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Figure 1. Preparation of surface gradient by photodegradation. (a) Surface treatment of glass plates by a silane coupling reaction.
(b) Excitation of the surface molecules by VUV irradiation and oxygen molecules cleaved by the VUV.
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Figure 2. The photoirradiation apparatus used to prepare gradient surface. (a) A general view of the excimer device and (b) preparation
of a gradient surface on an ODS-SAM surface using a VUV excimer device. A drop of water moved from the hydrophobic to the hydrophilic
surface. The hydrophobicity and hydrophilicity of the SAM surface is shown by the gray and white colors. .

silane self-assembled monolayers (SAMs) and collagen using
vacuum ultraviolet light (VUV), which has wavelengths shorter
than 200 nm. They showed that SAMs were effectively
decomposed under VUV irradiation at 172 nm through a
photomask.

In this work, for the first time, we have prepared a gradient
surface using photodegradation. Considering that the photodeg-
radation technique can be applied to various surfaces, and to
lithographic studies, this technique will be useful to various

applications. In addition, it was possible to reproducibly prepare
well-defined gradient surfaces. Here, the movement of a water
drop on different gradient surfaces was investigated.

2. Materials and Methods

2.1. Materials. The N,N-dimethylformamide (DMF) and dehy-
drated toluene used were purchased from Wako Pure Chemicals
Ltd. (Osaka, Japan). The dicyclohexylcarbodiimide (DCC) used was
purchased from Tokyo Kasei Co. (Tokyo, Japan). The n-octade-
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Movement of a Water Droplet on a Gradient Surface
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Figure3. Water contact angle measurements. (a) Static water contact
angles under different irradiation light intensities: open circle, 3.3
mW/cm?; closed triangle, 1.2 mW/cm?; and open square, 0.6 mW/
cm?. (b) The distance-dependent water contact angle is calculated
using data from Figure 3a. The irradiation energy and slide movement
rate were (A) 3.3 mW/cm? and 0.05 mm/s, (B) 3.3 mW/cm? and
'0.0625 mmy/s, (C) 1.2 mW/cm? and 0.05 mm/s, (D) 3.3 mW/cm? and
0.075 mmy/s, (E) 1.2 mW/cm? and 0.0625 mmys, and (F) 3.3 mW/
cm? and 0.1 mm/s.

cyltrimethoxysilane [ODS, CH;(CH,),;Si(OCH;);] used was pur-
chased from the Shin-Etsu Chemical Co. Ltd. (Tokyo, Japan). The
fluoresceinamine isomer I (FA) used was purchased from Kanto
Kagaku Chemicals (Tokyo, Japan). The microcover glass plates
(area = 18 x 18 mm?, thickness = 0.25—0.35 mm) used were
purchased from Matsunami Glass Co. Ltd. (Osaka, Japan).

2.2. Surface Treatment with ODS. The surfaces of the glass
plates were treated as shown in Figure 1. First, the surfaces were
photochemically cleaned using an excimer VUV lamp (A= 172 nm,
power = 10 mW/cm?, Ushio Electric, Model UER20-172V, Tokyo,
Japan) for a period of 10 min before forming an alkylsilane SAM
on the surface. The VUV treatment was applied to decompose any
organic molecules that may have contaminated the surface. The
complete removal of any organic material was confirmed by the
observed decrease in the water contact angle, with the value of 8
~ 0° being indicative of a fully hydrophilic surface.

The cleaned plates were placed in-a flask containing 40 mL of
n-octadecyltrimethoxysilane (10 mM ODS in dehydrated toluene).
The coupling reaction was carried out at 80 °C for a period of 5 h.
The hydrophobilized plates were then rinsed in fresh toluene followed
by drying in a clean vacuum oven at 80 °C for a period of 4 h.

2.3. Gradient Surface by the Photoirradiation Method. The
ODS-SAM covered glass plate was irradiated using VUV light with
wavelength = 172 nm through a photomask using an apparatus that
was specifically developed for this study, as shown in Figure 2a.
The operational mechanism is illustrated in Figure 2b. An excimer
lamp (power = 10 mW/cm?, Ushio Electric, UER20-172V, Tokyo,
Japan) was used as the light source. The photomask consisted of a
2-mm-thick quartz glass plate with 93% transparency at 172 nm and
a 0.1-um thick chromium. The distance between the lamp and the
photomask was 1 mm. The distance between the mask and sample
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was 1.5 mm. The light irradiation was conducted in air. The total
light intensity was controlled using mesh filters, and the intensity
at the surface was estimated using a photometer (Ushio Electric,
Unimeter UIT-150). The gradient surface was prepared by moving
a sample stage at a controlled velocity of 50— 100 gm/s.

2.4. FA Labeling Method. The pattern and gradient surfaces
were labeled with FA. To enhance the nucleophilic attack by amino
group FA, DCC was used for the coupling reaction of amines with
carboxyl groups by converting the carboxylate groups into activated
esters. If the aldehyde groups were on the surface, they were
considered to react with FA without such activation. First, DCC
(95.04 mg) was dissolved in DMF (4 mL) and the sample plates
were then soaked in this solution and were incubated for a period
of 2 h atroom temperature. Subsequently, a freshly prepared solution
of FA (79.99 mg) in DMF (4 mL) was added. The reaction was
carried out in darkness at room temperature for a period of 12 h.
Then, the FA-labeled plates were washed thoroughly with DMF and
were observed using a fluorescence microscope (Model T 01359,
Carl Zeiss, Tokyo, Japan).

2.5. Water Contact Angle Measurements. The static water
contact angles of the sample surfaces were measured at 25 °C in air
using a contact angle meter (Kyowa Interface Science Co, Tokyo,
Japan) on the basis of the sessile drop method. All of the contact
angles were determined by averaging values measured at nine
different points on each sample surface. The water contact angle
error was about +1°. For the contact angle measurements, a
nonpatterned quartz glass plate was placed on the sample to ensure
full irradiation of the sample and to investigate the surface states of
the irradiated sample.

2.6. Measurement of the Movement of a Water Drop. The
movement of a drop of water was measured using the same technique
as reported in a previous paper.“® A 2-uL water droplet was carefully
placed on a sample plate. Sequential photographs of the sliding
action of the water droplet on the surface were taken at 4—5 ms
intervals using a high-speed digital camera system (Model 512 PCI,
Photon Ltd., Tokyo, Japan). The sliding acceleration was estimated
by measuring the sliding distance of the front or rear edge of the
contact line between the droplet and sample surface from its initial
starting point (Dipp Macro, Direct Co. Ltd., Tokyo, Japan).

3. Results and Discussion

3.1. Water Contact Angle Measurements. The surface
hydrophilicity of ODS-SAM covered glass was estimated from
water contact angle measurements (Figure 3). The water contact
angle decreased with VUV irradiation time and also with VUV
light intensity. Figure 3a shows that the water contact angle
decreased monotonically with increasing irradiation time. This
result also indicates that the gradient can be controlled by
regulation of the irradiation time and light intensity.

Figure 3b shows the variation in contact angle versus distance,
which was calculated from the data in Figure 3a by assuming
that the irradiation time corresponds to the velocity of the moving
stage. The surface exhibited a gradient in hydrophobicity as the
water contact angle changed from 100° to about 25° over a
distance of 6 mm.

