight of the
ain, M, and the corresponding film thickness. 1. by

Seights have similar values. " Figure 4 shows the change in
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Figure 4. Molecular weight of free PMPC produced by ihe sacrificial
initiator in solution.
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Figure 5. Correlation of the monofayer thickness of silicon-supported

polymer brush with the molecular weight of free PMPC produced by
the sacrilicial initiator in solution.

e
o

A, = MitpN,

where p is the mass density determined with an oscillation
U-tube (1.30 giem?® for PMPC) and N, is Avogadro's
number. A, was estimated at ca. 600 A The approximate
cross-sectional area of PMPC determined with a CPK model
is ca. 550 AZ It can be seen that the chains grown from the
surface almost cover the surface,

Fabrication of Patterning Polymer Surface. By UV
irradiation, the water contact angles (8,/8g) of the BDCS
monclayer changed from 72/627 to 534/43°. Figure 6 shows
the XPS spectra of the BDCS monolayer surface that was
irrachated with UV light and both surfaces on which ATRP
of MPC was carried out. By UV irradiation, the bromine
signal disappeared from the surface. On the BDCS monolayer
surface, phosphorus and nitrogen signals are attributed to
the phosphorylcholine group of the PMPC. In contrast, these
signals were not observed on the UV-irradiated monolayer
surface even after the same reactive condition. Physical
adsorption of free PMPC was not observed.

Figure 7 shows the water absorption pattern on the
patterned PMPC brush surface. The weuability of the PMPC
brush region was improved by the hydrophilic polymer
brushes. Although water absorption was observed on both
the UV-treated and PMPC brush regions, the water drops
adsorbed on the PMPC brush region spread wider and stuck
longer than did those adsorbed on the UV-irradiated region.

Figure 8 shows surface topological and elastic micrographs
of the pattern surface produced by polymerization for 3 h.
The thickness of the PMPC brush layer was about 5 nm,
which was in pood agreement with the data obtained by
ellipsometry. The elastic image showed a pattern opposite
that of a topological micrograph. This result indicates that
the elasticity of the PMPC brush layer is lower than that of
the UV-irradiated region.
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Figure 10. Fluorescence micrographs of FITC-albumin adsorption
on patterned PMPC brush surface after contact with 0.45 g/dL FITC-
albumin in PBS for 30 min.

the UV-irradiated region that has no polymer brush, the
fluorescence intensity was significantly high, indicating that
a lurge amount of BSA is adsorbed in this region. Conversely,
BSA adsorption was remarkably reduced in the PMPC
polymer brush layer. Figwre 1l shows the fibronectin
adsorption pattern on the pattern surface after contact with
the cell culture medium for 60 min. The adsorption pattern
was determined by immunoassay. On the polymer brush
prepared by polymerization for 10 min, fluorescence caused
by the adsorbed fibronectin was observed homogencously.
The difference in fibropectin adsorption on the patterning
surface was clearly related to the palymerization time of the
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gure 12. Fluorescence micrographs of fibroblast adhesion on
lamed PMPC brush surface after incubation for 20 h. [Fibroblast)
0 x 10¢ cells/mL..

dymer brushes. On the PMPC brosh surface. fibronectin
Sorption was effectively reduced. The reduction of plasma
otein adsorption on MPC polymer surfaces has been
ported by previous literature. and the mechanism is
unsidered to be related to the structure of the polvmer
iface.”’

The study to clarify the difference in surface siructure
een a poly{MPC-co-BMA) (PMB) coating and the dense
MPC brush prepared in this study on the reduction of
miein adsorption is still ongoing. However, it was shown
W PMPC brushes just 5 nm in thickness prepared by the
mafting from” system could reduce protein adsorption.
Uhough the thickness of the cast filim of PMB that we made
% been normally controlled on the submicrometer scale,
& PMPC brush thickness can be contralled on the scale of
few nanometers. This is o great advantage for surface
adification 1o improve the nonfouling properties of micro-
nanodevices.

‘Figure 12 represents the fluorescence micrographs of
froblasts that adhered on the patiern surface. The effect of
arjace grafting of PMPC by polymerization for 10 min on
problast adhesion was not observed and the cells adhered
imogeneously to the surface. By udjusting the polymen-
dion time, cell adhesion was controlled and fibroblasts
hered to UV-irradinted regions that have oo PMPC
nishes. This result is coincident with protein adsorption on
e surface. Above a PMPC brush thickness of about 3 nm,
tein adsorption and cell adhesion was remarkably reduced,
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i.e., they were able to recognize the thickness of the thin
brush. The effect of grafting density of poly(ethylene glycol)
on protein adsorption has been reported by Sofia et al.** The
grafting density also may be imporant to control protein
adsorption on the PMPC brush surface.

Furthermore, the number of adherent cells can also be
controlled with a change in the surface area of the UV-
irradiated region. The surface area of the pattern affected
the cell density, The surface arcas for adherent cells on small-
and medium-sized paltern surfaces were 844 £ 185 and 1188
+ 240 um?fcell, respectively. The large-sized pattern surface
had a cell density of 159 & 34 am?¥cell, which is significantly
high. Cell communication depends on the area of the surface
where the cells could adhere.

To fabricate a microscale pattern on a solid surface,
microcontact printing and soft lithography techniques have
been applied. Whitesides and co-workers* 3! reported that
microscale patterning provides a versatile method for creating
novel adhesive substrates that are useful for spatially
positioning mammalian cells and controlling their viability,
form, and function.

