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Platelet-adhesion behavior synchronized with surface
rearrangement in a film of poly(methyl methacrylate)
terminated with elemental blocks

Hisao Matsuno1, Ryota Tsukamoto1, Shinichiro Shimomura1, Tomoyasu Hirai1,3, Yukari Oda1

and Keiji Tanaka1,2

Poly(methyl methacrylate) (PMMA) terminated with elemental blocks containing polyhedral oligomeric silsesquioxane (POSS),

hereafter referred to as PPMP, was synthesized by living anionic polymerization. Combining modern interfacial-sensitive

spectroscopy with traditional contact angle measurements, static and dynamic structures at the surface of PPMP films in water

were examined. The surface of the well-annealed PPMP films, where the POSS end groups were preferentially segregated, was

flat at the sub-nanometer level. Once the PPMP film was immersed in water, the surface was reorganized, and the rate was

much slower for PPMP than for the conventional PMMA. This implies that the POSS units hindered the interfacial dynamics of

the polymer segments. Then, platelet-adhesion tests were performed on the PPMP films. The number of platelets adhered to the

PPMP film was dependent on the pre-immersion time in phosphate-buffered saline before the platelet seeding, whereas that of

the reference PMMA film was unaffected by the pre-immersion time. These results could be explained in terms of the

aggregation states of water at the interface.
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INTRODUCTION

Aggregation states and physical properties of polymeric materials
have a strong effect on their functions. This is evident even in
surface-associated processes, such as wettability, friction and
biocompatibility.1–5 Hence, studies focused on understanding polymer
surfaces, especially those investigating actual environment conditions,
are promising initiatives for the development of highly surface-
functionalized polymeric materials and devices. However, one
particular challenge is that because the energy state in the surface
and the corresponding bulk regions are not the same,6–18 the polymer
behavior at the surface is difficult to predict based on the analogous
characteristics in the bulk.16–18

Polymers used in biomedical applications having contact with
biogenic substances in water are a notable material of interest.
Therefore, the fundamental behavior of these polymers at the water
interface should be comprehended and controlled. We studied this
issue using a typical glassy polymer, poly(methyl methacrylate)
(PMMA), which is used in biomedical tips and artificial intraocular
lenses due to its excellent processability, as well as its mechanical and
optical properties.19,20 Once PMMA comes in contact with water,
segments in the surface region are partially dissolved in the water
phase, and a swollen layer due to water is formed beneath the
interface. This leads to faster dynamics of PMMA at the interface
compared with that in the bulk.21–23

Previously, we successfully constructed polymer surfaces with a
nanometer-thick inorganic network structure based on a one-pot
sol-gel reaction scheme involving tetraethoxysilane24,25 and tetraethox-
ytitanium(IV).26 Tetraethoxysilane and tetraethoxytitanium(IV) fed
into a polymer solution formed an inorganic network before and/or
during the film solidification and eventually segregated at the surface
of the prepared polymer film. These results in an observed hardness
and in antioxidant properties on the polymer surfaces, indicating that
the chain dynamics in the surface region must have decelerated due to
the presence of inorganic substances.
Here we show that the slower surface reorganization process

involving these types of polymers in water. If the dynamics of the
water-induced surface reorganization is on the order of 10 h, then the
change in the polymer structure and the water aggregation states can
be well pursued by interfacial-sensitive spectroscopy. Combining
the information that can be obtained from these procedures with
the results after a platelet-adhesion assay, a better understanding of the
controlling factors for bio-events on the polymer surfaces can be
established.
In this study, we focus on polyhedral oligomeric silsesquioxane

