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Fig. 1. Chemical structure of photoreactive phospholipid polymer (PMB-PL).

using a phase-contrast microscope. UV light (360 nm, 80 mW/cm?)
was administered to the PMB-PL surface for 60s. Detached cells
following UV-irradiation were recovered and calculated for cell
density using a hemocytometer. After irradiation, the culture dish
plate was washed with PBS, and the remaining cells were detached
using the abovementioned trypsin method. Detached cells were
counted and cell counts were converted to cell density per unit
area (cells/cm?).

3. Result and discussion

A photoreactive phospholipid polymer (PMB-PL) was synthe-
sized with MPC, BMA, and PL monomer via the conventional
radical polymerization technique. The chemical structure of
PMB-PL is shown in Fig. 1. The monomer unit composition
of the PMB-PL polymer was calculated by 'H NMR measure-
ment as MPC/BMA/PL=0.24/0.50/0.26. The PMB-PL was soluble
in organic solvents such as alcohol, dimethylsulfoxide, and diox-
ane. The molecular weight was My=1.43 x10* and average
molecular weight was calculated by GPC measurement based on
poly(ethylene oxide) (PEO) standards to be My /My was 1.31.

To evaluate the photochemical activity, PMB-PL was dissolved
in ethanol and its spectral change in response to UV light irradia-
tion (A >200 nm) was examined. Before UV irradiation, the solution
showed absorption transitions at 300 nm and 348 nm typical for a
3,4-dimethoxy-6-nitrophenyl group [30]. After UV irradiation, the
spectrum showed a dose-dependent decrease at the 348-nm tran-
sition while two new adsorption transitions appeared at 265 nm
and 375 nm. These new adsorption peaks belong to the 4-(4-acetyl-
2-methoxy-5-nitrophenoxy)butanoic acid photoproduct, which
indicates that the PMB-PL in bulk solution undergoes a photochem-
ical reaction that is characteristic of the 2-nitrobenzyl ester. The
PMB-PL after photoirradiation can be soluble in methanol, ethanol,
and dimethyl sulfoxide.

The surface of the quartz crystal glass was subjected to UV-
ozone treatment, and the glass was immersed in a PMB-PL ethanol
solution for several minutes. This process was repeated thrice.
After UV irradiation (A >200nm), the PMB-PL modified glass was
washed with distilled water and the UV spectrum was measured.
Before UV irradiation, the modified substrate surface showed a sim-
ilar absorption spectrum between 250 and 400 nm (Fig. 2) as that
of the PMB-PL in solution phase. After UV-irradiation, the tran-
sition intensity at 348 nm decreased similar to that of PMB-PL

Table 1
Changes in PMB-PL surface features before and after UV-irradiation.
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Fig. 2. Absorbance spectra of PMB-PL modified quartz glass surface, which were
measured under varied UV-irradiation times.

in bulk solution. However, the transitions at 265 nm and 375 nm
corresponding to the elimination of the 4-(4-acetyl-2-methoxy
-5-nitrophenoxy )butanoic acid photoproduct by washing, were not
observed. These results indicate that the PMB-PL retained its pho-
tochemical activity.

The changes in the surface features before and after UV-
irradiation are summarized in Table 1. XPS analysis indicated that
the PMB-PL modified surface had a phosphorus peak, a nitrogen
peak, an oxygen peak, a silicon peak, and a strong carbon peak.
After a 10 min UV-irradiation period, the P/C ratio on the PMB-PL
modified surface increased and the N/C, O/Cratios decreased. These
results support the notion that the ester groups on the PMB-PL
surface are photocleaved under UV-light.

Ellipsometric measurement revealed that the thickness of the
PMB-PL surfaces were 25 + 7 nm under dry conditions. In addition,
from atomic force microscopy (AFM, Nihon Veeco, Tokyo, Japan)
observations, the root mean square roughness (RMS) of the PMB-
PL surface was calculated as 0.826, which suggests a smooth surface
obtained by spin coating (data not shown). The static wettabil-
ity of the PMB-PL surface was estimated for the air-in-water and
water-in-air systems (Table 1). During UV-irradiation of the air-in-
water system, the water contact angle (8=180"-6) was changed
from 48° to 34°, which suggests a more hydrophilic surface was
observed after 10 min of photolysis. This result indicates that the

PMB-PL surface Ellipsometric thickness (nm)

Contact angle (%)

P/C(-) {-potential (mV)

