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Fig. 3. GPC charts of a starting chemical, Az-8-yAB (a), AWP
product after 3-h reaction (b), and after 24-h reaction (c).
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Fig. 4. UV spectra of Az-8-yAB, polyvinylalcohol, and AWP.
3.2. Polymer coating

AWP was spin-coated onto the glass plate. Fig. 5
shows the relationship between spinning velocity and the
thickness of coated layer. The thickness decreased with
an increase in the rotational velocity. In addition, the
thickness depended on the concentration of AWP.
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Fig. 5. Relationship between spinning velocity and thickness of
formed layer. AWP concentration was 6.5wt% (A), 5.5wt% (@),
and 3.0wt% (O).
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Fig. 6. Relationship between irradiation dose and amount of formed
layer. The thickness was 1 pm.

Fig. 6 shows the relationship between the irradiation
power and the thickness of the formed layer. The result
demonstrated that AWP could be stably immobilized by
the photo-irradiation.

3.3. Cell adhesion on the microarrayed surface

Fig. 7 shows the adhesion of HepG2 cells onto some
protein-immobilized areas. On the glass surface, the cells
adhered independently of immobilized or non-immobi-
lized regions. However, on the AWP-coated glass
surface cell adherence was dependent on the micro-
arrayed proteins and the surface concentration. The
background surface, which corresponded to the non-
immobilized regions, did not allow adhesion of the
HepG2 cell. Even after 3d of culture, there was very
little non-specific cellular adhesion. The difference
between background and immobilized regions was
enhanced with increased incubation time. The micro-
array on the AWP-coated glass plate showed that
HepG?2 cells did not adhere to the BSA-spotted surface,
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Fig. 7. Micrograph of HepG2 on bovine serum albumin (BSA), collagen, and fibronectin-spotted AWP-coated glass plate (a and b) or glass plate (¢
and d). The cells were incubated for 2h (a and ¢) or 3d (b and d) before washing.

Table 1
Cell adhesion on surfaces

BSA Collagen Fibronectin
HepG2 — + +
COS-7 — + + +
STO — + 4+
Raw264 + — +

Dot array results are expressed as level of cell binding to each protein
dot: () low, (+) moderate, and (+ +) high.

regardless of protein concentration. However, the
HepG?2 cells did adhere to the collagen-spotted surface,
and the adherence was independent of the collagen
surface concentration. HepG2 celis also adhered to the
fibronectin-spotted surface, in a surface concentration
dependent manner.

Table 1 shows the adhesion of COS-7, STO, and
Raw264 cells on the microarrayed surface. COS-7 and
STO cells adhered to the collagen- or fibronectin-
immobilized regions in an immobilized amount depen-
dent manner, but not to albumin-immobilized regions.
On the other hand, Raw264 cells adhered to the
albumin-immobilized regions more than the other cells
and to the fibronectin-immobilized regions less than the
other cells. Previously, we reported that Raw264 cells
tended to adhere to various surfaces independent of the
immobilized proteins because of their macrophage-like
properties. Raw264 cells adhered to both albumin- and
fibronectin-immobilized surfaces [27]. However, the
present study demonstrated that the cells did not adhere
to the collagen-immobilized surface. Protein dependence
was also observed in the cells by increasing the number
of arrayed proteins.

The present study demonstrated that a microarray
can be conveniently and stably made by using a photo-
reactive polymer and that cellular adhesion can be
assayed using different concentrations of the micro-
arrayed proteins. The non-adhesive polymer enhanced
the difference between the background and protein-
immobilized regions. Considering the potential of

photo-immobilization, the photo-reactive polymer ma-
trix will provide a universal method to prepare micro-
arrays of various substances. In addition, the new non-
cell adhesive non-ionic polymer, AWP, will be useful not
only for microarray chips, but also in procedures
requiring reduced interaction with biocomponents.

4. Conclusions

In the present study a new photo-reactive polymer,
polyvinylalcohol modified with phenylazido groups, was
synthesized and used as a microarray matrix. The
polymer was spin-coated onto glass plates and aqueous
solutions of proteins were micro-spotted and fixed by
photo-irradiation. Non-specific adhesion of cells onto
non-protein-spotted regions was reduced by using this
polymer as a coating material, and the adhesion
dependence of cells on the type of immobilized protein
was clearly characterized. This type of microarray will
be useful for cell-based diagnostics and for the selection -
of biomaterials that can regulate cell behavior.
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Abstract