(POSS),27–30 rather than tetraethoxysilane, as a regulator of molecular
motion at the surface and interfaces of PMMA because the precise
control of the acid–base hydrolysis reaction for tetraethoxysilane is
particularly challenging under the chosen experimental conditions.
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POSS is a cubic molecule with an inner inorganic core based on
Si–O–Si networks surrounded by various organic functional
groups27–35 and is a promising filler for preparing nano-structured
organic–inorganic hybrid materials. Furthermore, POSS has been used
as an elementary building block for polymer due to the development
of polymerizable POSS-containing chemical compounds.36–39 In this
case, POSS molecules could be well dispersed in the polymer
matrix after polymerization, resulting in the elevation of the glass
transition temperature (Tg)

40–42 and improvement in the mechanical
strength.43,44 PMMA possessing POSS at both chain ends, hereafter
referred to PPMP, was synthesized by living anionic polymerization.
The outermost region of the PPMP film was characterized in air and
in water. Finally, it is shown that the platelet-adhesion behavior was
closely related to the aggregation states of water, or to the fractional
amount of disturbed water molecules, at the polymer interface.

EXPERIMENTAL PROCEDURE

Materials
Methyl methacrylate (MMA) and 3-(3,5,7,9,11,13,15-heptaisobutyl-pentacyclo
[9.5.13,9.15,1517,13]octasiloxan-1-yl)propyl methacrylate (MAPOSS)40–45 were
used as monomers. PMAPOSS-b-PMMA-b-PMAPOSS (PPMP), was synthe-
sized by living anionic polymerization in tetrahydrofuran with potassium
naphthalenide as an initiator.46–48 Figure 1 shows a schematic representation of
a PPMP chain and its chemical structure. The details of the PPMP synthesis are
described in the Supplementary Information. The number-average molecular
weight (Mn) and the polydispersity index (Mw/Mn) of PPMP, where Mw is the
weight-average molecular weight, were 28.7k and 1.31, respectively, as
determined by gel permeation chromatography using PMMA standards. The
values of m and n in Figure 1, or the composition, were determined as 3 and
110, respectively, by 1H-nuclear magnetic resonance spectroscopy with the gel
permeation chromatography result. The bulk Tg of PPMP measured using
differential scanning calorimetry (Extar6000 DSC6220, Hitachi High-Tech
Science Corp., Tokyo, Japan) and defined as a mid-point of the shift in the
heat capacity baseline was 397 K. As a reference polymer, monodisperse PMMA
with anMn of 25.0k and a ratio ofMw/Mn of 1.09 was purchased from Polymer
Source, Inc. (Montreal, QC, Canada) and was purified by reprecipitation prior
to use. The Tg of PMMA was 397 K.

Film preparation
PPMP films were prepared by a conventional spin-coating method from its
toluene solution on various solid substrates, such as Si-wafers, borosilicate
cover glasses and quartz prisms. The thickness of the PPMP films was
~ 140 nm. The films were annealed at 433 K in a vacuum oven for 24 h. As
a reference, PMMA films were also prepared in the same manner.

Surface characterization
The morphology of the polymer films prepared on the Si-wafers was examined
by atomic force microscopy (Agilent Technologies 5500 Scanning Probe
Microscope, Agilent Technologies, Inc., Santa Clara, CA, USA) using inter-
mittent contact mode under both air and water environments at room
temperature. The cantilever tip used for the measurements was microfabricated
from Si, and its spring constant and resonance frequency in air were 2.8 N m− 1

and 75 kHz, respectively. The tip radius was ~ 5 nm. The drive frequency used
in water was 30 kHz, which was on the low-frequency side of the resonance.
To avoid possible deformations of the sample surface during the observation,
the ratio of the set point to the free amplitude of the cantilever was maintained
at ~ 0.9 (10% damping of the amplitude of oscillation).
Static contact angle (θi) values were examined using a Drop Master 500