Water-in-air

Air-in-water

25+7 88
257 111

Before irradiation
After irradiation

48 0.088 —44.3
34 0.145 =21
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Fig. 3. Phase contrast microscope images (scale =100 wm) displaying HeLa cells on PMB-PL, PMB, and TCPS surfaces. The upper images were taken before UV irradiation and

the lower images were taken following irradiation.
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Fig. 4. Adhered cell number on PMB-PL, PMB, and TCPS surfaces shown on left side
and detached cell number after UV-irradiation for respective surfaces on right.

surface was mostly converted to the hydrophilic phosphorylcholine
(PC) groups, which results from removing the photocleavable PL
groups from the substrate. In contrast, for the water-in-air system,
the surface static contact angle changed from 88" to 101 which
indicates a more hydrophobic surface was obtained after 10 min

Attachment

uoneipe

N

of light exposure. These results occur because under dry condi-
tions, the PC groups migrate into the inner area and, consequently,
leave the hydrophobic butyl methacrylate (BMA) units covered at
the uppermost substrate surface. This indicates that surface chem-
ical composition and surface wettability can be controlled using an
external UV-light stimulus.

The surface {-potential of the PMB-PL surface was —44.3 mV,
which is strongly negative. During UV irradiation, the surface (-
potential changed to —2.1 mV (Table 1), which is a result of an
increase in the composition of the MPC unit in the PMB-PL. This
increase is attributed to an increase in PL unit photocleavage. It
is well reported that the zwitterionic PC groups in PMB-PL sur-
face form an inner salt and thus the electrostatic effects diminish
[31-34]. When the composition of the MPC units increased, the
surface {-potential of the PMB-PL surface was close to zero. This
result was in agreement with the results of the static contact angle
measurement. From the contact angle measurement and surface (-
potential measurement, it is concluded that the negatively charged
hydrophilic PMB-PL surface is changed to a neutrally charged more
hydrophilic surface during UV-photolysis.

Cell attachment and detachment on the PMB-PL surface with
UV-irradiation were also examined. In this experiment we used the
photoreactive PMB-PL surface, a PMB surface that did not contain
the photocleavable PL moiety, and the conventional tissue cul-
ture treated polystyrene (TCPS). Fig. 3 shows the phase-contrast

A Cell detachment
from the surface

s O O

000

! Photolabile
product

Contact angle (water-in-air) = 88°
Contact angle (air-in-water) = 48°
P/C value = 0.088

t-potential = -44.3 mV

Contact angle (water-in air) = 111°
Contact angle (air-in-water) = 34°
P/C value = 0.145

¢-potential = -2.1 mV

Fig. 5. Schematic of cell attachment/detachment at PMB-PL surface based on alteration of surface properties following UV-irradiation.
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Fig. 6. Cell number dependency on incubation time. The cells were detached from
the PMB-PL surface using UV-irradiation.

microscope images of the Hela cells before and after UV irradia-
tion, and Fig. 4 shows the cell density on each surface before and
after irradiation. From the calculations, it was concluded that more
than 90% of the seeded cells were attached onto the PMB-PL sur-
face, and 67% of attached cells were detached by photo-irradiation.
In the case of the PMB-only surface and the TCPS, less than 5%
of the seeded cells were detached following UV-irradiation. This
result indicates that UV-exposure induces detachment of attached
cells. The proposed mechanism by which this occurs is as fol-
lows: the cells are initially bound to the cell-adhesive proteins
via the photocleavable PL unit; the PL units are cleaved follow-
ing the photochemical reaction and the non-biofouling surface of
phosphorylcholine groups remain intact at the substrate surface. In
generally, the cells were adhered through the adsorbed protein on
the substrate. In this study, the cell adhesive experiment was per-
formed in the serum containing medium. Under the condition, it is
considered the protein adsorption from the medium is considered
to have occurred prior to the cell adhesion. Fig. 5 shows a schematic
of cell attachment/detachment processes at the PMB-PL surface
based on alteration of the surface properties using UV-irradiation.
These results demonstrate the selective detachment of cells at the
PMB-PL modified surface, which was related to the photocleavage
of the PL unit using UV-irradiation.

Cell attachment and detachment behavior at the PMB-PL sur-
face was also observed using fibroblast cells, L929 (data not shown).
These results indicate that the mechanism of cell attachment and
detachment on the PMB-PL surface was a consequence of the
change in surface properties due to the photocleavage of the PL
unit.

We also examined cell proliferation activity after the pho-
toinduced detachment. The detached cells were cultured under
usual culture conditions. Fig. 6 shows the cell proliferation of the
detached HelLa cells from the PMB-PL surface. The detached cells
from PMB-PL after photoirradiation proliferated at the same rate
as the normal (original) cells cultured under usual conditions. The
PMB-PL detached cells maintained their physiological properties,
indicating that the UV-irradiation process did not affect the cell
viability, and the PMB-PL surface non-invasively recovered the
attached cells.