Armes and co-workers™*"> have reported that the
melecular architectures of MPC polymers can be easily
controlled with ATRP in protic solvents. As a result, a wide
varicty of polymer surface designs will be possible. Surface
medification with well-defined MPC polymers would be
considered as one of the robust methods to optimize
bicinterfaces on a molecular scale. Microfabrication with
MPC polymers may prove to be important in scparations,
biosensors, and the development of biomedical materials.

Conclusion

A well-defined dense PAMPC brush on a siticon wafer was
prepared by the “grafting from”™ system with ATRP. The
surface properties could be easily controlled even on a
nanoscale. The dense brush layer could reduce serum protein
adsorption and fibroblast adhesion with a polymer brush
thickness of about 5 nm. Because a microscale pattern of
the brush layer could be fabricated by decomposition of the
initiating monolayer with UV irradiation, manipulation of
protein adsorption and cell adhesion was well controlled.
Surface modification with dense PMPC prepared by ATRP
might be important in creating optimal biointerfaces because
proteinfmaterial and celi/material interactions could be
contrelled with thin polymer brushes on a moiecular scale.
PMPC immmobilization with ATRP is also a robust process
for improving nonfouling properties in the micro- and
nanofabrication of biomedical materials.
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paration of blood compatible surface by surface-initiated
llymerization of 2-methacryloyloxyethyl phosphorylcholine

Savee P. Hoven', Piyawan Suk-In2, Mayuree Srinanthakul?, Suda Kiatkamjornwong?, and Yazuhiko

saki‘, (1) Organic Synthesis Research Unit, Department of Chemistry, Faculty of Science, Chulalongkorn
iersity, Phyathai Road, Pathumwan, Bangkok, 10330, Thailand, (2) Program of Petrochemistry and

ymer Science, Faculty of Science, Chutalongkorn University, Phyathai Road, Pathumwan, Bangkok,

30, Thailand, {3) Department of Photoimaging and Printing, Faculty of Science, Chulalongkorn University,
dathai Road, Pathumwan, Bangkok, 10330, Thailand, (4) Institute of Biomaterials & Bicengineering, Tokyo
dical and Dental University, Tokyo, 101-0062, Japan

 preparation of biocompatible polymer brush was accomplished by surface-initiated atom transfer radical
Wmerization of 2-methacryloyloxyethyl phospherylcholine (MPC) from surface-tethered &#61621;-

oester in the presence of CuBr/bpy. Palymerization from surface cccured rapidly at room temperature in
Yeous media as opposed to alcoholic media. We found that the thickness of polymer brushes increased
9ost linearly with reaction time, The existence of phosphelipid analogous groups on the surface was

ealed by X -ray photoelectron spectroscopy (XPS). As demonstrated by water contact angle

asurements, the surfaces having poly{MPC) brush showed improved hydrophilicity. The blood compatibility
Joly(MPC) brushes was evaluated by protein adsorption and platelet adhesion. The fact that the platelet
gsion is absent on poly(MPC) brushes as opposed to PMMA brushes supported the assumption that the
er brushes are blood-compatible independent of the thickness in the range of 11-50 A. Preparation of
¥(MPC) brushes from a nanoporous surface of mixed tris(trimethyisiloxy}silyl/silanol surface was

empted.
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duction
: control of surface properties s a key significance ta several
ercially imponant technologies ranging from biotechnelogy to advanced
ectronics. Recently an approach of “gralting-itom” methaed or surface-
Bed poiymerization has been introduced.” Since the polymer chain growth
erally promoted from initiators which ace attached 1o the surface, this
ach can provide higher graft density and siable attachment.
iihere is growing interesl in atom transter radical polymenzation (ATRP)
it was discovercd in 19957 The living characteristic and the
atibility with a variety of functional monemer render ATRP an atiractive
for surface-initiated polymerization in producing  weli-defined
er brushes. The process allows a better control of target molecular
it and molecular weight distribution. The success of ATRP in
esizing hydrophilic polymers pruwdcs an additional advantape over the
Yional living ionic polymerization *
_s inspired by the biomembrane-like structure, a methacrylale monomer
Mg a polar  phosphohpid  group,  2-mothacryloyloxyethyl
phorylcholine (MPC) was developed.* The excellent bicod compatibility
MPC -containing materials is proven to originate from the ability 10
seif-assembly of natural phospholipids. Since hydrophilic MPC
gpolymer pussesses inferior mechanical propertics, MPC is generally used
form of copoiymers, polymer coating and grafting. The issue retated the
lon of grafted poly{MPC) with well-defined structure, molecuiar weight
waft density is a subject of considerable interest and yet to be explored.
we propose a way lo generate biocompatible polymer brushes by surface-
ted polymerization of MPC using ATRP in both aqueous and alcobolic
Blood compalibility was addressed in terms of plasma protein
ion and platelet adhesion An attempt to prepare poly(MPC) brushes
18 nanoporous surface of mixed wis{irimethylsiloxy)silyl/silanol surface is