A photo-reactive polymer having a phospholipid polar group was prepared, and the polymer was photo-immobilized on
polymeric surfaces, where its interactions with biocomponents were investigated. By using a photo-immobilization method, the
polymer was used for surface modification of polyethylene and polypropylene, polymers whose surfaces were not treated in our
previous development of the phosphorylcholine-derived polymer. The photo-reactive polymer was synthesized by a coupling
reaction involving copolymer consisting of 2-methacryloyloxyethyl phosphorylcholine and methacrylic acid with 4-azidoaniline.
When the polymer was unpattern immobilized on the surface, X-ray photo-electron spectroscopic analysis and static contact angle
measurements were performed. It was shown that the surface was covered with phospholipid polar groups. Micropattern
immobilization was carried out using a micropatterned photo-mask. Measurements using atomic force microscopy showed that the
swelled micropatterned polymer was five times as thick as the dried one. Protein adsorption and platelet adhesion were reduced on
the polymer-immobilized regions. Mammalian cells did not adhere, and formed aggregates on the immobilized regions. In
conclusion, the photo-reactive phospholipid polymer was covalently immobilized on the conventiona! polymer surfaces and it

tended to reduce interactions with proteins and cells.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Photo-immobilization; Phospholipid pol'ymer; Surface modification; Protein adsorption; Cell adhesion

1. Introduction

Lipid membranes are used as biomimetic systems, and
are expected to become a key component of novel
biomolecular materials [1-14]. In particular, lipid bilayer
membranes on solid supports have been the subject of
numerous publications [1-11]. The membranes prepared
on various solids by optimized variations of the
available deposition chemistries have been shown to
accommodate a variety of proteins and enzymes in
controlled orientations and in active conformations. The
supported lipid bilayer is considered to mimic the native
environment of membrane-associated biomolecules.
These membranes are also promising surfaces for

*Corresponding author. Tel.: + 81-44-819-2044; fax: +81-44-819-
2039.
E-mail address: y-ito@ksp.or.jp (Y. Ito).

0142-9612/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2004.04.047

developing new biosensors and coating materials that
resist non-specific interactions with proteins and cells.

The lipid head group of phosphorylcholine, a
zwitterion, is a common group in the lipid molecules
that form biological membranes, and is considered to
play an important role as a surface material for
biomedical devices by reducing interaction with proteins -
and cells. As a biomimetic polymer, 2-methacryloyloxy-
ethyl phosphorylcholine (MPC)-containing polymer was
synthesized by the group of Ishihara and Nakabayashi
[15,16]. The polymer shows non-thrombogenicity, that
is, suppression of non-specific protein adsorption,
platelet adhesion, activation, and aggregation when the
polymer contacted whole blood, even in_ the absence of
anticoagulants.

Recently, some types of MPC-containing copolymers
bave been synthesized for coating [17] and covalent
immobilization was achieved [18-20]. However, the
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covalent immobilization was limited to specialized
surfaces. Therefore, in the present investigation,
photo-immobilization was employed for covalent im-
mobilization of the polymer on a broader variety of
surfaces.

In addition, although many synthetic polymers have
been devised to improve surface reducing interaction
with proteins or cells, it is difficult to directly compare
the surface properties of different polymers under
precisely the same conditions. Therefore, a micropat-
terning method has been devised for lipids and polymers
[21-23], and the method has proved useful for compar-
ing the interaction of polymers with proteins and cells
[24-26]. We modified the method of Matsuda and
Sugawara [27], and have applied this method to some
growth factors [28-30], sulfated hyaluronic acid [31],
heparin [32], and thermo-responsive polymer [33]. In the
present study, micropatterning of MPC polymer was
performed, and the interactions with proteins and cells
were investigated.

2. Materials and methods
2.1. Synthesis of photo-reactive MPC polymer

The polymer synthesis is illustrated in Fig. 1. MPC
copolymer consisting of MPC (90mol%) and
methacrylic acid (10mol%) was obtained from NOF
Co. Ltd. (Tokyo, Japan), and is referred to as PMAc.
The molecular weight of PMAc, as measured by gel
permeation chromatography, was 2.2 x 10°. Modifica-
tion of PMAc was performed as follows: 4-azidoaniline
(12.44mg) and water-soluble carbodiimide (17.47mg)
were dissolved in 2ml of PMAc solution (5wt%) and
98 ml of water was added to the solution. The solution
was left to stand for 24 h. After the reaction, the product
was dialyzed with dialysis cassette (PIERCE, Rockford,
IL) until no further release of azidoaniline through the