4. Conclusions

A photoreactive and cytocompatible phospholipid polymer,
PMB-PL, was prepared and its surface properties were character-
ized. The substrate was modified to an extent that it allowed for
the study of the photocleaving properties at the surface. Before

UV-irradiation, the PMB-PL surface was negatively charged and
relatively hydrophobic, which provided protein adsorption and
cell adhesion. After irradiation, the surface was neutrally charged
and hydrophilic because of the MPC unit. The PMB-PL surface
induced cell attachment, and was externally stimulated using UV-
light allowing cell detachment from the surface, while maintaining
cell viability. Furthermore, the PL monomer unit has a carboxylic
group in the side chain, which provides a site for conjugation
by desired biomolecules at the PMB-PL surface. The PMB-PL sur-
face is a valuable tool to investigate the bioactivity of conjugated
biomolecules, and affords a selective mechanism by which specific
cells can be recovered from the surface using UV-light. Selective
cell collection and analysis of the cell function at the surface will
be reported elsewhere. The development of the PMB-PL surface
and the selective detachment of the cells using UV-irradiation
has been shown to be a promising and valuable technique for
applications in cell analysis and more specifically single-cell anal-
ysis.
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Simple surface treatment of polydimethylsiloxane (PDMS) substrates was performed using an aqueous-
ethanolic solution of amphiphilic phospholipid polymers to reduce the hydrophobic and high friction
characteristics of PDMS. The phospholipid polymers, poly(2-methacryloyloxyethyl phosphorylcholine
(MPC)-co-2-ethylhexyl methacrylate (EHMA)-co-2-(N,N-dimethylamino)ethyl methacrylate) (PMED)
and poly(MPC-co-EHMA) (PMEH) were synthesized, and the effects of the electric charge of the poly-
mer chain on the stability of the attachment to the PDMS surface was investigated. The polymers were
dissolved in a mixed solvent of ethanol and water, and the PDMS samples were treated by a simple dip-
ping method using the polymer solution. Pure ethanol as the solvent was ineffective for the attachment of
the polymers to the PDMS surface. It was considered that the hydrophobic interactions and electrostatic
attraction forces between the polymer chains and the PDMS surface were too weak for efficient interac-
tion in this solvent. On the other hand, the surface wettability and lubricity of PDMS could be improved
by treatment with an aqueous-ethanolic solution of PMED. The static contact angle was decreased from
90" to 20 by this treatment, and the dynamic friction coefficient against a Co-Cr ball was decreased by
nearly 80% compared with that of the untreated PDMS. The hydrophobic interactions and electrostatic
attraction forces generated by PMED were both essential for the stable adsorption of the polymer layer
on PDMS. Furthermore, the solubilized state of the polymers affected the adsorption of the polymer. We
concluded that the surface of PDMS could be stably modified using aqueous-ethanolic solutions of PMED
without the need for pretreatments.
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1. Introduction