Materials. Toluene anhydrous (99%), phosphate bufler saline (PBS),
honic assay kit (QuanhiPro™ BCA assay) and protein standard (Bovine
m Albumun: BSA) were oblamed from Sigma-Aldrich. 2-Bromoisobutyry!
de t98%), 2.2 -bipyridyl (99%), copper(l) bromide (99.99%), dimethoxy
b, sodiom dodecyl sulfate (SDS) and sodium sullate anhydrous were
fased from Fluka, Dimethylethoxysilane and  wis{trimethylsiloxy)
psilane were obtamed from Gelest, Japan, 2-Methacryloyloxyethyl
feholine (MPC) was synthesized by a method previousiy
fibed * Ultrapure distilled water was obtained from Mill-Q Lab system.
wafer was obtined frem Siltren Inc. Korea. Plmelet-poor plasma
and platelet-rich plasma (PRP) were obtained from Thai Red Cross

[Instrumentation. X-rmy photoeleciron spectra were collected using
2A-200, SCIENTA, Uppsala, Sweden, Contact angle meter model FACE,
i was used for the deternunation of water contact angles. The thickness of

sier brush was charactenized using 1.115C WAFER™ ELLIPSOMETER.

e morphology of polymer brushes were characterized by Alamic Force
scope (SP1-3800, Setko |, Japan),

Preparation  of Mixed Tris(teimethylsitoxyyilylsitanal  Surface.
ed disks were covered with anbydrous 1oluene (20 ml) containing

disopropylamine {034 ml, 20 mmol} and wis(iimethylsiloxy)

posilane (070 ml., 2.0 mmeol). Reactions were cacried owt at 70°C under

gen lor 1-3 days. Afier the disks were isolated, they were rinsed with
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toluene (3x), isopropanol (2x), ethanel (3x), }:1 ethanol:H;O (2x), DI water
{2x) and ethanol {2x), respectively. The disks were then dried in an oven at
120°C for 10 min,

Preparation of Surface Grafted oc-Bromoester Initlators. Surface-
tethered «-bromoester were prepared by seaking the cleaned disks or the disks
bearing mixed tris(irimethylsiloxy)silylsilanel in  anhydrous toluene
contzining 2 mM of 3-(dimethylethoxysilyl)propyl-2-bromoisobutyrale' under
nitrogen for a certain period of time at ambient temperature, followed by
rinsing in toluene (3x), ethanol (3x), 1:! cthanol:H;O (2x), DI waler (2x),
ethanol (2x) and DI water (3x), respectively and dried under vacuum,

Preparation of Poly(MPC) Brushes. The substrates having surface
grafted initiators were placed in a Schlenk flask containing CuBr (4.75 mg,
0.033 mmel). bpy (10.5 mg, 0.067 mmol), MPC (0.2 g, 0.67 mmol) in 30 mL
degassed solvent was then added via cannutar under nitrogen atmosphere. The
polymerization was allowed to proceed for a set reaction time (30-180 min) a1
ambient tempemture. The substrates were subjected fo repetilive sonication in
DI water and washed with isopropanal ([PA) and dried under vacuum,

Blood Compatibility Test. Plasma protein adsorption of the substrates
bearing polymer brushes afler exposure to platelet-poor plasma  was
determined using bicinchonic assay kit (QuantiPro™ BCA assay) Scanning
electron microscopy (SEM Model JSM-5800L) was used 1o observe the
morphology of surface-adherent platelets.

Results and Discussion

Formation of Poly(MPC) Brushes. The surface aclive ec-bromoester
initiating system (1) was prepared by 2 reaction of allyl alcohel with 2-
bromoisobutyry! bromide in the presence of triethylamine followed by
hydrosilylation of the resulting alkene terminated ester with dimethylethoxy
silang.** The sc-bromoester derivative (1), was attached 1o silano! groups on
the silicon oxide surlace {Figure 1}. The surface reaction has reached its
completion afier 24h of reaction with a layer thickness of 10 A and a water
contact angle of 8,/8, = 717/62".

5 b )
“ M+ HED=Fnr0—C v
H H, ]

I n
4 3 g o

§i
é —O‘—FIW o—<
i T, Hy
3-{dimethylsilyljpropyl-2-bromaolsobutyrate modified surface (11)
CHy
CuBrlpy | nOH = c/

pAYMPCbngh

Figure 1. Reaction scheme for preparation of poly(MPC) brush

Poly(MPC) brushes were grown from the surface bearing «c-bromoester
group (11} via ATRF mechanism in the presence of CuB3i/bpy using H;0 or
IPA as a reaction media Figure 2 shows the relavonship between poly(MFC)
brush thickness and reaction lime. It was tound that the liyer thickness
increased almost linearly with reaction time. The fact that polymer brushes
grow more rapidly in 3 more palar aqueous media in comparison with a less
polar alcohotic media is in good agreement with the data obtained in solution
as described by Armes and cowerkers® The polar media, especially wates
facilitates the CuBr catalyst solubility and dissociation and thus accelerates the
polymerization The existence of phosphorylcheline groups ol palyv(MPC)
brushes was revealed by the appearance of Ny, and P, 45 outlined in Table 1.
The N/ ratios varying in the mange of 0.7-1.8 reasonably agree with the
stoichiometric ratio of MPC unit Due 10 a partial X-ray damage of bromine
during XPS analysis, the percentage of Bryy is neither quantitalive nor
consisient with the percentages of N,, and Py, The surfaces having polymer



5 {0,/0, ~ 5530 were mere hydrophilic than the surface bearing o:-
ster groups (0a/0x ~ 71/62°) which is ar indication of hydrophilic
ylcholine moicties.