(Kyowa Interface Science Co. Ltd., Niiza, Saitama, Japan) at room temperature.
As a liquid probe (i), a droplet of ultrapure water (H2O) purified using a
Milli-Q system (Merck Millipore Co., Billerica, MA, USA) and diiodomethane
(CH2I2) were used for the measurements in air, and a droplet of n-heptane
(n-C7H16) was used for measurements in water. Furthermore, the contact
angles of an air bubble (θair) for the polymer films were recorded as a function
of time immersed in water. The initial θair value was recorded at 1 min after the
immersion of the polymer films, and subsequent immersion times were set to
5 min up to 24 h.
The surface chemical composition of the PPMP film was examined by

angular-dependent X-ray photoelectron spectroscopy (PHI 5800 ESCA system,
Physical Electronics, Inc., Chanhassen, MN, USA) with a monochromatized Al
Kα source. The emission angle (φe) was changed from 15° to 90°. The C1s peak
was calibrated to a binding energy of 285.0 eV for neutral carbon to correct the
charging energy shifts.
Interfacial aggregation states of water as well as polymers were examined by

sum-frequency generation (SFG) spectroscopy.49–51 In this method, a visible
beam generated by frequency-doubling the fundamental output pulses from a
pico-second Nd:YAG laser (PL2143, EKSPLA) and a tunable infrared (IR)
beam generated from an EKSPLA optical parametric generation/amplification
and difference frequency generation (OPG/OPA/DFG) system were introduced
from the quartz substrate side with incident angles of 50° and 70°, respectively,
and were overlapped at a point on the polymer/air or polymer/water interface.
SFG spectra were acquired with the polarization combination of ssp (SF output,
visible input, and IR input), enables the observation of the functional groups
oriented normal to the interface. The intensity of the SFG signal was
normalized to those of the IR and visible beams.

Platelet adhesion
Platelet-rich plasma extracted from human whole blood was used for the
adhesion assay in the same manner as described in the literature.52,53 Before the
tests, the polymer films were immersed in phosphate-buffered saline for a given
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Figure 1 A schematic representation of a POSS-containing block copolymer (PMAPOSS-b-PMMA-b-PMAPOSS, PPMP) and its chemical structure. The values
of m and n were 3 and 110, respectively. R indicates an isobutyl group covalently bound to Si. Each POSS unit possesses seven isobutyl groups in the outer
region. POSS, polyhedral oligomeric silsesquioxane.

Surface rearrangement of an elemental block polymer in water
H Matsuno et al

414

Polymer Journal



time. The platelet suspension, with a concentration that was determined by an

automated hematology analyzer, was dropped on each film at 310 K (37 °C) for

1 h. After rinsing the polymer films to remove unattached platelets, the adhered

platelets were fixed by immersing the films in glutaraldehyde in phosphate-

buffered saline. The films were subsequently dried and sputter-coated using a

platinum target. The number (NPLT) and the morphology of platelets adhered

to the polymer films were examined by scanning electron microscopy (SS-550,

Shimadzu, Co., Kyoto, Japan) at an acceleration voltage of 15 kV.

RESULTS AND DISCUSSION

Surface aggregation states
The surface of PPMP films was first characterized. Figure 2 shows
topographic images (Figure 2a and b), phase images (Figure 2c and d),
and sectional views (Figure 2e and f) for PPMP (Figure 2a, c and e)
and PMMA (Figure 2b, d and f) films acquired by atomic force
microscopy in air. In all experiments in this study, the data for PMMA
are shown as a reference. The root-mean-square surface roughness
(RRMS) was 0.24 nm for the PPMP and PMMA films, indicating
that these films were sufficiently flat for characterization by the

interfacial-sensitive spectroscopy. The phase image for the PPMP
film was featureless and was similar to the PMMA film. Hence,
it is apparent that POSS units covalently bound to the chain end
portions of PMMA were homogeneously dispersed, at least on the
outermost surface of the film. This is best suited for our purpose
and is in contrast to the results for POSS-containing block
copolymers.44,45 When the length of the POSS units becomes
longer, various nanostructures, such as cylinders and lamellae, are
formed in the films. This indicates that our design of PPMP with three
POSS units at the chain end portions is appropriate for the current
purpose.
Static contact angles of water (θH2O) and diiodomethane (θCH2I2)

for the PPMP and PMMA films were examined, as shown in
Supplementary Figure S1a. The data are summarized in
Supplementary Table S1. Following Owens’ procedure,54 the surface
free energies (γS) of the PPMP and PMMA films were determined as
27.7 and 42.6 mJ m− 2, respectively. Note that the incorporation of
only three POSS units having isobutyl groups on both end portions of
PMMA rendered PPMP quite hydrophobic.