Polydimethylsiloxane (PDMS) is one of the most frequently
used materials for medical devices such as catheters, endoscopes,
dentures, finger joints, and contact lenses owing to its attractive
properties such as high flexibility, processability, good mechan-
ical properties, high gas permeability and optical transparency
[1-3]. However, the native hydrophobicity, high friction, and
biofouling tendency of PDMS limit its applications in biologi-
cal environments. A number of attempts have been made to
decrease the hydrophobicity and suppress the nonspecific adsorp-
tions of PDMS by means of surface modification [4-10]. Oxygen
plasma treatment is one such technique that has been widely
used for modification of the surface hydrophobicity. However,
the hydrophilicity conferred by this process is temporary and the
surface recovers its hydrophobic property within a short time
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[11-13]. In addition, the oxygen plasma cannot be applied to
the inner surfaces of thin tubes such as catheters and endo-
scopes from the viewpoint of mean free path. Surface modification
of PDMS using biocompatible polymers represents an alterna-
tive technique for changing the surface properties. The use of
2-methacryloyloxyethyl phosphorylcholine (MPC) polymers has
proved to be particularly promising for improving the biocompat-
ibility of the surface of biomedical devices [14-17]. MPC polymers
contain extremely hydrophilic phosphorylcholine groups in their
side chain, and surfaces covered with MPC polymers exhibit
good wettability, low friction, and resistance to protein adsorp-
tion [18-21]. In fact, MPC polymers have been applied to several
medical devices such as artificial hip joints [22,23], implantable
blood pumps, cardiovascular stents, and contact lenses. Surface
modification of PDMS with MPC has been undertaken in var-
ious studies by means of either chemical reaction or physical
adsorption. Goda et al. introduced poly(MPC) (PMPC) chains onto
the PDMS surface by photoinduced graft polymerization [24,25].
Iwasaki et al. modified the PDMS surface by using well-defined
ABA-type triblock copolymers composed of PMPC segments (A)
and a central PDMS segment (B) with anchoring vinyl groups. The
hydrosilylated PDMS surface reacted with vinyl groups of the B
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blocks [26]. This method successfully improved the surface wet-
tability and lubrication and decreased the biofouling tendency
of PDMS. Although the modification of the PDMS surface with
MPC via a chemical reaction is a powerful tool for enhancing the
properties of PDMS, the process is complex and it is difficult to
modify intricately shaped devices after fabrication. More practi-
cal methods have been reported by Sibarani et al., who modified
the PDMS surface by a simple treatment method [27], and Seo
et al., who modified the PDMS surface by swelling-deswelling
methods using ABA-type block copolymers composed of PMPC
(A) and PDMS (B) segments [28]. The relative simplicity of these
processes renders them more applicable than grafting polymeriza-
tion and chemical reaction processes. However, the disadvantage
of these methods is that low-polarity solvents such as chloro-
form are used for the surface treatment process because of the
low surface energy of PDMS. These solvents induce swelling of
PDMS, and consequently, this method is unsuitable for tailor-made
devices with dimension-specific designs. On the other hand, the
adsorption of poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide) and poly(L-lysine)-graft-poly(ethylene
glycol) (PLL-g-PEG) on hydrophobic surfaces in aqueous envi-
ronments has been reported [29-31]. Lee et al. investigated the
adsorption behavior of PLL-g-PEG on the PDMS surface by chang-
ing the molecular weight of the copolymer and varying the solvent
parameters such as pH and salt concentration. They suggested that
the large number of hydrophobic groups in the copolymer and
the extended conformation of the polymer in aqueous solution are
associated with the ease of adsorption of the polymer [31]. For sur-
face modification of biomedical devices, stability of the adsorbed
polymer layer under aqueous conditions is essential. In general,
proteins can be readily adsorbed from an aqueous medium onto
various surfaces. Surface adsorption is normally irreversible owing
to conformational changes of the proteins on the surface. Although
surface adsorption of protein is a complex process, hydropho-
bic interaction and electrostatic forces generated at the interface
are some of the dominant forces [32]. When proteins approach a
surface, the water molecules between surrounding proteins and
the surface are removed by an entropic effect. This phenomenon
induces a conformational change in the proteins, and the proteins
are irreversibly adsorbed on the surface by hydrophobic interaction
and electrostatic interaction. We hypothesized that a molecular
design similar to the protein structure, with hydrophobic portions
and electric charges, should be suitable for the surface treatment
of PDMS. PDMS is an elastic material, its surface is hydrophobic,
and its surface ¢ potential is —44.1 mV [27]. Therefore, we chose 2-
ethylhexyl methacrylate (EHMA) and 2-(N,N-dimethylamino)ethy!
methacrylate (DMAEMA) as monomer units of the MPC polymer,
with the expectation of hydrophobic interactions and electrostatic
attraction forces. The objective of this study was to modify the
PDMS surface with the MPC polymer by simple treatment from
aqueous solution, thereby negating the swelling effects of low-
polarity solvents on PDMS. The influence of the electric charge of
the polymer chain and the polymer conformation in aqueous solu-
tion on the modification of the PDMS surface is investigated herein
by varying the ratio of water and ethanol in the mixture used as the
solvent.

2. Experimental
2.1. Materials

MPC was synthesized according to a previously reported
method [33]. EHMA, DMAEMA and sodium 1-anilino-8-naphtalene

sulfonate (ANS-Na) were purchased from Tokyo Kasei Kogyo
(Tokyo, Japan). Liquid PDMS (Silpot 184®) and its curing agent were

purchased from Toray-Dow Corning Asia Co. The other reagents and
solvents were commercially available in extra-pure grade and used
without further purification.