Layer thickness (A)

0 . - .
] 50 160 150 200

Reaction time {min)

fre 2. Ellipsometric thickness of poly(MPC) brushes prepared in H;0 (m),
PA/H;0 (D), and IPA (a).

¢ 1. Elemental Surface Composition (%) as Analyzed by XPS and
. Water Contact Angle Data,

; Cy Oy, Ny, Py 0,84(%
ol surface 4528 27.10 - - £9/49
wocsier surface 41.03 2690 - - 71462

PC) brush (2 b, H,0) 4880 2313 0.81 112 54129
MPC) brush (2h, 50%IPA) 3538 8.1 0.96 0.85 54/32

brush (2 b, IPA) 20.54 3822 0.86 0.47 57/33

independence of water contact angies on the poly(MPC) thickness
ently implied that the growing of each polymer brush is simultancous and

in character. According to AFM analysis, all poly(MPC} brushes having
lickness in the range of 10-50 A are relatively smooth (R, ~ 0.2-0.3 nm).
Blood Compatibilily of Paly{MPC) Brushes, The amount of plasma
un adsorbed on material’s surface is a primary factor in evaluating the
d compatibility of material When a blood-incompatible material 13 in
st with bleod. a surface induced thirombosis is inihated by the adsorption
fasma protein, followed by adhesion and activation of platelets. Figure 3
45 the amount of plasma protein adsorbed oun (he surface bearing -
pester groups in comparison wilh the surfaces carrying poly(MPC)
hes. As anticipated, the adserption of plasma protein was suppressed as a
equence of hydrophilic nature of phosphorylcholing groups of pely(MPC)
fes The complete absence of platelet adhesion of poly{MPC) brushes
{ contacting with human PPP (Figure 4) confirmed the blood compatibility
oly(MPCY brushes. On the other hand, there were a nuinber of platelets
d on the positive controled surface of poly(muthyl methaceylate)
IMA) brushes prepared from (he same a-bromogster surface.
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silane 0.5h Ih 2h

poly(MPC) brushes at various conditions

pre 3. The total amount of protein adsorbed on substrates afler contacting
PP for 3h.

Surface-initiated Polymerization of MPC  from Mixed Tris
¢ hylsiloxy)silylsilanof surface. The extremely sfow kingtic of a
between silanol groups and tris(trimethylsiloxyjchlorosilane allows
ilicient control of the surface density of ris(trimethylsiloxyjsilyl groups

on the surface. [t has been reporied earlier by Fadeev and McCarthy that the
nanopores containing silanol groups were capable of reacting with 2 number
of smaller silane reapents ® Poly{MPC) and PMMA brushes were grown from
mixed ris{rimethylsitoxy jsilylfa-bromoestier surface prepared from mixed 1015
(trimethyisiloxy)silyl/silanel surface. The surface morphologies shown in
Figure 5 suggested that the nano-scale poly{MTPC) brushes can be formed from
the mixed surface in contrast with PMMA brushes.

(b)
Figure 4. SEM micrographes of substrales after contacting with PPP for 1h:
{a) poly{MPC) brushes, (b) PMMA brushes.

o0 200 X0 40 S0
lrel

(a) (b)
Flgure 5. AFM micrographs of (a) poly{MPC) brushes, (b) PMMA brushes
prepared from mixed tris{irimethylsiloxy)silyi/e-bromoester surface

Conclosions

It has been proven that surface-initiated polymerization of poly(2-
methacryloyloxyethyl phosphorylcheline (poly(MPC)) by atom umnsfer
radical process can be successfully uvsed for generating blood compatible
surface. The growth of poly(MPC) biushes can be efticiendy controlled by
reaction time, reaction media The results of protein adsorption and platelet
adhesion implied that the thin layer of poly{MPC) brushes is sulficient to
improve blood compatibility of material surface. The appearance of nanoscale
domain on the AFM micrograph of wis{tnmethylsiloxy)silyl/poly(MPC)
brushes implicd that pely{MPC) brush was disttibuted nanoscopically on the
surface. We anticipate that MPC polymer brushes with well-defined molecular
weight and graft density would allow a better conirol of the blood
compatibility at microscopic or nanoscopic seale of material’s surface. The
correlation between the density of immobilized poly{MPC) brushes with bloed
compatibility is a subject of onpgoing studies and will be later discussed during
the meefing.
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Abstract

The preparation of biocompatible polymer brush was accomplished by surface-initiated atom
transfer radical polymerization (ATRP) of 2-methacryloyloxyethyl phosphorylcholine (MPC) from
surface-tethered oc-bromoester in the presence of CuBr/bpy. Polymerization from surface occured
rapidly at room temperature in aqueous media as opposed to alcoholic media. We found that the
thickness of polymer brushes increased almost linearly with reaction time. The existence of
phospholipid analogous groups on the surface was revealed by X-ray photoelectron spectroscopy
(XPS). As demonstrated by water contact angle measurements, the surfaces having PMPC brush
showed improved hydrophilicity. The blood compatibility of PMPC brushes was evaluated by
protein adsorption and platelet adhesion. The fact that there is such a small amount of protein
adsorption and the platelet adhesion is absent on PMPC brushes supported the assumption that the
polymer brushes are blood-compatible independent of the thickness in the range of 11-50 A.