CH, CH,

[ i
— (O CH= Oy 4+ EN N,

O(CH);0PO(CH),N'(CH),  OH

(o}
. m o
— (B0 (CH~ cl; T CH O
Water-soluble — . = =
carbodiimide (,3_0 (,) ?‘O ? °
_— O(CH,),0PO(CH,),N*(CH,);  OH NH
pH=7.0, 4°C, 24 1 5 @
N3

Fig. 1. Synthetic scheme for photo-reactive phosphorylcholine-con-
taining polymer.

cassette was confirmed by ultraviolet (UV) absorption.
The resultant solution was freeze-dried. The azidophe-
nyl-derivatized PMAc is referred to as Az-PMAc.
Elemental analysis indicated that the amount of
azidophenyl group in Az-PMAc was 6%.

2.2. Micropatterning

The micropatterning method is illustrated in Fig. 2.
An aqueous solution of Az-PMAc (1 wt%) was cast on
polyethylene and polypropylene plates (diameter
22 mm), which were purchased from Sarstedt (Newton,
NC) and from Nikkyo Technos Co. Ltd. (Tokyo,
Japan), respectively, and air-dried at room temperature.
Subsequently, the plate was covered with a photo-mask,
which was manufactured by Toppan Printing Co. Ltd.
(Tokyo, Japan) and was UV-irradiated with a UV lamp
(UV Spot Light Source L5662, Hamamatsu Photonics,
Hamamatsu, Japan) from a distance of 5cm for 10s
(16mW/cm?). When an unpaftterned surface was pre-
pared, the photo-mask was not employed. The plate was
then repeatedly washed with distilled water.

2.3. Measurement of contact angle

The unpatterned sample was placed on the holder of a
CA-W Automatic Contact Angle Meter (Kyowa Inter-
face Science Co. Ltd., Saitama, Japan) and a drop of
water (0.4 pl) was put on the sample surface. The contact
angle of the drop on the surface was measured at room
temperature. At least 10 contact angles on different
areas were measured and averaged.

2.4. Measurement by X-ray photo-electron spectroscopy
(XPS)

The unpatterned sample was inserted in the holder of
an XPS, AXIS-HSi (Shimadzu/Kratos, Kyoto, Japan).
After evacuation, the measurement was carried out
under 3 x 107 Torr. The X-ray source was CukK,, the
applied voltage was 12kV, and the electric current was

Agqueous solution of

Polyethylene
Az-PMAc [ I or
‘ Drying Polypropylene
[ ]
} UV irradiation
22222222227"
[E_Sm_wm_im wn mw -~—Photomask

Immobilized Az-PMAc L ]
' Washing

F e S e W o S e |

[

Fig. 2. Schematic illustration of micropatterning procedure.
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10mA. The take-off angle of the photo-electrons was

90°.
2.5. Measurement by atomic force microscopy (AFM)

The measurement was performed using an SPI-3800
(Seiko Instruments Inc., Chiba, Japan). The micropat-
terned sameplywas dried in vacuo for 1 day at room
temperature and was set in a cell holder into which
water could be injected. After observation of the dry
sample, distilled water was injected into the sample cell
and the same position was observed. The measurement
was performed using the tapping mode with a nominal
force constant of 0.09 N/m.

2.6. Interaction with proteins

Fluorescein isothiocyanate (FITC)-labeled bovine
serum albumin and FITC-labeled immunoglobulin were
purchased from Sigma (St. Louis, MO). FITC-labeled
fibrinogen was prepared as follows: a phosphate-
buffered solution (PBS; 25ml) containing human
fibrinogen (500pug) was added dropwise to a PBS
(25ml, pH 8.0) containing FITC (12.5pg) and the pH
of the mixture was adjusted to 9.0. The mixture was
stirred at room temperature for 2h. The resulting
solution was dialyzed against double-distilled water
using a Millipore dialysis tube (cut-off less than
10000) at 4°C until the release of FITC became
undetectable by fluorescence spectroscopy. Finally, the
purified protein was lyophilized. All procedures were
carried out in darkness.

The protein adsorption experiment was performed as
follows: the sample plates were incubated in PBS
containing the FITC-labeled albumin (10mg/ml),
FITC-labeled immunoglobulin (2 mg/ml), or the FITC-
labeled fibrinogen (10 mg/ml) at 37°C for 10 min. After
being washed with PBS, the sample was observed by
fluorescence microscopy.