3.2. Fluorescence Microscopy of the Pattern and Gradient
Surface. The formation of a gradient on the ODS-SAM surface
was confirmed using the FA labeling method. There have been
a few reports on photochemical reactions involving chlorom-
ethylphenylsilane SAMs and COOH-terminated SAMs.3738 In
these cases, the —CH,Cl groups absorbed UV light and
subsequently oxidized on reacting with oxygen. On the other
hand, in the case of VUV degradation of ODS-SAMs, the VUV
light dissociatively excites chemical bonds, for example, C—C,
C—H, and C—Si bonds, to form radicals,* as in the case where

(40) Sakai, M.; Song, J.-H.; Yoshida, N.; Suzuki, S.;Kameshima, Y.; Nakajima,
A. Langmuir 2006, 22, 4906—4909.
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Figure 4. (a) Fluorescence microscopy of a pattern surface and (b) a gradient surface. The surface was labeled with 5-aminofluorescein
(FA-NH,), which targeted the VUV irradiated regions on the surface. Luminance = 1 mW/cm? and exposure time = 20 s.
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Figure 5. The movement of a water drop and its related equation.
Water drop size = 2 uL.

soft X-ray irradiation is used.*? These radicals can react further
with oxygen and water molecules in the atmosphere. Furthermore,
the VUV light is simultaneously absorbed with oxygen molecules
and generates atomic oxygen species.*? Since these activated

(41) Hollander, A.; Kelmberg-Sapieha, J. E.; Wertheimer, M. R. Macromol-
ecules 1994, 27, 2893—2895.
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Figure 6. (a) Position of a droplet with nominal volume = 2 uL.
plotted against the transverse time, on a surface prepared such that
trradiation energy and slide movement rate were 1.2 mW/cm? and
0.05 mmy/s, respectively. The velocity of the water droplet was
determined by the sharpest slope. (b) Time dependence of the
differential of a.

oxygen atoms have a strong oxidative reactivity, the organic
radicals formed from the direct VUV excitation of ODS-SAMs

‘can react with the activated oxygen atoms to form —COOH

groups. When the VUV irradiation is prolonged further, the ODS-

(42) Kim, T.K,; Yang, X. M.; Peters,R.D.; Sohn, B. H.; Nealey, P.F.J. Phys.
Chem. B 2000, 104, 7403—7410.

(43) Inoue, K.; Michimori, M.; Okuyama, M.; Hamakawa, Y. Jpn. J. Appl.
Phys. 1987, 26, 805—811.
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Figure 8. The time course of the movement of a water droplet on
the surface (line A in Figure 3b).

SAM finally converts to form volatile species, such as H,0, CO,
and COy, and accordingly are removed from the substrate. In the
VUV irradiation in our work, oxygen molecules were easily
photolyzed to generate highly reactive oxygen radicals. COOH
groups were considered to appear by the reaction of oxygen and
carbon radicals with the formation of peroxy-radicals that react
further with water.

Therefore, the photodegraded surfaces were considered to be
labeled with FA-NH,, while the masked areas (the alkyl chain
of the ODS) did not react with the FA. Figure 4 shows fluorescence
micrographs of the surfaces with, and without, moving the
photomask. In Figure 4a, the bright and dark regions in the images
correspond to the photoirradiated and masked areas, respectively.
On the other hand, with the photomask moving, a gradient surface
was generated, as shown in Figure 4b.

3.3. Observations of the Movement of Water Drops. When
a 2-uL water droplet was placed in the gradient region (i.e., at
the hydrophobic region), it moved from the hydrophobic to the
hydrophilic region by spreading out. To evaluate the movement
of a water drop under different conditions, the speed of the water
drop was measured as illustrated in Figure 5. The movement of
the water droplet as a function of its position is shown in Figure
6. The velocity of the water droplet varied across the gradient
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Figure9. The relationship between the advancing contact angle of
a water droplet at the position where it began to move (the hydrophilic
ratio deduced from Cassie and Baxtor’s equation) and the surface
gradient. A—F correspond. to the data in Figure 3b.

surface under different conditions, with an average speed of
0.5—6 mm/s, as shown in Figure 7.

The movement of the water droplet is reported to be caused
by a contact angle hysteresis resulting from the surface gradient.
Figure 8 shows the difference in the advancing and receding
contact angles of a moving droplet. Recently, Moumen et al.!!
have analyzed the velocity using “sharp” and “gentle” gradient
surfaces, according to a model they developed.®

In our work, we added a new factor, which is based on
percolation theory. The possibility of water spreading by
percolation of the hydrophilic region was proposed after a study
on the photoinduced wettability conversion of TiO; polycrystalline
thin films.** The polycrystalline TiO, thin film was composed
of grains without specific orientation. Therefore, it was reasonable
to assume that the hydrophilic conversion rate of each grain in
the film was different. A proper UV illumination time induced
the surface composed of hydrophilic grains where wettability
conversion was fast and of hydrophobic grains where wettability
conversion was slow.*> When both hydrophilic and hydrophobic
regions were within a certain ratio, the amphiphilicity of anatase
polycrystalline films was attained, probably because of the
connection of each region (between hydrophilic and hydrophilic
regions or hydrophobic and hydrophobic regions) and the resultant
two-dimensional capillary phenomena by these regions.4

Study of the effect of percolation between the hydrophilic
region and the hydrophobic one on dynamic wettability is quite
limited. Semal et al.* investigated spreading kinetics of an organic
liquid (squalane) on the surface of mixed alkanethiol monolayers.
They changed the ratio of hydrophilic and hydrophobic thiols
and reported that a wetting transition occurred for squalane when
the degree of hydroxylation of the surface was more than 70%.
However, their surface was not a gradient surface, and this kind
of research on a water droplet has not been reported so far.
Therefore, here we applied the theory for the movement of a
droplet on a gradient surface. The percolation threshold of a
two-dimensional surface is approximately 0.45.47 According to
Cassie and Baxtor’s equation,* the contact angle of a composite

(44) Nakajima, A.; Koizumi, S.; Watanabe, T.; Hashimoto, K. Langmuir 2000,
16, 7048—7050.

(45) Katsumata, K.; Nakajima, A.; Yoshikawa, H.; Shiota, T.; Yoshida, N.;
Watanabe, T.; Kameshima, Y.; Okada, K. Surf. Sci. 2005, 579, 123—130.

(46) Semal, S.; Bauthier, C.; Voue, M.; Vanden Eynde, J. J.; Gouttebaron, R.;
De Coninck, J. J. Phys. Chem. B 2000, 104, 62256232

(47) Zallen, R. The Physics of Amorphous Solids; John Wiley & Sons. Inc.:
New York, 1983; pp 135—204.

(48) Cassie, A. B. D.; Baxtor, S. Trans. Faraday Soc. 1944, 40, 546—551.
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solid surface is expressed as
cos 8 =f, cos B, + f, cos 0,

where f; and f; are the contributions of the hydrophilic and
hydrophobic ratios, respectively. In our case, this was from the
most hydrophilic VUV-irradiated surface, 8; = 0°, and from the
most hydrophobic ODS-modified surface, 8, = 100°. When f;
= 0.45, the contact angle, 0, of the percolation threshold of the
contact angle is calculated to be 69°. Figure 9 shows the contact
angle of positions where the water droplets began to move. As
is clear from the figure, once the front edge of the droplet made
contact with the position where the advancing contact angle was
69°, it spread and moved rapidly on the surface. Thus, in this
study, it is deduced that the water droplet moved dominantly by
the capillary force because of the formation of the percolation
structure of the hydrophilic region. The driving force on the
movement of a water droplet as far as the position where
hydrophilic percolation was formed might be the surface energy
difference.

Ito et al.

In this experiment, the hydrophilic/hydrophobic ratio was
continuously changing on the solid surface. Moreover, the change
contains both increasing capillary width and the practical amount
of capillary itself. For the modeling of the motion behavior of
a water droplet on this surface, precise analysis of the change
of hydrophilic region and the estimation of the resultant capillary
effect are required. Considering that the velocity is not constant
during the movement of a water droplet, it is difficult to explain
the phenomenon by a single mechanism. In our investigation,
the movement of the water droplet should be explained by both
the contact angle hysteresis and the percolation, although it is
difficult to predict the velocity of the movement from the latter
factor.

Concluding Remarks. We prepared a gradient surface using
photodegradation. The photodegradation method using ultraviolet
light is useful for the reproducible preparation of a gradient
surface, and these gradient surfaces can be used to quantitatively
determine the movement of a water droplet. The sharper the
surface gradient is, then the faster the water droplets move.