Keywords: polymer brush, atom transfer radical polymerization (ATRP), phospholipid polymer,
blood compatibility, surface-initiated polymerization

There is growing interest in atom transfer
radical polymerization (ATRP) since it was
discovered in 1995.° The living characteristic
and the compatibility with a variety of
functional monomer render ATRP an
attractive method for surface-initiated

methods is to use polymer brushes. polymerization in producing well-defined
Conventionally, polymer brushes are preparcd polymer brushes. The process allows a better
by adsorption of biock copolymers or by control of target molecular weight and
covalent grafting of end-functionalized molecular weight distribution. The success of
polymer.' The former method suffers fromits ~ ATRP in synthesizing hydrophilic polymers
noncovalent nature leading to the unstable provides an additional advantage over the
attachment. While the latter is not effective traditional  living ionic  polymerization.
due to the fact that grafted polymer chains can Research work conducted by Armes and
sterically shield the remaining active sites on coworkers has demonstrated that the
the surface, resulting in limited graft density polymerization — of some  hydrophilic

Introduction

The control of surface properties is a key
significance to  several commercially
important  technologies  ranging  from
biotechnology to advanced microelectronics.
One of the novel surface modification

and thickness of polymer brushes. Until mOonomers such as
recently an alternative approach of “grafting-
from” method or surface-initiated
polymerization has been introduced.””* Since
the polymer chain growth is generally
promoted from initiators which are attached
to the surface, this approach can provide
higher graft density and stable attachment.

2-hydroxyethyl
methacrylate (HEMA), methoxy-capped oligo
(ethylene glycol)methacrylate (OEGMA), 2-
methacryloyloxyethyl phesphorylcholine
(MPC) can even be performed at ambient
temperature in aqueous or alcoholic media.”®

As inspired by the biomembrane-like
structure, a methacrylate monomer bearing a



polar phospholipid group, 2-methacryloyl
oxyethyl _Phosphorylcholine (MPC) was
developed.” The excellent blood compatibility
of the MPC-containing materials is proven to
originate from the capability to induce self-
assembly of natural phospholipids. Since
hydrophilic MPC homopolymer possesses
infenor mechanical properties, MPC is
generally used in the form of copolymers,
polymer coating and grafting. The issue
related the formation of grafted PMPC with
well-defined structure, molecular weight and
graft density is a subject of considerable
interest and yet to be explored. Here we
propose a way to generate biocompatible
polymer brushes by  surface-initiated
polymerization of MPC using ATRP in both
aqueous and alcoholic media. Blood
compatibility was addressed in terms of
plasma protein adsorption and platelet
adhesion. We anticipate that MPC polymer
brushes with well-defined motecular weight
and graft density would allow a better control
of the blood compatibility at microscopic or
nanoscopic scale of material's surface.

Experimental
Materials and Methods

Toluene anhydrous (99%), phosphate
buffer saline (PBS), bicinchonic assay kit
(QuantiPro™ BCA assay) and protein
standard (Bovine Serum Albumin: BSA) were
obtained from Sigma-Aldrich. 2-
Bromoisobutyryl bromide (98%), 2,2
bipyridyl (99%), copper(I) bromide (99.99%),
dimethoxy ethane, sodium dodecyl sulfate
(SDS) and sodium sulfate anhydrous were
purchased from Fluka. Dimethylethoxysilane
was obtained from Gelest, Japan. 2-
Methacryloyloxyethyl phosphorylcholine
(MPC) was synthesized by a method
previously described.” Ultrapure distilled
water was obtained from Mill-Q Lab system.
Silicon wafer was obtained from Siltron Inc.
Korea. Platelet-poor plasma (PPP) and
platelet-rich plasma (PRP) were obtained
from Thai Red Cross Society. X-ray
photoelectron spectra were collected using
ESCA-200, SCIENTA, Uppsala, Sweden.
Contact angle meter model FACE, Japan was
used for the defermination of water contact
angles. The thickness of polymer brush was

characterized using L11SC WAFER™
ELLIPSOMETER.

Preparation  of Surface
bromoester Initiators

Surface-tethered  oc-bromoester  were
prepared by soaking the cleaned disks in
anhydrous toluene containing 2 mM of 3-
(dimethylethoxysilyl)propyl-2-bromoisobuty-
rate’® under nitrogen for a certain period of
time al ambient temperature, followed by
rnsing in toluene (3x), ethanol (3x), 1:1
ethanol:H,O (2x), DI water (2x), ethano! (2x)
and DI water (3x), respectively and dred
under vacuum.

Graffed o

Preparation of Poly(MPC) Brushes

The substrates having surface grafted
initiators were placed in a Schlenk flask
containing CuBr (4.75 mg, 0.033 mmol), bpy
(10.5 mg, 0.067 mmol), MPC (0.2 g, 0.67
mmol) in 30 ml degassed solvent was then
added wvia cannular under nitrogen
atmosphere. The polymerization was allowed
to proceed for a set reaction time (30-180
min) at ambient temperature. The substrates
were subjected to repetitive sonication in DI
water and washed with IPA and dried under
vacuum,

Blood Compatibility Test

Plasma protein adsorption of the
substrates bearing polymer brushes after
exposure to platelet-poor piasma (Thai Red
Cross Society) was determined using
bicinchonic assay kit (QuantiPro™ BCA
assay). Scanning electron microscopy (SEM
Model JSM-5800L) was used to observe the
morphology of surface-adherent platelets.