2.2. Synthesis of positively charged amphiphilic polymer

Poly(MPC-co-EHMA-co-DMAEMA) (PMED) and poly(MPC-co-
EHMA) (PMEH) were synthesized by a conventional radical poly-
merization method in ethanol using 2,2’-azobisisobutyronitrile
(AIBN) as the radical initiator. The polymerization was carried out
at 60 “C. The formed polymer was purified by pouring the reac-
tion mixture into an excess volume of ether/chloroform (8/2, v/v)
for precipitation. Furthermore, unreacted MPC was removed by
crushing the precipitated polymer and washing with water for
2.0 h. The polymer was collected by filtration and lyophilized. The
chemical structure of the polymer was confirmed by 'H NMR in
CD3CD,0D, the molecular weight of the polymer was evaluated by
gel permeation chromatography (GPC, Jasco, Tokyo, Japan) using
hexafluoroisopropanol (HFIP) as the eluent, and the retention time
was compared with that of the poly(methyl methacrylate) stan-
dard. The chemical structure of PMED and PMEH is shown in Fig. 1.

2.3. Fluorescence measurement using ANS-Na

The polarity of the PMED and PMEH solutions prepared in a
mixed solvent with various ratios of ethanol and water was evalu-
ated by fluorescence measurements using ANS-Na as a probe. The
polymers were first completely dissolved in ethanol, and water
was then added in a prescribed ratio. Subsequently, ethanolic
ANS solution was added to each sample and the mixture kept in
a dark place. The final polymer concentration was 1.0 wt% and
the ANS-Na concentration was 1.0 x 107> M. The internal polar-
ity of the polymer aggregate was estimated using the maximum
wavelength from the fluorescence of ANS-Na (Aex =350 nm, mea-
surement range =420-650 nm).

2.4. Preparation of PDMS

The precursor of PDMS and curing agent were mixed in a 10:1
(v/v) ratio. The mixtures were evenly spread on a dish and were
placed under vacuum to remove air bubbles. The curing reaction
was performed at 60 “C for 4.0 h.

2.5. Treatment process

PMED and PMEH were dissolved in ethanol and water was added
in a given ratio. Ethanolic polymer (PMED and PMEH) solutions
containing water at ratios of 0, 20, 50, and 80 v/v% were prepared
and are hereafter referred to as PMED-O0, 20, 50, and 80 and PMEH-
0,20, 50, and 80, respectively. The final polymer concentration was
adjusted to 1.0 wt%. All PDMS substrates were washed with ethanol
prior to the treatment process. The plates were dipped 5 times for
a few seconds into the PMED solution and then dried in air. This
process was repeated twice and the plates were then completely
dried under vacuum.

2.6. Surface characterization

The hydrophilicity of the PMED- and PMEH-treated PDMS sur-
faces was evaluated by measurement of the air and water contact
angles using a static contact angle goniometer (CA-W; Kyowa Inter-
face Science Co., Tokyo, Japan). Water contact angles (Owater) wWere
measured under dry conditions and the air contact angles (6,;.)
were measured in water. The PDMS substrate was cut to fit dimen-
sions of 10 mm x 40 mm x 1.0 mm and 10 mm x 20 mm x 0.70 mm
for the respective air and water contact angle measurements.
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The polymer-treated samples were immersed in water for 1h ’g
and were dried under vacuum before contact angle measure- < 520
ments. In the measurement of Owater under dry conditions, water £ O Solvent o
droplets were brought into contact with the modified PDMS sur- £ 5104 f m:ﬁ:ﬁ::
face and Owater wWas measured within 10s using photographic § 7
images. 0,;; was measured in water by attaching the samples to z 500 O
a sample holder, which was then transferred into a glass holder .3 -
filled with purified water. After 5min, air bubbles were intro- 5 490 1 ) =
duced underneath each sample through U-shaped needles and & ] -8 (=]
the contact angles were measured using photographic images. e 480 =]
Data were collected at 10 positions for each sample. The stabil- E ?
ity of the polymer layer was evaluated by immersing the samples g e 0 0 20 310 40 50 6’0 70 80
in water for 1.0, 24, 72, 120, and 168 h. The surface elemental §

composition was analyzed using X-ray photoelectron spectroscopy
(XPS; AXIS-His165 Kratos/Shimadzu, Kyoto, Japan). The photoelec-
tron take-off angle was fixed at 90°. All of the binding energies
were referenced to the Cys peak at 285.0eV and the correspond-
ing peak areas were used to calculate the respective elemental
compositions.

2.7. Friction test

The coefficients of dynamic friction between a Co-Cr ball and
the surface of the polymer-treated PDMS samples were mea-
sured using a surface property tester (Heidon Type32, Shinto
Science Co., Tokyo, Japan). The PDMS substrates were prepared
in the box (65mm x 35mm x 3.0mm) and were affixed to the
stage. The friction tests were performed in purified water at room
temperature with load of 0.98 N, for a maximum of 1.0 x 103 cycles.