LA0624992
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Abstract: Titan (JiO,;) was modified with photoreactive
gelatin in order to regulate the attachment of cells. Photo-
reactive gelatin, which was synthesized by, the coupling
reaction of gelatin with N-(4-azidobenzoyloxy) suceini-
mide, was immobilized onto the n-octadecyltrimethoxysi-
lane (ODS)-TiO; or TiO, surface by ultraviolet irradiation
both in the absence and presence of a photo mask. In the
absence of a photo mask, the modified titan surface was
analyzed by measuring water contact angles and X-ray
photoelectron spectroscopy (XPS). The result showed that
ODS hydrophobilized the titan surface, and that the immo-
bilization of gelatin affected the surface’s hydrophilicity.
XPS shows that titan was covered with organic material,
including ODS and gelatin. With the photo mask in place,

micropatterning of the gelatin was performed. This pattern
was confirmed by optical microscopy and time-of-flight
secondary ion-mass spectroscopy (TOF-SIMS). Monkey
COS-7 epithelial cells were cultured on the unpattern- and
pattern-immobilized plate. A significantly higher degree of
cell attachment was found on the photoreactive gelatin-im-
mobilized regions than on those that were not immobi-
lized. It was concluded that the cellular pattern on titan
was regulated by immobilized photoreactive gelatin.
© 2007 Wiley Periodicals, Inc. ] Biomed Mater Res 83A:
906-914, 2007

Key words: cell adhesion; photoimmobilization; gelatin;
titan; micropatterning

INTRODUCTION

Titanium and titanium alloy implants are widely
used in medicine because of their biocompatibility,
nontoxicity, good mechanical properties, and excel-
lent corrosion resistance. The surface properties of
these materials are of prime importance in establish-
ing the required tissue response, with topography
appearing to provide a set of very powerful signals
for cells. The chemical surface properties of titanium
metal on exposure to air are determined by the
properties of an oxide layer (TiO,), a few nano-
meters thick, which passivates the metal. Therefore,
the present investigators sought methods whereby
this biomaterial might be modified in order to
induce biological activity on its surface.!

Correspondence to: Y. Ito; e-mail: y-ito@riken.jp

© 2007 Wiley Periodicals, Inc.

Covalent immobilization of biological molecules
onto titan has been performed by several researchers
in order to induce specific biological responses.
Endo*® employed a chemical modification technique
for metal surfaces, which had previously been
applied to biosensors for the covalent immobilization
of biofunctional proteins on a metallic implant with
a surface of nickel-titanium (NiTi) alloy. First, vy-
aminopropyltriethoxysilane (APS) was applied to the
NiTi substrate to introduce amino groups- onto it.
Subsequently, human plasma fibronectin was cova-
lently immobilized through Schiff’s base formation
to enhance the attachment and spreading of cells.
Nanci et al.* also immobilized either alkaline phoso-
phatase or albumin onto titan by the same method.
On the other hand, Xiao et al.®> used APS for surface
modification, and a heterobifunctional cross linker,
N-succinimidyl-3-maleimidopropionate, reacted with
the terminal amino groups to form the exposed mal-
eimide groups. Finally, a model cell-binding peptide,
Arg-Gly-Asp-Cys, was immobilized on the surface
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through the covalent addition of cysteine thiol
groups to the maleimide groups. Similarly, Porte-
Durrieu et al.® modified Ti-6A1-4V alloy with linear
RGD and cylco-DfKRG.

Weber et al.” synthesized 1-aziglycoses, which is a
glycose-containing diazirine. Because of the low pKa
value and the expected weak nucleophilicity of the
hydroxyl groups on the surface of oxidized titanium,
1-aziglycoses modified the titan. The chemicals gen-
erated singlet carbenes that were readily inserted
into H—O bonds, leading to the glycosidation of
titan. Mikulec and Puleo® used p-nitrophenyl chloro-
formate to immobilize trypsin on Ti-6Al-4V. Puleo
et al® also modified a plasma surface through the
polymerization of allylamine in order to enable the
immobilization of bioactive molecules on Ti-6Al-4V,
a “bioinert” metal. Bone morphogenetic protein 4
(BMP-4) was imunobilized on the aminated surface
by carbodiimide. These investigators reported that
the resulting BMP-4-bound surface induced alkaline
phosphatase activity in pluripotent C3H10T1/2 cells.

In addition to covalent modification, some studies
of noncovalent modification have also been done by
several researchers. -Barber et al.'® grafted peptide-
modified p(AAm-co-EG/AAc) IPN to titanjum, the
surface of which then supported the attachment and
spreading of primary rat calvarial osteoblasts. Tosatti
et al*? and Hansson et al.'® synthesized. RGD-con-
taining poly(L-lysine)-graft-poly(ethylene glycol) and
.used it to modify the surface of titanium. Cai et al.**
improved the surface biocompatibility of titanium
films using a layer-by-layer self-assembly technique
that was based on the polyelectrolyte-mediated elec-
trostatic adsorption of chitosan and gelatin. The
film’s growth was initialized by the deposition of
one layer of positively charged poly(ethylene imine).
Then, utilizing electrostatic interactions, a thin film
was formed by the alternate deposition of negatively
charged gelatin and positively charged chitosan. Sur-
face modification by protein adsorg_tion has also
been reported by several researchers.’>"’

Thus far, we have modified various polymeric
materials with biological molecules by photoimmobi-
lization.”®2¢ By this method, pattern immobilization
was easily performed. In the present study, photo-
-reactive gelatin was used for the surface modifica-
tion of titan. The surface property was characterized
and a micropatterned surface was prepared by using
a photo mask. The COS-7 monkey epithelial cells
were cultured on the pattern-immobilized plate, after
which the cell behavior was observed. To easily
observe the cells by optical microscopy, the immobi-
lization of gelatin was performed on thin titanium-
coated glass plate. This represents the first report of
the surface patterning of TiO, with biological mole-
cules. The micropatterning of surface was considered
to be useful to clarify the immobilization and to

compare the effect of immobilized and nonimmobi-
lized regions. In addition, surface patterning tech-
nique is expected to develop some new medical
applications of titanium.

MATERIALS AND METHODS

Materials

N,N-Dimethylformamide (DMF), paraformaldehyde, 1,4-
dioxane (diethylene dioxide), and dehydrated toluene
were purchased from Wako Pure Chemicals (Osaka,
Japan). Dicyclohexylcarbodiimide (DCC) and 4-azidobenzoic
acid were purchased from Tokyo Kasei (Tokyo, Japan). N-
Hydroxysucciminide was purchased from Protein Institute
(Minoh, Japan). Gelatin was purchased from Becton Dick-
inson (Maryland, USA). n-Octadecyltrimethoxysilane
[ODS, CH;3(CH,)175i(OCH3);] was purchased from ShinEtsu
(Tokyo, Japan). Glutaraldehyde 25% was purchased from
Polysciences (Warrington, PA). COS-7, the monkey kidney
epithelial-like cell line, was provided by RIKEN Cell
Bank (Tsukuba, Japan) and maintained in Dulbecco modi-
fied Eagle’s medium (DMEM) (Sigma, St. Louis, MO)
supplemented with 10% fetal bovine serum (FBS) (More-
gate, Australia and New Zealand). Trypsin (2.5%) was
purchased from Invitrogen (New York). Ethylenediamine-
tetraacetic acid (EDTA) was purchased from Dojindo
(Kumamoto, Japan).

A glass plate (15 mm in diameter and 1 mm thick) was
coated with titanium by Osaka Vacuum Ind. (Osaka,
Japan). This plate was then cleaned by ultrasonication in
ultrapure water nine times and dried with heated gas.
Pure titanium was vacuum-deposited on the plate by an
electron beam 400 nm (£25%) wide. The thickness of tita-
nium layer was controlled to keep the transparency for
optically microscopic observation. Polystyrene plates for
tissue culture, each with 24 wells (well diameter 16 mm),
were purchased from Asahi Techno Glass (Chiba, Japan).

Surface treatment with ODS

The surfaces of the titan plates were photochemically
cleaned by an excimer ultraviolet (UV) lamp (USHIO, To-
kyo, Japan) for 10 min. This method was applied for the
complete removal of C—C bonds and subsequent decom-
position of the organic molecules.”” Complete removal of
the organic material was confirmed by a water contact
angle measurement of nearly zero, which is indicative of
an absolutely hydrophilic surface.

After this, silane-coupling reaction was performed as
follows: The cleaned plates were placed in a flask contain-
ing 40 mL of n-octadecylirimethoxysilane (10 mM ODS in
dehydrated toluene). The coupling reaction was carried
out at 60°C for 5 h. The hydrophobilized plates were
rinsed in fresh toluene, followed by drying in a clean vac-
uum oven at 60°C for 4 h.

~ Journal of Biomedical Materials Research Part A DQOI 10.1002/jbm.a
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Figure 1. Schematic illustration of the pattern-immobilization of photoreactive gelatin on (a) titan and (b) titan modified

with ODS.