2.7. Interaction with platelets

Human whole blood was collected from healthy
volunteers in a disposable syringe containing 3ml of
aqueous solution of 3.8wt% sodium citrate. The
citrated whole blood was immediately centrifuged for
15min at 1200rpm to obtain citrated platelet-rich
plasma (PRP). The micropatterned sample plates were
placed in contact with PRP and left for 60 min at 37°C.
The PRP was removed with an aspirator, and the
membrane was rinsed three times with PBS. Subse-
quently, 2.5vol% glutaraldehyde in PBS was poured
into each well containing the sample plates, and the
samples were stored at room temperature for 2h in
order to fix the blood components on the sample plate.
After it had been rinsed sufficiently with distilled water,

the samples were freeze-dried. The surface of the sample
plate was observed with a scanning electron microscope
(SEM) after gold-sputtering treatment.

2.8 Cell culture

" RAW264 (originating from leukemic mouse mono-
cytes) cells were purchased from Riken Cell Bank
(Tsukuba, Japan) and were cultured in minimum
essential medium (Sigma, St. Louis, MO) with 10%
fetal bovine serum and 1% non-essential amino acids
(Invitrogen Life Technologies, Carlsbad, CA). The
recovered cells were washed with the culture medium
and suspended in each medium containing no serum
(3 x 10° cells per 60 mm-diameter culture dish). The cell
suspension was added to the sample plate, which was
sterilized with 70% ethanol. The cells were incubated at
37°C under 5% v/v of CO, and were observed by a
phase-contrast microscope equipped with a video
camera.

3. Results and discussion
3.1. Synthesis of photo-reactive MPC polymer

The UV and fluorescence spectra of Az-PMAc are
shown in Fig. 3. In the UV spectrum of the photo-
reactive polymer, an absorption at 269 nm, which is
assignable to the azidophenyl group, was observed.

Az-PMAc
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Fig. 3. UV (a) and fluorescence (b) spectra of azidoaniline, PMAc, and
Az-PMAc.
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Fig. 3a indicates that the absorption was slightly red
shifted from the corresponding absorption of 4-azidoa-
niline, and Fig. 3b shows that the fluorescence was red
shifted. These shifts may be due to electron delocaliza-
tion of the azidophenyl group caused by amide bond
formation. In previous studies, the peaks of photo-
reactive hyaluronic acid and photo-reactive heparin
were also red shifted from 4-azidoaniline [35,37].

3.2. Photo-immobilization

The Az-PMAc was coated on the plates and the
coated surface was UV-irradiated with a photo-mask
(Fig. 4). The surface pattern was the same as that of the
photo-mask. The micropatterned surface was observed
by phase-contrast microscopy (Fig. 4b) and by fluores-
cence microscopy (Fig. 4c). It is known that azido
groups are decomposed by UV irradiation, and nitrene
groups, which are highly reactive radical groups, are
produced. The cast Az-PMAc formed molecular net-
works as a result of the produced radical groups. In
addition, a micropatterned surface was formed both on
polyethylene (Fig. 4¢) and polypropylene (Fig. 4d)
plates. The present result demonstrates that photo-

00pm

100um

) T 4

© Az-PMAc

immobilization is useful for covalent immobilization of
MPC on various materials.

Previously, Prucker et al. [34] reported photo-chemi-
cal attachment of polymer films to solid surfaces via
benzophenone derivatives. In their case, the amount of
immobilized polymer on the surface reached saturation
after about 10—20min, when the light intensity was
100 mW/cm?. In the present study, 10's were enough for
preparation of micropatterned immobilization, although
the intensity was 16 mW/cm?®. Although the strength of
binding of immobilized polymer to the surface has not
been investigated, it was demonstrated that 10s was
enough for washing out of non-bound polymers.

The unpatterned PMAc surface on the polyethylene
plate was made by UV-irradiation without a photo-
mask. XPS measurement of the unpatterned surface
demonstrated that the surface was covered with
phospholipid polar groups (Fig. 5). In addition to the
XPS spectrum of the previously reported MPC polymer
coating surface [35,36], a new peak that was ascribed to
the amide bond formed by reaction between PMAc and
azidoaniline was found at 398 eV.

The water contact angle was measured on the
unpatterned surface (Fig. 6). The contact angle on the

—
100

100um

(@) Az-PMAc

Fig. 4. Phase-contrast micrographs of photo-mask (a); and micropatterned surface of the polyethylene plate (b); fluorescence micrographs of
micropatterned surface of the polyethylene plate (c); and of the polypropylene plate (d).
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Fig. 5. XPS spectra of the Az-PMAc immobilized polyethylene
surface.
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Fig. 6. Time course of static contact angle of water on the Az-PMAc-
immobilized and non-immobilized polyethylene surface.