Results and Discussion
Formation of PMPC Brushes

The surface active oc-bromoester
initiating system (I) was prepared by a
reaction of  allyl alcohol with 2-
bromoisobutyryl bromide in the presence of
triethylamine followed by hydrosilylation of
the resulting alkene terminated ester with
dimethylethoxy silane.*® The cc-bromoester
derivative (I), was attached to silanol groups
on the silicon oxide surface (Fig. 1). The
surface reaction has reached its completion



The surfaces having polymer brushes (8,/0r ~
55/30°) were more hydrophilic than the

after 24h of reaction with a layer thickness of
10 A and a water contact angle of 6,/8y

=T71°/62°. surface bearing «c-bromoester groups (04/0g ~
i b 71/62°) which is an indication of hydrophilic
T e TN o | ™ phosphorylcholine moieties.
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1™ i 1: ’ T\ Fig. 2 Etlipsometric thickness of PMPC brushes
e~~~ TSR prepared in H;O (1), 50%IPA/H,0 (D), IPA (A).
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poly{M PC} brush SN /1:'?1 ::: ’ Table 1. Elementat surface composition (%) as
° ' analyzed by XPS.
Samples Cu 0, Ny P 9.0l
Fig. 1 Reaction scheme for preparation of PMPC Silano] surface 4528  Z7.10 - - 59/49
brush. a-bromoester surface 41.03 26.90 - - 71462
PMPC brush (2 b, H;0) 4889 2313 081 Lk2 54129
~ PMPC brushes were grown from the  pypcpmsh(2h, s0%Pa}; 3538 2641 096 085 5432
surface bearing oc-hromoester group (II) via PMPC brugh (2 h, iPA) 20.54 38.22 0.86  0.47 57433
ATRP mechanism in the presence of
CuBr/bpy using H,O or IPA as a reaction The growth of PMPC brush can also be

media (Fig. 1). Fig. 2 shows the relationship
between PMPC brush thickness and reaction
time. It was found that the layer thickness
increased almost linearly with reaction time.
The fact that polymer brushes grow more
rapidly in more polar aguecus media in
comparison with less polar alcoholic media is
in good agreement with the data obtained in
solution as described by Ammes and
coworkers.® The polar media, especially water
facilitates the CuBr catalyst solubility and
dissociation and thus accelerates the
polymerization. Such 2 media, however,
deteriorates the livingness of reaction and
may cause premafire termination as can be
evidenced from the thickness of PMPC
reaching its maximum of ~50 A after 3h. The
existence of phosphorylcholine groups of
PMPC brushes was revealed by the
appearance of Ny, and Py, as outlined in Table
1. The N/P ratios varying in the range of 0.7-
1.8 reasonably agree with the stoichiometric
ratio of MPC unit. Due to a partial X-ray
damage of bromine during XPS analysis, the
percentage of Bryy is neither quantitative nor
consistent with the percentages of Ny, and P,

promoted by an introduction of high MPC
concentration. The PMPC thickness increased
with the monomer concentration : PMPC
thicknesses were 16 and 26 A when [MPC] =
0.04 M. and 0.12 M, respectively. The
independence of water contact angles on the
PMPC thickness evidently implied that the
growing of each polymer brush is
simultaneous and living in character.

Blood Compatibility of PMPC Brushes

The amount of plasma protein
adsorbed on material’s surface is a primary
factor in evaluating the blood compatibility of
material. When a blood-incompatible material
is in contact with blood, 2 swface induced
thrombosis is initiated by the adsorption of

ptasma protein, followed by adhesion and

activation of platelets. Fig. 3 shows the
amount of plasma protein adsorbed on the
surface bearing oc-bromoester groups in
comparison with the surfaces carrying PMPC
brushes. As anticipated, the adsorption of



plasma protein was suppressed as a
consequence of hydrophilic nature of
phosphorylcholine groups of PMPC brushes.
The complete absence of platelet adhesion of
PMPC brushes after contacting with human
PRP (Fig. 4) confirmed the blood compatibity
of PMPC brushes. On the other hand, there

§ 1]
o ¢
£E
8 é 6 Eisilanc
g 2 4 oHo
:g g 1 DiPa
™ 2 A
_g
< 0. . y
silane 0.5h
poly{MPC) brushes at various conditions

Fig. 3 The total amount of protein adsorbed on
substrates after contacting with PPP for 3h,

Conclusion

It has been proven that surface-initiated
polymerization by atom transfer radical process
can be successfully used for generating blood
compatible polymer brushes of poly(2-
methacryloyloxyethyl phosphorylcholine
(PMPC). The growth of PMPC brushes can be
efficiently controlled by reaction time, reaction
media as well as monomer concentration. The
results of protein adsorption and platelet
adhesion implied that the extremely thin layer
of PMPC brushes is sufficient to improve blood
compatibility of material surface.
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Abstract: A chelating ion-exchange membrane containing the hydroxamic acid functional group was synthesized from
acrylamide-grafted-polyethylene (PE-g-AAm). The grafted polymer was obtained by Z-stage method. The polymer
surface was first functionalized by decomposition of K,;S,04 and subsequently grafted with acrylamide monomer by
ceric jon lechnigue. The chemical composition at the surface was analyzed by Attenuated Total Reflection Fourier
Transforms infrared Spectroscopy (ATR-FTIR) and ninhydrin method. Surface morphology of the grafied sample was
characterized by Atomic Force Microscopy (AFM). The grafted pelymer was then converted 1o poly(hydroxamic acid)
by reacting with hydroxylamine hydrochloride under eptimum condition. The existence of hydroxamic acid functional
group was confirmed by ATR-FTIR. When the membranes were immersed in V¥ Fe** and Cu®* solutions, it was
found that the membranes turned dark purple, deep brown and blue-green, respectively. The sorption behavior of the
chelating membrane toward metal tons was also studied with UV-Visible spectroscopy. This behavior can not be
observed in original PE and PE-g-AAm.