Photoreactive gelatin

Photoreactive gelatin was synthesized according to the
method previously reported.® N-(4-Azidobenzoyloxy) suc-
cinimide carrying azidophenyl groups was synthesized, as
reported by Sugawara and Matsuda.?® Then 4-azidoben-
zoic acid (0.018 mM), N-hydroxysuccinimide (0.018 mM),
and DCC (0.018 mM) were dissolved in 14-dioxane
(100 mL) and stirred overnight (20 h) in the dark at room
temperature. Subsequently, this mixture was concentrated
under reduced pressure and crystallized to produce the
photoreactive crystal [N-(4-azidobenzoyloxy) succinimide]
with a yield of about 40%. Afterwards, the gelatin solution
in deionized- water (33.33 mg/mL) and the photoreactive
crystal solution in DMF (10.83 mg/mL) were mixed and
stirred overnight in the dark at room temperature. The
resulting solution was dialyzed using a seamless cellulose
tube (cutoff molecular weight of 10,000). The dialyzed pho-
toreactive gelatin was finally freeze-dried under vacuum
to obtain a white solid (yield ~40%), which is used in this

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

study as the photoreactive gelatin. The content of azidoani-
line by UV absorbance as previously reported®® was 4.45%.

Measurement of water contact angle

Static water contact angles of the sample surfaces were
measured at 25°C in air using a contact angle meter
(Kyowa Interface Science, Tokyo, Japan) based on the ses-
sile drop method. All the contact angles were determined
by averaging nine different points values measured on
each sample surface. An unpatterned plate was used for
the contact angle measurements.

Pattern immobilization of photoreactive gelatin

The procedure of pattern immobilization of photoreac-
tive gelatin is shown in Figure 1. An aqueous solution of
photoreactive gelatin (1 mg/mL) was cast onto the surface

—210—



TITAN SURFACE MODIFICATION TO REGULATE CELL ATTACHMENT : © 909

of ODS-TiO, or TiO; and air-dried at room temperature.
Subsequently, the plates were covered with and without
patterned photo masks and UV irradiated for 10 s using a
UV lamp (Hamamatsu Photonics, Shizuoka, Japan) at a
distance of 5 cm. The photo mask consisted of a 2-mm-

thick quartz glass plate with 93% transparency at 172 nm, -

and a 0.1-uym-thick chromium pattern. The plates were
washed thoroughly with cold distilled water.

TOF-SIMS, XPS, and AFM measurements

Measurement of time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) was performed using a TF5-2000
(Physical Electronics). The primary ion was “Ga*; acceler-
ating voltage of the ion gun, 25 kV; pulse width, 12 ns;
pulse frequency, 8.3 kHz; range of mass, 0-1000 amu; reso-
lution of time, 1.1 ns/ch.

The surfaces were also analyzed using X-ray photoelec-
tron spectroscopy (XPS) (AXIS-HS, Kratos, Manchester,
UK) in vacuo of less than 1077 Pa. An Al Ka monochro-
matic X-ray with a source power of 150 W was utilized.
Wide and narrow scans were measured at pass energy of
80 and 40 eV, respectively. Overview spectra were
obtained in the range of 0-1100 eV with analyzer pass
energy of 80 and 40 eV. For the XPS measurement, unpat:
terned plates were employed.

Atomic force microscopic observation was performed
using an Nanoscoope IV (Digital Instruments). The mea-
surement was performed using the tapping mode with a
nominal force constant of 0.09 N/m.

Cell culture

(@
COS-7 cells were cultured in DMEM supplemented with
10% FBS at 37°C in 95% humidified air and 5% CO,. The

cells were then washed using 10 mL of phosphate-buffered.

saline and harvested with a 0.25% ftrypsin containing 1
mM EDTA solution for 3 min at 37°C. Finally, the recov-
ered cells were suspended in the medium for the in vitro
examination to follow. The cell suspension was added to
24-well polystyrene plates for tissue culture (1.0 mL per
well, 10 X 10* cells per milliliter) of which each well con-
tained the sample plates, which had been disinfected with
70% ethanol, washed with sterilized H,0, and fixed with a
silicon ring. The cells were cultured in a 5% CO, atmos-
phere at 37°C overnight and studied with a phase-contrast
microscope. The cell numbers were counted under the
microscope. The percentage of adhering cells, calculated
from the added suspension of cells, was 100%.

RESULTS AND DISCUSSION

Measurement of the water contact angle

Surface hydrophilicity was determined by meas-
uring the contact angle (Fig. 2). The surface of titan
was very hydrophilic when the contact angle was
measured immediately after cleaning with eximer

Water contact anglo {*)

3 4 5§ 6 7 8 9 10 11 12

Figure 2. Water contact angle measurements of TiO,-
modified surfaces. (0) TiO, photochemically cleaned by an
eximer UV lamp, (1) TiO, after exposure to air for more
than 3 h but before UV irradiation employed for immobili-
zation, (2) TiO, after UV irradiation for immobilization,
(3) TiOy-photoreactive gelatin before UV irradiation for
immobilization, (4) TiO,-photoreactive gelatin after UV irra-
diation for immobilization, (5) TiO;-unmodified gelatin
before UV irradiation for immobilization, (6) TiO,-unmodi-
fied gelatin after UV irradiation for immobilization, (7) TiO»-
QDS before UV irradiation for immobilization, (8) TiO,-ODS
after UV irradiation for immobilization, (9) TiO»-ODS-pho-
toreactive gelatin before UV irradiation for immobilization,
(10) TiO,-ODS-photoreactive gelatin after UV irradiation
for immobilization, (11) TiO,-ODS-unmodified gelatin
before UV irradiation for immobilization, and (12) TiO,-
ODS-unmodified gelatin after UV irradiation for immobili-
zation. n = 10. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.
com.]

UV light (column 0 of Fig. 2). However, the hydro-
philic surface was not stable and after exposure to
air the surface gradually became hydrophobic (col-
umn 1 of Fig. 2). For further experiments, those titan
surfaces that had been sufficiently exposed to air
and had stable contact angles were employed.

These surfaces were UV irradiated in both the
presence and the absence of unmodified or photo-
reactive gelatin. Gelatin treatment increased the sur-
faces’ hydrophobicity. When the titan surface was
coated with photoreactive gelatin and UV irradiated,
it proved to be the most hydrophobic (column 4 of
Fig. 2). In addition, from comparisons before and af-
ter UV irradiation, the most significant difference in
hydrophilicity was observed with the titan surface
(columns 3 and 4 of Fig. 2). These results indicate
that the surface was affected by immobilized gelatin.

It is known that aryl azide derivatives form short-
lived nitrenes that react extremely rapidly with their
surrounding chemical environment.’® Recent evi-
dence, however, indicate that the photolyzed inter-
mediates of aryl azides can undergo ring expansion
to create nucleophile-reactive dehydroazepines.®
Earlier, glycosidation of the bare titanium surface
using 1-aziglycose had been reported.” In the present
study, although no chemical evidence that demon-
strated the formation of a covalent bond between the

- hydroxyl groups of titan and the photolyzed groups

is presented, the fact that photolyzation induced the

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a v
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immobilization of gelatin as indicated by the micro-
patterned immobilization means that immobilization
occurred in the region photoirradiated, as shown in
following section. It was demonstrated that the same
micropattern was formed on the titan in the presence
of a photomask and this type of pattern formation
was not observed when unmodified gelatin was
employed. It is difficult to conclude that the immobi-
lization was due to covalent bonding. Some anchor-
ing effect onto the titan was also taken into consider-
ation. However, gelatin immobilization on titan was
strongly suggested by the micropatterning.

On the other hand, the water contact angle
increased with ODS treatment (columns 7-12 of Fig. 2).
In these cases, hydrophobicity decreased with gelatin
immobilization. In particular, photoreactive gelatin
had the most significant effect on surfaces (columns
8 and 10 of Fig. 2). This demonstrates that upon UV
irradiation, the generated radical groups bonded to-
gether with neighboring hydrocarbons in the ODS-
treated TiO, plate surface, as previously reported for
organic materials.

The TiO, surfaces treated with photoreactive gela-
tin (column 4 of Fig. 2) and TiO,-ODS treated with
photoreactive gelatin (column 10 of Fig. 2) had
almost the same water contact angles. This indicates
that the surfaces were almost completely covered
with photoreactive gelatin and showed the same
hydrophilicity. On the other hand, the effect of
unmodified gelatin was the same before and after
UV irradiation, considering that it neither hydropho-
bilized TiO, (columns 5 and 6 of Fig. 2) very much,
nor hydrophilized ODS-treated TiO, (columns 11
and 12 of Fig. 2). We considered that a sufficient
quantity of unmodified gelatin could not be
adsorbed onto the TiO, surface.