Figure 2 AFM (a, b) topographic and (c, d) phase images for (a, c) PPMP and (b, d) PMMA films observed in air. (e, f) Sectional views along each line in a

and b, respectively. AFM, atomic force microscopy; PMMA, poly(methyl methacrylate); PPMP, PMAPOSS-b-PMMA-b-PMAPOSS.

Figure 3 (a) XPS survey spectrum at φe=45° for a PPMP film annealed at 433 K for 24 h. (b) Sin φe dependence of the intensity ratio of Si2p and C1s
(ISi2p/IC1s). The open circles depict the experimental data, and the solid line is a calculated curve based on the model composition profile of Si (ϕSi) as a
function of depth, as shown in the inset. PMMA, poly(methyl methacrylate); PPMP, PMAPOSS-b-PMMA-b-PMAPOSS; XPS, X-ray photoelectron spectroscopy.
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To investigate the hydrophobicity of the PPMP surface, the surface
chemical composition was examined by angular-dependent X-ray
photoelectron spectroscopy. Figure 3a shows a survey spectrum for the
PPMP film obtained at φe of 45°. Four peaks at 532, 285, 153 and
102 eV were observed and were attributed to O1s, C1s, Si2s, and Si2p,
respectively. Figure 3b shows the sin φe dependence of the intensity
ratio of Si2p and C1s signals (ISi2p/IC1s). The open symbols denote the
experimental data. The ISi2p/IC1s ratio increased with decreasing sin φe,
indicating that the POSS units containing Si were segregated on the
surface region of the film. Although the main panel of Figure 3b
provides the information regarding the depth dependence of the
composition along the direction normal to the surface from the
outermost region, the abscissa is not in the real space. To overcome
this problem, a fitting analysis was performed using a simple model; in
this case, the film is assumed to be composed of two layers. When a
composition profile (ϕSi) in the real space shown in the inset of
Figure 3b is assumed, the best fit to the experimental data is obtained,
as drawn by the solid curve in Figure 3b. Thus, it appears most likely
that the inorganic layer with a thickness of ~ 1 nm is formed at the
outermost region of the film. This is consistent with the lower γS of the
PPMP film as previously described. Considering the hydrophobicity of
the POSS units, the surface segregation of the POSS units is
reasonable.

Water-induced surface reorganization
The aggregation states of PPMP and PMMA at the surface of the films
were characterized under an aquatic environment. Figure 4 shows
topographic images (Figure 4a and b), phase images (Figure 4c and d)
and sectional views (Figure 4e and f) of PPMP (Figure 4a, c and e) and
PMMA (Figure 4b, d and f) films immersed in water for 24 h acquired
by atomic force microscopy. The RRMS values for the PPMP and
PMMA films were 0.22 and 0.28 nm, respectively. These values were
essentially the same as those obtained in air, indicating that the surface
roughness of both films were nearly unchanged, even in contact with
water. In addition, the phase images for both films were again
featureless.