E0065-SYNTHESIS OF PHOPHORYLCHOLINRE-CONTAINING POLYMER BRUSHES BY NANOPOROUS
SURFACE-INITIATED POLYMERIZATION

Mavuree Srinunthakul', Suda Kiatkamjormwong?, Yasuhiko Iwasaki®, Vipavee P, Hoven'*

'"Program in Petrochemistry and Polymer Science, Faculty of Science, Chulalongkom University, Bangkok 10330,
Thailand 5
"Department of Photoimaging and Printing, Faculty of Science, Chulalongkorn University, Bangkok 103390, Thailand
YInstitute of Biomaterials and Bioengineering, Tokyo Medical and Dental University, Tokya 101-0062, Japan,

*Organic Synthesis Research Unit, Department of Chemistry, Faculty of Science, Chulalengkorn University, Bangkok
10330, Thailand,

E-mail address: vipavee p@chula.ac.th

Abstract: Chemically grafted wis(trimethylsiloxy)silyl (tris(TMS)) monolayer on the silicon oxide substrate was used
as a nanometer-scale template for controlling the graft density of phosphorylcholine-containing polymer brushes.
Polymer brushes were synthesized by surface-initiated polymerization of 2-methacryloyloxyethyl phosphorylcholine
(MPC) from =-bromoester groups tethered to the residual silanol groups on the surface after creating a range of
tris(TMS) coverage via atom transfer radical polymerization (ATRP) using CuBr/bpy 2s a catalytic system. The solvent,
percentage of is{TMS) coverage and polymerization time significantly influenced the thickness and morphslogy of
PMPC brushes. Protrusions observed fram AFM images of PMPC brushes evidently suggested that PMPC brushes
distributed nanoscopically on the substrate. The size of protrusion and surface roughness corresponded quite well with
the graft density of PMPC brushes.

EG067-Effects of Silane Coupling Agent on Natural Rubber Reinforced by Silica Generated in sitn from Sol-Gel
Process of Tetraethoxysilanc in Latex

Mantida Nivompanich', Amarawan Intasiri?, Varawut Tangpasuthadol®®

'"Program of Petrochemistry and Polymer Science, Faculty of Science, Chulalongkorn University, Bangkok, Thziland
10330

*Qrganic Synthesis Research Unit, Department of Chemistry, Faculty of Science, Chulalongkom Universily, Bangkok,
Thailand 10330

E-mail address: varawut.ti@chula.ac.th

Abstract: Sel-gel process of tetracthoxysilane (TEOS) was used to generate silica particles in natural rubber for
preparing reinforeed rubber by adding TEOS directly into concentrated latex. A sulfur-containing coupling agent,
bis(3-triethoxysilylpropytitetrasuifide (TESPT), was added together with TEOS before the sol-gel step. The influences
of the smount of TEQS, TESPT and ammonia on the physical properties of the composite were investigated by a
statistical analysis method, namely "two-level factorial design'. It was found that weasile modulus. tear strength, and
hardness were the most significantly affected by TEOS content. The amount of TESPT affected the physical propertics
somewhat less. But ammonia content showed s negative ¢ffect. In other words, the NR composite with high mechanical
properlies can be obtained when adding a large amount of TEQS and TESPT without adding more ammonia 10 the
latex mixture. In addition, the use of TESPT could reduce sulfur-cure time (L), compared to the composite without the
coupling agent.

EC068-IMMOBILIZATION OF RGD PEPTIDES ON THE SURFACE OF TYROSINE-DERIVED
POLYCARBONATE TO IMPROVE CELLULAR RESPONSE
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SYNTHESIS OF PHOPHORYLCHOLINE-CONTAINING POLYMER BRUSHES BY
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Abstract: Chemically grafied tris(trimethyisiloxy)sily] (tris(TMS)) monolayer on the silicon
oxide substrate was used as a nanometer-scale template for controlling the graft density of
phosphorylcholine-containing polymer brushes. Polymer brushes were synthesized by
surface-initiated polymerization of 2-methacryloyloxyethy] phosphorylcholine (MPC) from
oc-bromoester groups tethered to the residual silanol groups on the surface after creating a
range of tris(TMS) coverage via atom transfer radical potymerization (ATRP) using
CuBr/bpy as a catalytic system. The solvent, percentage of tris(TMS) coverage and
polymerization time significantly influenced the thickness and morphelogy of PMPC brushes.
Protrusions observed from AFM images of PMPC brushes evidently suggested that PMPC
brushes distributed nanoscopically on the substrate. The size of protrusion and surface
roughness corresponded quite well with the graft density of PMPC brushes.