TOF-SIMS, XPS, and AFM analysis
of the TiO, surfaces

To evaluate TiO,-ODS surfaces, XPS analysis was
“carried out on TiO,-ODS treated with photoreactive
gelatin before and after UV irradiation (Fig. 3). Peaks
of Ti were detected in ODS-treated TiO, [Fig. 3(a)].
After photoreactive gelatin immobilization onto the
ODS-treated TiO,, a Ny peak appeared, indicating
the presence of nitrogen in the gelatin [Fig. 3(b)].
The same phenomenon was observed on TiO; modi-
fication. However, it was very difficult to observe
the gelatin bond with the titan surface by XPS analy-
sis. Considering that the concentration of photoreac-
tive groups is very low and the bond will be formed
only on the interface, it is very hard to detect the
bond. Therefore, micropatterning was performed. If
the micropattern was formed, we considered that
photoimmobilization had occurred.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 3. XPS wide scan spectrum of titanium treated
(a) with ODS and (b) with photoreactive gelatin.

The micropatterned surface was first observed by
phase-contrast microscopy (Fig. 4). The same micro-
pattern was formed on modified titan in the pres-
ence of a photo mask. This type of pattern formation
was not observed when unmodified gelatin was
employed. In addition, the surface was measured by
TOF-SIMS. Secondary ion images obtained by TOF-
SIMS analysis of the secondary positively and nega-
tively charged ions of the micropatterned surface are
shown in Figure 5. In the positively charged ion
image [Fig. 5(b)], a high density of *Ti* was
observed on the nonimmobilized regions. However,
on the regions immobilized with gelatin, organic
materials in high density were observed in the nega-
tively charged ion image [Fig. 5(c)l.

To observe the thickness of immobilized gelatin,
the surface was observed by AFM (Fig. 6). The thick-
ness of immobilized gelatin was about 300 nm on
both bare and ODS-treated titans.
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200 pm

(b)

(c)

Figure 4. Optical microscopic micrographs of (a) photo-
mask and immobilized pattern of photoreactive gelatin in
a striped pattern on (b) TiO, and (c) TiO,-ODS. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Cell adhesion on modified surfaces

Figure 7 shows the result of adhered COS-7 cells
on the modified titan surfaces. When the surface of
titan was immediately cleaned with excimer light,
cell attachment was enhanced (column 0 of Fig. 7).
However, - attachment was enhanced to a lesser
degree on the surface exposed to air for a consider-
able time (column 1 of Fig. 7). The cleaned titan sur-

@ S -,- Gelatin

(b)

(c)

Figure 5. TOF-SIMS images of micropattern-immobilized
titan surface. (a) The secondary positively charged total
ions, (b) titanium ion, and (c) secondary mnegatively
charged total ions. Length scale: 100 pm, 600.2 s using
LMIG — ions (240.0 X 240.0 pm). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 6. AFM images of gelatin layer of micropattern-immobilized on (a) TiO, and (b) TiO,-ODS. The cross sections of
AFM images of gelatin layer of micropattern-immobilized on (c) TiO, and (d) TiO,-ODS. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.}

face may have provided some condition for cell
attachment independent of hydrophilicity. Photoim-
mobilized gelatin significantly enhanced cell adhe-
sion, as shown in column 4 of Figure 7.

ODS treatment of the surfaces did not enhance cell
attachment. This reduction is believed to be due to
hydrophobilization. However, photoimmobilized gel-
atin significantly enhanced cell adhesion (column 10
of Fig. 7). The cells adhered to photoreactive gelatin-
immobilized titan twice as well as on normal titan.
Although comparison of gelatin-immobilized with
nonimmobilized surfaces depended on the property
of nonimmobilized surface, enhancement of cell ad-
hesion by gelatin immobilization was not so signifi-
cantly different (columns 4 and 10 in Fig. 7). Consid-
ering that both of the surfaces were covered with
gelatin as shown in Figure 6, the same level of
enhancement was reasonable.

Cell adhesion on pattern-immobilized gelatin

Figure 8 shows the adhesion of COS-7 cell on the
pattern-immobilized gelatin surfaces of both TiO,
and TiO,-ODS. In the case of TiO, surface [Fig. 8(a)],
COS-7 cells adhered to immobilized photoreactive
gelatin a little more than to titan (1.5 times estimated
from the photos) as expected from the comparison
between columns 3 and 4 in Figure 7 (2.1 times). On

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

the other hand, COS-7 cell significantly adhered on
the immobilized photoreactive gelatin regions of
ODS-modified surfaces [Fig. 8(b)]. Since 6.5 times as
many as cells adhered to the photoreactive gelatin-
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Figure 7. Adhesion of COS-7 cells on different surfaces of
(0) TiO,, (1) TiO, before UV irradiation, (2) TiO, after UV
irradiation, (3) TiO,-photoreactive gelatin before UV irradi-
ation, (4) TiO,-photoreactive gelatin after UV irradiation,
(5) TiOyunmodified gelatin before UV irradiation, (6)
TiO-unmodified gelatin after UV irradiation, (7) TiO,-
ODS before UV irradiation, (8) TiO,-ODS after UV irradia-
tion, (9) TiO,-ODS-photoreactive gelatin before UV
irradiation, (10) TiO,-ODS-photoreactive gelatin after UV
irradiation, (11) TiO,-ODS-unmodified gelatin before UV irra-

_diation, and (12) TiO,-ODS-photoreactive gelatin after UV

irradiation. n = 10. [Color figure can be viewed in the online .
issue, which is available at www.interscience.wiley.com.]
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Figure 8. Adhesion of COS-7 cells on ‘photoreactive gelatin micropattern—immobilized (a,b) TiO, and (c,d) TiO,-ODS.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] -

immobilized surface as to the ODS-modified surface
{columns 9 and 10 in Fig. 7), the pattern of cell adhe-

sion was very clear (7.6 times estimated from the.

photos). These results demonstrate that the cell ad-
hesion behavior on micropatterned surface (Fig. 8) is
similar to that on homogeneous surfaces (Fig. 7).
Moreover, the difference between nonimmmobilized
and immobilized regions was enhanced with increas-
ing cell culture time.

The morphology change' is estimated by the ratio
of spread cells over round-shaped cells on immobi-
lized and nonimmobilized regions. On TiO, spread
cells ratio on gelatin-immobilized regions was 2.1
times as many as that on nonimmobilized regions
and on ODS-treated TiO, the ratio was 6.6 times,
according to the photos in Figures 8(b) and 8(d),
respectively. Considering these ratios corresponded
to the number of adhered cells, the spreading
increased with the increase of adhesiveness.

CONCLUSION

The photoimmobilization of biological molecules
on titanium surfaces was performed, and micropat-
tern immobilization on the titan surface was
achieved. The patterning of metal surfaces in this
manner will be useful for medical and biotechnologi-
cal applications.

This study was supported in part by a Grant-in-aid for
Scientific Research (No. 18390513) from the Minisiry of
Education, Culture, Sports, Science, and Technology of
Japan (2006—2008) ’
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Preparation of Nonbiofouling Surface

Takehiko Ishii, T Akira Wada,t Saki Tsuzuki,¥ Mario Casolaro,$ and Yoshihiro Ito* 1+

Nano Medical Engineering Laboratory, RIKEN (The Institute of Physical and Chemical Research), 2-1
Hirosawa, Wako, Saitama, 351-0198, Japan, Regenerative Medical Bioreaclor Project, Kanagawa
Academy of Science and Technology, KSP East 309, 3-2-1 Sakado, Takatsu-ku, Kawasaki, Kanagawa,
213-0012, Japan, and Dipartimento di Scienze e Tecnologie Chimiche e dei Biosistemi, Universita degli
Studi di Siena, Via Aldo Moro 2, 1-53100 Siena, Iltaly

Received April 18, 2007; Revised Manuscript Received July 26, 2007

A new type of copolymer composed of L-histidine (ampholyte) and n-butyl methacrylate (hydrophobic moiety)
was developed for the preparation of nonbiofouling surfaces. The copolymer adsorbed onto resin surfaces and
made the surface very hydrophilic. The hydrophilization effect was higher than that of bovine serum albumin
(BSA). When polystyrene surfaces were coated with the copolymer, both the nonspecific adsorption of protein
and the adhesion of cells were significantly reduced in comparison with BSA coating. The newly synthesized
polymer is a new and useful candidate for the preparation of nonbiofouling surfaces.