PMAc-immobilized surface rapidly decreased with time,
although that on the polyethylene surface did not. It was
demonstrated that a hydrophilic surface was formed by
immobilization of the PMAc.

The surface was observed by AFM, as shown in Fig.
7. In the dried state, the thickness was about 800 nm.
However, the PMAc layer rapidly swelled in-water to a
thickness of about 4000nm. The hydrogel state of
PMACc was formed after soaking for 10min in water.
Fig. 8 shows the force curves of the micropatterned
surface. On the surface of bare polyethylene (2, 4, 6, 8,
10), the force abruptly increased with decreasing
distance between the cantilever and the surface. On the
other hand, on the Az-PMAc-immobilized region (1, 3,

10 min in water

60 min in water

4x10°[nm]
4x10%(nm]

0

[pam Cpm)

Fig. 7. AFM images of the Az-PMAc-micropatterned surface. The
dried sample was measured and then incubated in water for different
periods.

5, 7, 9) the force did not increase so abruptly with the
decrease of distance. These results demonstrated that the
Az-PMAc surface was so soft that force was not
significantly produced on the surface.

3.3. Interaction with biological components

The sample plate was immersed in the protein
solutions, and the protein-adsorbed sample was ob-
served by fluorescence microscopy (Fig. 9). Albumin,
immunoglobulin, and fibrinogen predominantly ad-
sorbed onto the non-immobilized surface. The fluores-
cence intensity of adsorbed proteins is significantly
higher than that of Az-PMAc alone. Previously, we
reported that an MPC-adsorbed surface inhibited
adsorption of proteins [37,38]. The present study
confirmed the previous reports.

Human blood platelet adhesion onto the micropat-
terned surface was observed by SEM. The number of
platelets on the PMAc-immobilized regions (0.344-0.02) x
10% cell/um? was significantly less than that on the
non-immobilized regions (1.13+0.12) x 10° cell/um?. The
non-adhesiveness of MPC polymer has been reported
previously [38]. The present study critically demonstrated
this property.

The time course of behavior of RAW264 on the
micropatterned surface is shown in Fig. 10. When the
cells were added to the surface, they randomly
distributed independent of the immobilized material.
However, after Smin, they began to aggregate on the
Az-PMAc-immobilized surface; the cellular aggregates
increased in size with time and eventually fioated. On the
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Fig. 8. Contact points of the cantilever with surfaces and the force curve between the cantilever and surfaces. The numbers represent the contact
points of the cantilever. Points 1, 3, 5, 7, and 9 were on the Az-PMAc-immobilized surface and points 2, 4, 6, 8, and 10 on the bare polyethylene

surface.
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Fibrinogen

Fig. 9. Fluorescence micrographs of proteins (albumin, immunoglobulin, and fibrinogen) adsorbed onto the Az-PMAc-micropatterned polyethylene
surface. The wavelengths of excitation and emission were 470120 and 5254 25 nm, respectively.

non-immobilized region the cells adhered and spread on
the surface. The floated aggregates on the Az-PMAc-
immobilized region were completely removed by mild
shaking. It is known that RAW264 shows macrophage-
like properties and tends to adhere to various materials
[39]. It was demonstrated that PMAc inhibited the
adhesion of even very adhesive cells.

The present study demonstrated photo-immobiliza-
tion of a phospholipid polymer and visualized the
interactions with biocomponents such as proteins,
platelets, and cells. The photo-immobilization technique
is useful for surface modification and the phospholipid
polymer significantly reduced the interactions with
proteins and cells.
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phase-contrast microscopy with a video camera.
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In vitro expansion of stem cells
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The safe and rapid expansion of human stem cells is very important for realization of
regenerative medicine. So far, various types of cell culture have been developed, and this
technology has led to dramatic progress in life science through the use of sera or feeder cells
derived from animals. However, to avoid contamination with pathogens, animal-derived materials
should not be used in the culture medium when human stem cells are cultured for medical
therapy. Therefore, development of completely artificial cell culture systems that do not
require animal-derived materials is needed. First to increase the number of hematopoietic
stem cells (HSCs) in cord blood, we cultured HSCs with native or immobilized human
stromal cells that had been immortalized by gene transfection. In addition, biosignal mole-
cules, including cytokines and membrane proteins, were immobilized for the HSC culture. Sec-
ondly it was found that human placenta feeder layers can support undifferentiated growth

of primate embryonic stem cells.
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