120 ¢ (3)

Contact angle by water (°)
2

9 50 o8
x‘:\vﬁ& MEDS gD e

Water content of MPC polynier ethanol solutions (v/v%)

Fig. 2. Peak shifts of ANS-Na fluorescence in MPC polymer solutions.

The scan scale was 20 mm, and the scan speed was 40 mm/s. Three
replicate measurements were performed for each sample, and
the average values were regarded as the coefficients of dynamic
friction.

3. Results and discussion

3.1. Characterization of the solubilized state of PMED in
ethanol/water mixture

PMED and PMEH are both soluble in ethanol and do not dissolve
in water. In addition, both polymers were soluble in ethanol/water
mixtures. The polymer solution was transparent in water con-

120 5 (b
100

Contact angle by water (°}

poMS
- mmtc&

oMERD et eSO e 80

Fig. 3. The contact angles by water on the PDMS surface measured under dry conditions, before and after treatment with PMED (a) and PMEH (b) solution. Open column:
just after treatment with the polymer solution. Closed column: after 1.0 h immersion in water.
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Fig. 4. The contact angles by air on the PDMS surface measured in aqueous solution, before and after coating with PMED (a) and PMEH (b) solution. Open column: just after

coating. Closed column: after 1.0 h immersion in water.

tent ranges from Ov/v% to 80v/v%. Therefore, the conformation
of the polymer changes in ethanol/water mixtures. The solubi-
lized state of PMED and PMEH was evaluated after dissolution
in ethanol/water mixtures of various ratios, using ANS-Na as a
fluorescence probe. ANS-Na is sensitive to solvent polarity; the flu-
orescence quantum yield of ANS-Na is enhanced in hydrophobic
environments, with a concomitant blue shift of the emission max-
imum [34]. Fig. 2 shows the emission maximum of ANS-Na in the
solvent, PMED solution and PMEH solution. The maximum wave-
length of fluorescence (Amax) of ANS-Na in the 80v/v% aqueous
ethanolic solvent was 505 nm. However, the peak was blue-shifted
with decreasing content of water. The Amax of ANS-Na was almost
the same in both the PMED and PMEH solutions. In the purely
ethanolic and 20v/v% aqueous-ethanolic polymer solutions, the
Amax Of ANS-Na was almost same as that in the solvent. On the
other hand, in the 50 v/v% and 80 v/v% aqueous-ethanolic polymer
solutions, the Amax was considerably lower than that in the sol-
vent. The ratio of hydrophilic to hydrophobic units is almost same
in both PMED and PMEH. These results indicate that both of the
polymers undergo aggregation with increasing water content by
hydrophobic interactions. In the 80 v/v% aqueous-ethanolic poly-
mer solution, the polarity of the inside of the polymer aggregate
was almost the same as that of ethanol.

3.2. Surface characterization of modified PDMS

The effect of the polymer conformation on the modification
of the PDMS surface was investigated after dissolving PMED and
PMEH in solvents with different ratios of ethanol to water. Fig. 3
shows the values of contact angles by water (fwater) on the PDMS
surface before and after treatment with PMED (a) and PMEH (b).
In all samples, high values were obtained for the water contact
angles under dry conditions, which were the same as those of
untreated PDMS, and the values were not changed after immer-
sion in water for 1h. The phosphorylcholine group of the MPC
polymers is hydrophilic, however, the hydrophobic units of the
polymer are enriched at the air interface to decrease the surface