The contact angle of an air bubble (θair) on the PPMP and PMMA
films in water was examined. The measurement is schematically shown
in Supplementary Figure S1b, which allows an evaluation of the extent
of the hydrophilicity of the surface. Figure 5 shows the immersion-time
dependence of θair on the PPMP and PMMA films. For both films, the
θair value increased with increasing time, indicating that the surfaces of
PPMP and PMMA became more hydrophilic in water. However, the
time scale of the θair change was not the same for each film. The initial
θair value for the PPMP film at the immersion time of 1 min was
90.0± 0.6°. Then, the value continued to increase until ~ 12 h when it
reached a constant of 96.9± 0.7°. In contrast, the θair value for the
PMMA film rapidly increased from 107.5± 0.3° to 109.3± 0.2° within
a half hour. The interfacial free energies (γS(W)) of PPMP and PMMA
with water after a 24-h water immersion were estimated as 33.9 and
12.2 mJ m− 2, respectively, using an air bubble and a n-C7H16 droplet
as probes (Supplementary Figure S1b and Supplementary Table S1).
Considering that the surface roughness of the PPMP and PMMA films
was unchanged in water, it is apparent that the time-dependent change
in θair is caused by a structural reorganization at the water interface.

Figure 4 AFM (a, b) topographic and (c, d) phase images for the (a, c) PPMP and (b, d) PMMA films in water. (e, f) Sectional views along each line in a

and b, respectively. AFM, atomic force microscopy; PMMA, poly(methyl methacrylate); PPMP, PMAPOSS-b-PMMA-b-PMAPOSS.

Figure 5 Contact angle of an air bubble (θair) on the PPMP and PMMA films
as a function of time in water. Plots show mean values and standard
deviations. PMMA, poly(methyl methacrylate); PPMP, PMAPOSS-b-PMMA-b-
PMAPOSS.
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Thus, the POSS units hinder the reorganization dynamics in the
outermost region of the polymer film in water.
The local conformation of PPMP at the water interface was also

examined by SFG.49–51 Figure 6a shows the SFG spectra for the PPMP
films at the air interface and water interface over the C–H stretching
region. Because the polarization combination for the sum-frequency,
visible and IR beams was ssp, the orientation of functional groups
along the direction normal to the interface can be discussed. Peaks on
the spectra were identified following previous reports about SFG
spectra of PMMA23,55,56 in addition to the Fourier-transform IR
spectroscopy measurements for bulk MAPOSS and PPMP samples, as
shown in Supplementary Figure S2. For the air interface, one strong
peak and two weak peaks were observed. The strong peak at
~ 2955 cm− 1 is assignable to the symmetric C–H stretching vibration
of ester methyl groups (methoxy groups) (OCH3-νs) at the side chain
portion of PMMA23,55,56 or the asymmetric C–H stretching vibration
of ester methylene groups (OCH2-νas) at the side chain of PMAPOSS.
The peak observed at ~ 2916 cm− 1 can be assigned to the asymmetric
C–H stretching vibration of methylene groups (CCH2-νas) in the main
chain part of the polymers. These results indicate that ester methyl
groups in the side chains and methylene groups in the main chains are
oriented normal to the surface.23,55,56 In addition, the contribution
from the POSS units to the SFG signal was observed. A weak peak at
~ 2870 cm− 1 can be attributed to the symmetric C–H stretching
vibrations of the CH2 portion of isobutyl groups (SiCH2-νs). This peak
assignment is based on the fact that it was not observed for the PMMA
film.23,55,56 This result reveals that the POSS units existed at the
outermost surface of the film, which is consistent with the other
characterization results.
After the PPMP film was immersed in water for 2 h, the peak

pertaining to the methylene groups in the main chain part (CCH2-νas)
disappeared, indicating that the PPMP main chains were randomized.
This conformational change at the water interface was similar to that
for PMMA.23,55,56 In addition, a new peak that can be associated with
the symmetric C–H stretching vibrations of the OCH2 portion
(OCH2-νs) at the side chains was observed at ~ 2890 cm− 1. Although
the immersion time of the film in water became longer, up to 24 h, the
spectra did not clearly change. Thus, it appears most likely that the

hydrophobic POSS units existed, even at the water interface, and the
aggregation states are not changed within the observed time scale of
one day.
Figure 6b shows the SFG spectra at different immersion times