Introduction

The preparation of nonfouling surfaces that prevent nonspe-
cific adsorption of proteins and adhesion of cells is important
in the development of therapeutic and diagnostic devices.
Typically, surface modification with polyethylene glycol (PEG),
PEGylation, has been performed for this purpose.! PEG is a
nontoxic, nonimmunogenic, uncharged polymer that is soluble
in water. The hydrophilicity, high mobility, large excluded
volume, and steric hindrance effects of PEG contributed to
surface-immobilized PEGs ability to resist cell adhesion and
protein adsorption.?4 ’

In addition, biomimetic approaches using cell-surface-
mimicking polymers have been investigated. One approach is
to design interface materials based on the cell surface glyco-
calyx, which is a complex coating of highly glycosylated
molecules that dominate the interface between a cell and its
environment.>¢ Another approach is based on cell surface
lipids.”~ '8 Nakabayashi and Ishihara have developed a useful
polymer using this mimicking method.”~!? They prepared a
phospholipid polymer with a 2-methacryloyloxyethyl phos-
phatidylcholine (MPC) moiety and demonstrated that the
polymer adsorbed onto materials surfaces to reduce interaction
with various types of proteins and cells. Kitano et al.1%20 reported
that water-soluble neutral polymers do not disturb the structure
of water significantly, whereas the electrostriction effect of
polyelectrolytes is quite effective on the structure of water. In
contrast, zwitterionic monomer residues do not disturb the
hydrogen bonding between water molecules.

Recently, Zhang et al. demonstrated that grafting or adsorption
of sulfobetaine- or carboxybetaine-based polymers significantly
reduced protein adsorption onto surfaces.?! =25 They reported
that the surfaces were capable of resisting nonspecific protein
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adsorption to a level comparable with well-packed oligo-
(ethylene glycol).2426 Recent studies attribute the nonfouling

* properties of oligo(ethylene glycol) to its strong hydration
capability and well-packed structure.?’~2° Whereas hydrophilic
and neutral oligo- or poly(ethylene glycol) form a hydration
layer via hydrogen bonds, zwitterions form a hydration layer
via electrostatic interactions.!® It is expected that zwitterions
are capable of binding significant quantities of water and are
therefore potentially excellent candidates for nonfouling materi-
als. Georgiev et al.® proposed an original theory for the
explanation of the unique polyzwitterion nonbiofouling proper-
ties.

Assuming that ampholyte polymers, a special class of
polyelectrolytes that contain both positive and negative charges
along the macromolecular chain, do not disturb water structure,
thus leading to a nonbiofouling surface other types of
polyampholyte  will possibly be candidates for nonbiofouling
polymers. Considering that bovine serum albumin (BSA) is
usually used as a nonbiofouling agent, amino acid-based
polyampholytes may be useful agents. Some amino acid-based
polyampholytes have been used in biomedical applications.2~34
We have also already reported the biomedical applications of
some amino acid-based polyampholytes and hydrogels.35-36

Here we designed an amino acid-based polyampholyte (a
protein-mimicking polymer) that adsorbed onto a hydrophobic
surface as the result of incorporation of a hydrophobic moiety
into the polyampholyte. The polyampholyte consists of a weak
acid (carboxylic acid) and a weak base (ammonium group) and,
therefore, is different from other polyampholytes that have been
previously reported, which are composed of strong acids, e.g.,
phosphoric acid’~? and sulfonic acid,?'~232537 and strong bases,
e.g., quaternary ammonium groups, for construction of a
nonfouling surface. It was found that surfaces coated with such
weak polyampholytes were very hydrophilic and efficiently
inhibited adsorption of proteins and cells.

Materials and Methods

Materials. L-Histidine (98%), methacryloyl chloride (97%), and 2,2’-
azoisobutyronitrile (AIBN, 98%) were purchased from Wako Pure

© 2007 American Chemical Society

Published on Web 10/04/2007

—217—



Preparation of Nonbiofouling Surface

Chemical Inc. (Osaka, Japan). AIBN was recrystallized from methanol.
n-Butyl methacrylate was purchased from Kanto Chem. Inc. (Tokyo,
Japan) and distilled under reduced pressure. All other chemical reagents
were used as received. Bovine serum albumin was purchased from
Sigma (St. Louis, MO). Lipidure was kindly provided by Nippon Oil
(Tokyo, Japan).

Synthesis of N-Methacryloyl-L-histidine (MHis). N-Methacryloyl-
L-histidine (MHis) was prepared according to the method previously
reported by Okamoto.*® L-Histidine (10 g, 64 mmol) was dissolved in
2 N NaOH (40 mL), and the aqueous solution was cooled in an ice
bath. Methacryloy! chloride (7.3 mL, 76 mmo], 1.2 eq.) was dissolved
in 20 mL of dioxane. The dioxane solution was added to the aqueous
solution of L-histidine dropwise under a nitrogen atmosphere. During
the addition, the reaction mixture was kept under 5 °C by external ice-
bath cooling. After mixing, the solution was allowed to stand for 1 h
at room temperature. After the reaction, the dioxane was evaporated
and 6 N HCl was added until the solution reached pH 2. Unreacted
chemicals and byproducts were removed by ether extraction. Subse-
quently, the pH of the aqueous solution was adjusted to S using 2 N
NaOH, and the product was extracted with ethanol. By this process,
L-histidine and NaCl were removed. The ethanol was removed and
mixed with an excess of acetone to precipitate the product. The product
was dissolved in ethanol and precipitated in acetone. The product was
vacuum-dried overnight and MHis was obtained. 'H NMR (400 MHz,
D,0): 6 = 1.75 (s, 3H, CH3C(=CHj)H-), 2.95-3.23 (m, 2H, -CH,-
imidazole), 4.41—4.46 (q, H, -NHCH(COOH)CH,-), 5.31—~5.52 (m,
2H -CH,C(CHs)-), 7.12 (s, 1H imidazole, -C=CHN=), 8.44 (s, 1H
imidazole, -N=CHNH-). .

Polymerization. Poly(N-methacryloyl-L-histidinre) (PMHis), poly-
(n-butyl methacrylate) (PBMA), and poly(¥-methacryloyl-L-histidine-
co-n-butyl methacrylate) (P(MHis/BMA)) copolymer were synthesized
by conventional free-radical polymerization. PMHis was obtained as
follows. The mixture of MHis and/or BMA (the total monomer was
adjusted to 0.5 mmol) in ethanol (20 mL) containing AIBN (0.05 mmol)
was purged with N, gas and then allowed to react under N, atmosphere
at 70 °C for 20 h. The polymer obtained was purified using seamless
cellophane dialysis tubing (MWCO 3500) in distilled water or ethanol
for 2 days and then lyophilized to give a white powder. All of the
obtained polymers were dissolved in a methanol/0.1 N NaOH,, (9/1
vol) mixture. A 0.5 wt % solution was used for polymer coating.

Polymer Characterization. Size exclusion chromatography (SEC)
measurements were carried out using a TSK gel column (TSKgel a-M,
TOSOH, Tokyo, Japan) and an internal refractive index (RI) detector.
For PMHis, 0.1 M Tris buffer (pH 8.0, containing 0.2 M NaCl) was
used as the eluent at a flow rate of 0.6 mL/min at 25 °C. For PBMA
and P(MHis/BMA), DMF containing 10 mM lithium bromide was used
as the eluent at a flow rate of 0.6 mL/min at 25 °C. Commercially
available poly(ethylene oxide) or polystyrene were used for the
calibration of PMHis and P(MHis/BMA) or PBMA chromatography,
respectively. 'H NMR spectra were monitored using a JEOL EX400
(Akishima, Japan) spectrometer at 400 MHz in D,0O or a D-O/CD;OD
mixture. FT-IR spectra were monitored using a Shimadzu FTIR-8400S
(Kyoto, Japan) equipped with an ATR attachment (Durasampl II,
SensIR Tech., Danbury, CT).