1907 (@) CIPDMS  [IPMED-50

@PMED-0 ZPMED-80
PMED-20

Contact angle by air (°)
5 & 8 8

<

OPDMS) ¢ 0.23
P/Si

free energy [35]. Fig. 4 shows the values of contact angles by
air (0,;) on the PDMS surface before and after treatment with
PMED (a) and PMEH (b). In contrast to fwater under dry condi-
tions, 6,;; in water were drastically decreased on the PMED and
PMEH-treated surfaces, relative to the untreated surface, with the
exception of the surface treated with PMED-0 and PMEH-0 (i.e.,
purely ethanolic) solutions. #,;; could not be measured on the sur-
faces treated with PMED-80 and PMEH-80, because the air bubble
did not attach to the surface. The hydrophilic phosphorylcholine
group is exposed in aqueous environments to reduce the interfa-
cial free energy, thus, these results indicate successful treatment
of the PDMS surface with PMED-20, 50, and 80 and PMEH-20, 50,
and 80. After immersion in water for 1.0h, the surfaces treated
with PMED-20, 50, and 80 maintained their hydrophilicity. How-
ever, the contact angles of the surfaces treated with PMEH-20, 50,
and 80 were increased after immersion in water for 1.0 h. In par-
ticular, the 6, value of the surface treated with PMEH-80 was
increased from 0° to 70°. These results indicate that PMEH-20, 50,
and 80 were attached to the PDMS surface via weak interactions,
and the polymer layer could be easily removed from the PDMS
surface during immersion in aqueous solution. The success of the
surface treatment with PMED and PMEH was further evaluated by
XPS measurement. In the case of the surfaces treated with PMED-
20, 50, and 80 and PMEH-20, 50, and 80, ammonium nitrogen and
phosphorous peaks were observed at 403 eV and 133 eV, respec-
tively. These atoms were attributed to the MPC unit. On the other
hand, there were no peaks in the nitrogen region and phospho-
rous region for the surfaces treated with PMED-0 and PMEH-0. The
results of the XPS and 6,;; measurements reveal that when ethanol
was used as a solvent (in the absence of water), the PDMS surface
treatment process was unsuccessful. Fig. 5 shows the relationship
between 6, on the PDMS surfaces treated with PMED and PMEH
versus the atomic ratio of P/Si of the surface. Contact angle and
XPS values after immersion in water for 1.0h were used for this
plot. The atomic ratio of P/Si corresponded to the surface density
of the MPC unit; therefore, the density of the phosphorylcholine
group could be evaluated on this basis. The contact angle decreased
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Fig. 5. Atomic ratio of P/Si on the PDMS surface coated with various MPC polymer solutions versus the air contact angles in an aqueous solution.



74 K. Fukazawa, K. Ishihara / Colloids and Surfaces B: Biointerfaces 97 (2012) 70-76

10
=
=3
3
£
P . B & o & 3 & & & H &
£
s O PDMS (untreated)
g A PMED-O
" O PMED-20
= o1 X PMED-50
2 ) x PMED-80
g 88 = 5588 58
Q T x X ¥ ¥ x ¥ «x
0.01 AT T
0 1 2 3 4 5 6 7 8 9 10

Test duration (x 10 cycles)

Fig. 6. Time course of the dynamic friction coefficient of the PDMS surface coated
with PMED solution.

with an increase in the atomic ratio of P/Si, indicating that the
wettability was conferred by the hydrophilic phosphorylcholine

group.
3.3. Lubrication property

The lubricity of the surface is important for biomedical devices
such as catheters, endoscopes, and artificial joints [19]. The
dynamic friction coefficient was used as a parameter for char-
acterizing the lubricity of the PDMS surface treated with PMED
in water. Fig. 6 shows the time course of the dynamic friction
coefficient between a Co-Cr ball and the surface of PMED-treated
PDMS in water. The untreated PDMS surface and PMED-0 treated
surface exhibited a very high dynamic friction coefficient of approx-
imately 1.16, consistent with the unsuccessful treatment of the
PDMS surface by PMED-0 indicated by the XPS and contact angle
measurements. However, after treatment with PMED-20, 50, and
80, the dynamic friction coefficient was dramatically decreased to
approximately 0.030, 0.030, and 0.015, respectively. This decrease
is attributed to elimination of strong hydrophobic interactions by
treatment with hydrophilic PMED. The hydrophilic state ensures
the formation of an aqueous lubrication layer and reduces the fric-
tion force. The results of the lubrication tests corroborate with
the results of the contact angle measurements. Furthermore, the
low friction coefficient was maintained during 1.0 x 103 cycles at
0.98 N, demonstrating the stability of the PMED layer formed on
the PDMS substrate during the treatment process.

3.4. Stability of MPC polymer on PDMS surface

The stability of the PMED and PMEH layers on the PDMS
substrate in aqueous environments was further evaluated by
XPS following surface treatment. Fig. 7 shows time course of the
elemental ratio of P/Si for the PDMS surfaces treated with PMED
(a) and PMEH (b). After immersion in water for 24 h, the atomic
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ratio of P/Si on the surface treated with PMED-50 and 80 decreased
from 0.25 to 0.10. On the other hand, the atomic ratio of P/Si
was maintained at 0.25 on the surface treated with PMED-20.
All of the treated surfaces maintained an atomic ratio of P/Si of
approximately 0.05 over the course of 168 h.