Methodology: Cleaned silicon oxide disks (1.5x1.5 cm?) were covered with anhydrous
toluene  containing  ecthyldiisopropylamine  and  tris(trimethylsiloxy)chlorosilane
(tris(TMS)CI)). Reactions were carried out at 70°C under nitrogen for 1-3 days. After the
disks were isolated, they were rinsed with a series of solvents before dried in an oven at



120°C for 10 min. Surface-tethered oc-bromoester were then prepared by soaking the disks
bearing mixed tris(TMS)/silanol groups (1) in anhydrous toluene containing 3-
(dimethylethoxysilyl)propyl-2-bromoisobutyrate (2) under nitrogen at ambient temperature,
- followed by rinsing in a series of solvents. The substrates having surface grafted initiators (3)
were placed in a Schlenk flask containing CuBr/bpy (1:2 by mole) (dissolved in solvent and
bubbled for 1 h under nitrogen before use), MPC in degassed soivent was then added via
cannula. The polymerization was allowed to proceed for a set reaction time at ambient
temperature under nitrogen atmosphere. The substrates were removed from the solution,
subjected to repetitive sonication in DI water and methanol, and soxhlet extraction with
methanol before dried under vacuum.
PMPC brushes on mixed surface

i 2

_.0

)

>5-tﬂiah(f-‘ﬂn};-0—§—ili]sr T:::o g_}'w~www> |_> - %
) L ) b =
® towm,mzn'tcmh l""E”“’”"E'E"’“L

Sy

_..cg
[ %]

&

MPC manomer OO0 K P 14

Scheme 1 Synthesis of PMPC brushes using tris{TMS) monolayer as a template

Results, Discussion and Conclusion: The extremely stow kinetics of a reaction between
silanol groups and tris(TMS)C! allows an efficient control of tris{TMS) coverage on the
surface. According to Table 1, a higher yield of silanization as a function of reaction time was
confirmed by a higher carbon content from XPS analysis. The thickness of tris(TMS)
monolayer reached its maximum of ~ 20 A after 4 days of reaction. Initially there was a rapid
rise in water contact angle to the value of 60°/43° within 12 h, followed by a gradua! increase
over a period of 1-4 days, indicating that the surface became more hydrophobic as the tris-
TMS coverage was increased. Assuming the contact angle of 108° for the surface having
100% tris(TMS) and 0° for the surface having 100% silanol groups, we can calculate the
percentage of tris(TMS) coverage as shown in Table].

Table 1 Surface propertics of substrates covered with a range of tris{TMS) monolayer

XPS atomic concentration (%6)

Sample {15° take-off angle) tris(TMB) 8,/ Tris(TMS) Monolayer
Si [s) C coverage (%) {degree) Thickness (A}
silicon oxide 40.51 175 2975 0 29/17
tris{TMS)24 h 3366 23.26 43,08 &6 7364 12
tris{ThS} 48 h 3295 2125 45.79 75 8171 15
tris(TMS) 72 h iz 2035 47.32 82 86778 19

As demonstrated in Figure 1, the thickness of PMPC brushes which corresponded with
the density and length of polymer brushes decreased as the percentage of tris(TMS) coverage
increased. Due to the hydrophobicity of tris(TMS) groups surrounding ec-bromoester
initiators, the growth of polymer brush is more favorable in a more surface-wettable solvent,
isopropanol (IPA) in this particular case, than water. As a result, PMPC brushes prepared in
[PA are relatively thicker than those obtained in water. The growth of PMPC brushes from
nanopores can also be tuned by reaction time. Figure 2 shows the thickness and receding
water contact angle of the surface having 82% tris(TMS)/ PMPC brushes as a function of
polymerization time. The longer the reaction proceeds, the thicker the polymer brush and the
more hydrophilic the surface becomes.
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In order to investigate the spatial distribution of PMPC brushes, the mixed
tris(TMS)/silanol surfaces having 82% tris(TMS) coverage were used as nano-scale templates
for surface-initiated polymerization. The graft density of surface-tethered oc-bromoester was
varied as a function of reaction time (1-4 days) between the residual silanol groups in
nanopores with (2). The polymerization was conducted in IPA for Ih. It was found that the
cleancd silicon oxide substrate and PMPC brushes (without tris{(I'MS)) were almost
featurcless and refatively smooth. On the contrary, the surfaces having varied graft density of
PMPC brushes exhibited protrusions having a diameter less than 100 nm. The size of
protrusion was in good agreement with the average roughness (R,). The protrusions are
believed to represent self-aggregation of PMPC brushes in nanopores. Interestingly, the
surfaces whose nanopores were almost completely covered with PMPC brushes (3-4 days)
became quite smooth and the protrusions simultaneously diminished. Such behavior might
stem from the fact that PMPC brushes were dense enough to be able to fill the nanopores and
to eiiminate the valley-and-hill features on the surface. This study has demonstrated that
PMPC brushes having well-defined graft density can be generated using tris(TMS) monolayer
as a nano-scale template. This would allow a better control of the property at microscopic or
nanoscopic level of material’s surface.

silicon oxide PMPC 1 day 2 days 3 days 4 days
Ra=0.2006 Ra=10.1783 Ra = 0.4660 Ra=0.9279 Ra=0.2487 Ra=0,1298

Figure 3 AFM images of PMPC brushes grown in IPA for 1h from the surface having 82% tris{TMS) coverage
and a range of «c-bromocster coverage which is varied as a function of reaction time: (1-4 days).
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