Adsorption of Polymers onto Surfaces. To investigate the adsorp-
tion of polymers onto polystyrene surfaces, 0.1% (wt/v) polymer or
BSA solution was added to 1.0 g of polystyrene beads (200—400 mesh)
purchased from Tokyo Chem. Ind. Co., Ltd. (Tokyo, Japan) in test
tubes. After vigorous shaking with a vortex mixer, the test tubes were
centrifuged (1000 rpm, 5 min, r.t.) and the ‘absorbétnce of the supernatant
at 210 nm was measured. The amount of adsorbed polymer was
estimated from a calibration curve. .

Contact Angle Measurement. The static-contact angles of air
bubbles on the surfaces of polymer-coated substrates were measured
with a contact angle meter DM 500 (Kyowa Interface Science, Saitama,
Japan) at room temperature by the air-in-water method, which followed
a captive bubble technique in which a sample film was immersed in
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water and a small air bubble was placed onto the film from the surface
using a curved needle. The polymer films were prepared as follows.
The polymer solution was cast onto a nontreated polystyrene substrate
and dried in air for 3 h. The substrate was rinsed with PBS solution
and immersed in distilled water just prior to use. An air bubble (1 uL)
was attached to the immersed substrate, and the contact angle was
measured at least 5 times to give a reliable average value.

Protein Adsorption. Protein adsorption was measured by two
methods. One was the measurement of decreases in protein solution
concentrations following adsorption of proteins onto the surfaces. The
other was direct observation of the protein adsorbed onto the plates.

For the former measurement, a Protein Detector ELISA kit (HRP/
ABTS system) from Kirkegaard & Perry Lab., Inc. (Gaithersburg, MD)
was used for the quantitative evaluation of nonspecifically adsorbed
proteins on the polymer coated surface. In brief, the wells of nontreated
96-well plates were filled with each polymer solution and then emptied
immediately, and the polymer-coated wells were air-dried. In the case
of BSA, the wells were filled with 1.0% BSA solution and allowed to
stand for 1 h. The coated wells were washed with 200 uL of PBS
solution at least three times to completely remove nonadsorbed polymer,
and then 100 xL of horseradish peroxidase-labeled anti-mouse immu-
noglobulin (HRP-IgG) solution (0.2 #g/mL) was added and allowed
to stand for 1 h to adsorb onto the well surface. The wells were washed
at least three times with 200 uL of wash solution containihg 0.02%
Tween, and then 50 uL of peroxidase substrate (2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid, ABTS) reaction solution was added
and altowed to react until color developed sufficiently. Then 50 uL of
stop solution was added, and the absorbance of an aliquot of the solution
was measured at 415 nm using a microplate reader (Bio-Rad model
680, Bio-Rad Laboratories, Tokyo, Japan).

For the latter measurement, a chemical luminescent imaging assay
was employed. A total of 3 4L of a solution of horseradish peroxidase-
linked bovine serum albumin in PBS (500 ng/mL, HRP—BSA,
Rockland) was added to the noncoated or polymer-coated plates and
allowed to stand for 15 min. Subsequently, the surfaces were washed
twice with PBS for 3 min each time. The chemical luminescence
reaction was performed with 10 uL of ECL advance solution (GE
Healthcare) for 3 min at 20 °C. The reaction area was surrounded with
liquid blocker (Daido Sangyo, Japan) to prevent the reaction solution
from running over. The chemical luminescent images were measured
using a Light Capture system (ATTO Corporation, Japan). Calibration
was performed using HRP—BSA of known concentrations and ECL
advance solution.

Cell Culture. Mouse osteoblast cells (MC3T3-E1) purchased from
the RIKEN Cell Bank (Tsukuba, Ibaraki, Japan) were cultured on.
culture dishes (Corning Co., Ltd., Corning, NY) containing medium
composed of minimum essential medium (MEM-a, Kohjin Bio Co.
Ltd., Sakado, Japan) supplemented with 10% fetal bovine serum (FBS,
BioWest, Nuaille, France) in a fully humidified atmosphere with a
volume fraction of 5% CO, at 37 °C.

For the investigation of cell adhesion, 100 L of each polymer
solution was precoated onto each well of nontreated 12-well plates
(IWAKI, Tokyo, Japan). They were then dried in air and rinsed twice
with PBS. The cells were harvested with a 0.25% trypsin solution
containing 0.5 mM EDTA. The recovered cells were then washed with
culture medium and suspended in the medium. The cell suspensions
were seeded at 4 x 103 cells/cm? onto polymer-precoated wells and
allowed to stand for 5 h in a fully humidified atmosphere with a volume
fraction of 5% CO, at 37 °C. After incubation, the number of adherent
cells in a certain area was counted by microscopy.

To investigate the cytotoxicity of the polymers, the cells were
cultured for 2 days and the cell number evaluated using a Cell Counting
Kit (WST-1 method, Dojindo Lab., Kumamoto, Japan).?® Briefly, after
the MC3T3-E1 cells reached confluence, they were trypsinized and
seeded at 1 x 10* cells/cm? into 96-well microplates (Coming Co.,
Ltd) and then incubated for 2 days in a humidified atmosphere
containing 5% CO: at 37 °C. After removing the cultured medium,
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Table 1. Molecular Weights and Composition of Prepared
Copolymers

MHis MHis
composition composition
in feed My in copolymer
abbreviation {mol %) (M M) {mol %)
PMHis 100 9.2 x 104 (2.54) 100
P{MHis/BMA)_7:3 70 : 72.0
P(MHis/BMA)_5:5 50 2.3 x 10 (2.33) 50.1
P(MHis/BMA)_3:7 30 1.6 x 10* (2.22) 28.7
P(MHis/BMA)_1:9 10 3.5 x 10* (1.90) 8.6
PBMA 0 3.2 x 104 (1.76) 0

100 uL of MHis, PMHis, and P(MHis/BMA) solution (or suspension)
in culture medium supplemented with 10% (v/v) FBS was added to
each well and allowed to stand in a fully humidified atmosphere with
a volume fraction of 5% CO, at 37 °C. The MHis concentration of
P(MHis/BMA) indicates the MHis monomer concentration in the
polymer. After 24 h incubation, 10 uL of WST-1 reagent was added
to each well and incubated for 2 h at 37 °C, and then 10 4L of 0.1 N
HCI aqueous solution was added to each well to stop the reaction. To
remove insoluble copolymer, the plate was centrifuged (1000 rpm, 5
min), and then 50 uL of the supernatant was transferred to another
plate. The absorbance of an aliquot of the solution was measured at
450 nm, with reference to the absorbance at 655 nm, using a microplate
reader (Bio-Rad model 680).

Results and Discussion

Polymer Properties. The molecular weights and the chemnical
compositions of copolymers were measured by SEC and
elemental analysis, respectively. The copolymer compositions
were almost the same as the composition of the feed, and the
molecular weights were as expected from the monomer/initiator
ratios as shown in Table 1.

The solubilities of the copolymers were different from that
of the homopolymer. Although the L-histidine homopolymer is
only soluble in water, all of the copolymers including the
homopolymer were soluble in a mixture of water and methanol.
Because alcohol does not usually affect resin surfaces, it is a
good solvent for coating polymers without significant influence
on the surface properties of resins. Lipidure coating is also
. performed with alcohol. Considering these results, a methanol/
water cosolvent (pH 12.4) was employed for further experi-
ments.

Coating with Polymers. The polymers were solubilized in
a mixture of water and methanol. Polystyrene beads were
incubated in these solutions and the amounts of polymer
adsorbed were determined as shown in Figure 1. The ho-
mopolymer PMHis hardly adsorbed onto the polystyrene beads.
However, with increases in the n-butyl methacrylate composi-
tion, the amount of adsorbed polymer increased. These results
indicate that the hydrophobic component of n-butyl methacrylate
contributed to the adsorption of the polymers through their
hydrophobicity. In the reported design of Lipidure, it was noted
that n-butyl methacrylate was employed for enhancement of
adsorption.!9 Chang et al. reported diblock copolymer contain-
ing poly(sulfobetaine methacrylate) with poly(propylene oxide)
as a hydrophobic moiety for coating material.

Table 2 shows the contact angles of air bubbles in water.
The higher value of 6 indicates the higher hydrophilicity.
Polymer adsorption significantly enhanced the hydrophilicity
of the polystyrene surfaces. The enhancement effect of all
copolymers was higher than that of BSA and was independent
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Figure 1. Amounts of polymers adsorbed onto polystyrene beads
(1 g). As PBMA does not have UV absorption, its adsorption was not
measured. n = 3.