We have previously expounded the relationship between the
amount of adsorbed fibrinogen and the surface P/Siratio [36]. From
that study, it is known that the fibrinogen adsorption capacity
of the untreated PDMS surface is approximately 1.9 pg/cm?.
The amount of adsorbed fibrinogen was found to decrease with
an increase in the atomic ratio of P/Si. In the case of a surface
having an atomic ratio of P/Si of 0.035, the amount of fibrinogen
adsorbed was significantly reduced to approximately 75% of that
observed for the untreated PDMS. On this basis, it is predicted
that the surface treated with PMED should exhibit good biofouling
resistance after immersion in water for 168 h.

For the surfaces treated with PMEH-20 and 50, the atomic
ratio of P/Si decreased from 0.25 to below 0.05 after immersion
in water for 24 h, and for the surface treated with PMEH-80, the
decrease was even more drastic, moving from approximately 0.15
to 0.05 over an immersion period of only 1.0h. The P/Si ratio
declined to almost 0 after immersion in water for 72 h for all of the
treated surfaces. The pK; of poly(DMAEMA) is about 8.0 [37,38]. In
water (pH 5.6), more than 90% of the dimethyl amino groups are
protonated. Therefore, PMED is positively charged and was more
strongly adsorbed than PMEH; in particular, PMED-20 exhibited
the highest stability among all the tested PMED types.

Fig. 8 shows an illustration of the relationship between the
solubilized state of the polymer and the adsorption behavior of the
polymer on the PDMS substrate. On the basis of the fluorescence
measurements using ANS-Na, it was evident that neither PMED nor
PMEH could form hydrophobic domains in the purely ethanolic
and 20v/v% aqueous-ethanolic solutions. On the other hand,
hydrophobic domains were formed in the 50v/v% and 80v/v%
aqueous-ethanolic solutions. In purely ethanolic solution, the
hydrophobic interaction and electrostatic attraction forces were
not operative between the polymer chains and the PDMS surface,
therefore, there was no attachment of PMED and PMEH to the sur-
face. In the 20 v/v% aqueous-ethanolic solutions of both polymers,
the polymer chains were in the stretched conformation, and were
adsorbed on the PDMS surface via hydrophobic interactions. How-
ever, the stability of the PMED layer on the surface was much higher
than that of the PMEH layer. PMED possesses positive charges in
the aqueous solution based on the DMAEMA units, whereas the
PDMS surface is negatively charged. Therefore, the difference in
the stability of the layers formed by PMED and PMEH suggests that
PMED is adsorbed onto the PDMS surface not only by hydrophobic
interactions but also by electrostatic attraction forces. In 50 v/v%
and 80 v/v% aqueous-ethanolic solutions, PMED and PMEH could
form aggregates, with hydrophobic interaction operating as the
driving force for aggregation of the hydrophobic units. Because the
hydrophobic domain was formed inside the polymer aggregate
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Fig. 7. Time course of the atomic ratio of P/Si on the PDMS surface coated with PMED (a) and PMEH (b) solution.
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Fig. 8. Schematic illustration of the conformation of PMED and PMEH in aqueous-ethanolic solution and adsorption behavior of PMED and PMEH at PDMS surface.

and the hydrophobic interaction between the polymer chains and
the PDMS surface was weakened, PMEH was weakly adsorbed on
the PDMS surface. On the other hand, PMED was adsorbed on the
PDMS surface primarily via electrostatic forces. Thus, PMED and
PMEH may attach to the PDMS surface via either hydrophobic
interaction or electrostatic attraction forces. However, both inter-
actions are essential for stable binding between the polymer chains
and the PDMS surface. The conformation of a protein is changed
after adsorption; the hydrophobic inner surfaces are turned to the
outside, and hydrophobic interaction between amino residues and
the surface becomes stronger. This is due to the flexible and fragile
conformation of proteins. The polymer aggregate is rigid and ther-
modynamically stable; therefore, the hydrophobic inner region
cannot be turned to the outside after adsorption. Thus, the polymer
must exist as discrete units in aqueous solution for formation of a
stable surface layer, because the hydrophobic interaction between
the polymer chains and the surface is weak in the aggregated
state.

4. Conclusion

The surface properties of PDMS were readily modified by a sim-
ple treatment process using aqueous-ethanolic PMED and PMEH
solutions without the need for any pretreatment process. After
treatment, the PDMS surface exhibited good water wettability and
the dynamic friction coefficient of the surface was decreased by
nearly 80% compared with that of the untreated PDMS surface.
We demonstrated that the positive charge and hydrophobic moi-
ety were both needed in the polymer for the formation of a stable
treatment during treatment of PDMS. Further, we found that the
conformation of the polymer in solution influenced the adsorption

process. This treatment process is simple and it is possible to apply
to various devices made of PDMS after fabrication.
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