Table 2. Contact Angles of the Polymer-Coated Substrate
L LSS LS LSS
Ts
7,

R
A8

Og
polymers contact
for coating coating solvent angle 6 (deg)

none 1176+ 55

PMHis methanol/0.1 N NaOH(aq) (9:1) 138.9 27
P(MHis/BMA)_7:3 methanol/0.1 N NaOH(aq) (9:1) 165.0+ 1.1
P(MHis/BMA)_5:5 methano!/0.1 N NaOH(aq) (9:1) 1628+ 1.2
P(MHis/BMA)_3:7 methanol/0.1 N NaOH(aq) (9:1) 163.6 £0.7
P(MHis/BMA)_1:9 “methanol/0.1 N NaOH(ag) (9:1) 163.6+ 1.8
PBMA ethanol 1244+ 28
BSA phosphate-buffered solution 151.5+73
Lipidure ethanol/water (1:1) 189.7 £ 2.7

of the MHis composition, although it was difficult to directly
compare the effects of the coating materials because of the use
of different coating solvents. This result indicates that the
L-histidine residues significantly contributed to the hydrophilicity
of the copolymers. The low effect of the homopolymer PMHis
is considered to be due to low adsorption onto the surface.
Nonfouling Properties. Figure 2A shows HRP-IgG adsorp-
tion onto the polymer-coated resin. With copolymer coating,
the adsorption of HRP-IgG was significantly reduced. In
particular, the copolymer containing 50% histidine almost
completely inhibited nonspecific adsorption of igG. The lower
nonfouling effect of PMHis was considered to be the low
coverage of the surface and resulted low hydrophilicity. To
investigate this result in detail, the enzyme reaction time was
increased and the effect was enhanced as shown in Figure 2B.
The reduction effect was higher than for BSA or Lipidure, which
are usually employed for reduction of nonspecific adsorption
of proteins in enzyme-linked immunosorbent assays (ELISA).
Figure 3 shows the direct observation by chemical lumines-
cence of adsorbed HRP—BSA on polystyrene plates. The protein

—219—



Preparation of Nonbiofouling Surface

Abs.(415nm)
o o
2 .3

o
o
A

0.54

0.4

0.3

Abs. (415 nm)

0.2+

0.1+

0.0+
P(MHis/BMA)_5:5 BSA

Figure 2. Adsomption of HRP-IgG onto non- or polymer-coated
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Figure 3. Chemical luminescence images of HRP—BSA on non- or

polymer-coated polystyrene plates.

was highly adsorbed on unmodified, PBMA-coated, and PMHis-
coated plates. However, on the copolymer containing a high
content of MHis, the adsorption was significantly less. The
protein adsorption was quantitatively evaluated and is shown
in Figure 4. Although it is very difficult to directly compare
the results in Figures 2 and 4, because of the differences in
proteins and experimental conditions, it was concluded that the
copolymer containing the higher content of MHis apparently
reduced protein adsorption, comparable to using Lipidure or
BSA.

Figure 5 shows photos of cells adhered on various surfaces.
The ratio of round-shaped cells to spread ones was higher on
the copolymer-coated surfaces than on the nontreated or BSA-
coated surfaces. In the comparison with Lipidure-coated sur-
faces, no spreading cells were found on the P(MHis/BMA)_5:
5-coated surfaces. These round cells were easily washed away.
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Figure 4. Amount of HRP-BSA adsorbed on non- and polymer-
coated polystyrene plates. n = 3.
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Figure 5. Phase contrast micrographs of adherent cells on polymer-
coated polystyrene plates for 5 h.
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Figure 6. Number of cells adherent on polymer-coated polystyrene
plate (cells/mm?). n = 3.

Therefore, the copolymer containing 50% histidine almost °
completely inhibited the adhesion of cells, as shown in Figure
6, an effect comparable to that of Lipidure. No cell adhesion
was observed on P(MHis/BMA)_5:5-coated surfaces, even after
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Figure 7. Viability of cells cultured in the presehce of polymers for
2 days. n=3.

5 h. The copolymers containing smaller ratios of histidine did
not have adequate inhibitory effects.

Cytotoxicity. To evaluate the cytotoxicity of the prepared
polymers, cell culture was performed in the presence of the
polymers. We have already reported no cytotoxicity for
polymers containing histidine residues.3336 Here we also found
no significant cytotoxicity of these new polymers upto 5 mM,
as shown in Figure 7.

In comparison with nonbiofouling polyampholytes carrying
phosphatydylcholine residues investigated by other researchers,” 20
the copolymers that were synthesized in this investigation had
weak acid and base groups. However, similar or greater effects
were observed for our polymers. As our polymer is based on
an amino acid, this mild zwitterion polymer will be important
as a new nonbiofouling polymer.

Conclusion

This study demonstrated the synthesis of alcohol-soluble
polyzwitterions by the copolymerization of N-methacryloyl-L-
histidine and a hydrophobic monomer. Coating with the
copolymer enhanced hydrophilicity and was efficient for the
preparation of nonbiofouling surfaces active against protein and
cell adhesion. In particular, the copolymer containing about 50%
content of histidine monomer was the most suitable candidate
for nonfouling for both proteins and cells. In addition, the
copolymer was nontoxic. Therefore, the copolymer will be
useful as a new nonbiofouling agent.
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Abstract

Photoreactive poly(ethylene glycol) (PEG) was prepared and the polymer was photoimmobilized on organic, inorganic and metal sur-
faces to reduce their interaction with proteins and cells. The photoreactive PEG was synthesized by co-polymerization of methacrylate-
PEG and acryloyl 4-azidobenzene. Surface modification was carried in the presence and the absence of a micropatterned photomask. It
was then straightforward to confirm the immobilization using the micropatterning. Using the micropatterning method, immobilization
of the photoreactive PEG on plastic (Thermanox™), glass and titanium was confirmed by time-of-flight secondary ion mass spectroscopy
and atomic force microscopy observations. The contact angle on an unpatterned surface was measured. Although the original surfaces
have different contact angles, the contact angle on PEG-immobilized surfaces was the same on all surfaces. This result demonstrated that
the surface was completely covered with PEG by the photoimmobilization. To assess non-specific protein adsorption on the micropat-
terned surface, horseradish peroxidase (HRP)-conjugated proteins were adsorbed. Reduced protein adsorption was confirmed by van-
ishingly small staining of HRP substrates on the immobilized regions. COS-7 cells were cultured on the micropatterned surface. The cells
did not adhere to the PEG-coated regions. In conclusion, photoreactive PEG was immobilized on various surfaces and tended to reduce

interactions with proteins and cells.

© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Preventing molecular, cellular and organismic fouling of
surfaces is important for the success of medical or biochem-
ical devices. A variety of polymers have been synthesized to
réduce protein, .cell and bacterial adsorption at interfaces

.with biological tissues. Among them, one approach that .

has met with considerable success is surface modification
with poly(ethylene glycol) (PEG), a biocompatible polymer
that, when immobilized onto surfaces, confers protein and
cell resistance [1]. Therefore, attempts at PEG immobiliza-
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tion have been made by many researchers. For example,
Rundqvist et al. [2] and Mougin et al. [3] prepared a self-
assembled layer of thiol-terminated PEG on gold. Sebra
et al. [4], Ko et al. [5], Beyer et al. [6] and Kizilel et al. [7]
employed polymerizable PEG monoacrylate. Sun et al. [8]
reported w-PEG carrying alkyne and cyclodiene terminal
groups onto an N-(e-maleimidocaproyl) functionalized
glass slide via an aqueous Diels-Alder reaction. Shlapak
et al. [9], Feng et al. [10] and Patel et al. [11] utilized a
PEG-amine for coupling with poly(N-hydroxysuccinimidyl
methacrylate) films, hydrolyzed poly(methyl methacrylate)
or silanized glass slides bearing aldehyde groups, respec-
tively. Bonding of PEG-biotin derivatives onto an avidin

- surface was performed by Sinclair and Salem [12] and Zhen

et al. [13]. PEG-silane was employed for surface modifica-
tion by Popat et al. [14], Piehler et al. [15], Xu et al. [16], Choi
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