considering the O–H stretching vibrational region. The SFG signals in
this region represent a degree of coordination of water molecules via
hydrogen bonding. Signals in the lower and the higher wavenumber
regions represent ordered and disordered waters, respectively.57,58 The
local conformation of PPMP chains at the water interface was
insensitive to the immersion time, whereas the aggregation states of
interfacial water molecules were dependent on the immersion time.
At the initial stage (2 h), one broad peak ranging from 3050 to
3350 cm− 1 was dominant, indicating that relatively ordered water
molecules were dominant at the interface. This is in contrast to
the PMMA interface where disordered water structures, such as
dangling-OH, in addition to ordered ones exist.23,55,56 As the
immersion time increased, the SFG signals derived from the ordered
and the relatively disordered water decreased and increased,
respectively. In addition, signals at ~ 3750 cm− 1 slightly evolved. Areal
fractions of the above three peaks were estimated and are summarized
in Supplementary Figure S3. Initially, the POSS units with hydro-
phobic isobutyl groups would enhance the organization of water
molecules at the interface due to hydrophobic interactions. Then, the
population of more disturbed water molecules increased as the
immersion time increased. Interestingly, the time scale of this change
is close to the time dependence of θair, as previously discussed.

Platelet adhesion
The effect of water-induced reorganization of PPMP on its interfacial
function was analyzed. Because of its extreme sensitivity to the
interfacial properties of polymeric materials, platelets were used as a
probe. The polymer films were pre-immersed in an aqueous
phosphate-buffered saline solution for a given time before platelet
culturing.52,53 Figure 7a–e show the scanning electron microscopy
images of platelets adhered onto the PPMP films with different
pre-immersion periods in water. For comparison, the results for the
PMMA films are also shown in Figure 7f–j. The number of platelets
(NPLT) and its breakdown are classified into three stages based on the

Figure 6 SFG spectra of (a) C–H and (b) O–H stretching vibration regions with the ssp polarization combination for PPMP at the air and water interfaces. For
the water interface, spectra were obtained at 2, 4, 12 and 24 h after the immersion. Closed and open symbols denote the experimental signals obtained at
air and water interfaces, respectively. PPMP, PMAPOSS-b-PMMA-b-PMAPOSS; SFG, sum-frequency generation.
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degree of activation of the platelet: the original spherical shapes
(type I), the round shapes with a few protruding pseudopods (type II,
partially activated) and the flattened shapes with many pseudopods
(type III, strikingly activated). These stages are shown in Figure 7k and l.
The NPLT value for the PPMP film without pre-immersion (that is,
0 h) was the largest. In addition, platelets were strikingly activated with
many pseudopods (type III) on the film without pre-immersion. The
NPLT value for the PPMP films clearly decreased with increasing
pre-immersion time up to 12 h, and then, it reached a constant value.
The NPLT value for the PMMA film in which the local chain
conformation at the water interface was immediately changed was
independent of the pre-immersion time. Interestingly, the time scale
of the NPLT change observed for PPMP is close to the time dependence
of θair, as shown in Figure 5. Thus, combining Figures 5–7, it appears
most likely that the platelet adhesion is closely related to the
aggregation states of water or to the fractional amount of disturbed
water molecules at the interface.
Considering these results, there are two points for discussion. The

θair on the PPMP film continued to increase up to 12 h. In contrast,
the shape of the SFG spectra for the PPMP film in water in the C–H
region was insensitive to the immersion time. The time dependence in
these two experiments appears to be different, possibly because the
aggregation states of water molecules continue to change without
involving the reorganization of the polymer at the interface. If that is
the case, then our current conclusion that the platelet adhesion is
closely related to the aggregation states of water is very appropriate.
Another point of discussion is that the local conformation of the
polymer at the interface also continued to change. If the conformation
is random without any orientations at the interface, then the SFG
signals cannot be principally generated. In this case, the platelet

adhesion is related to the aggregation states of water and polymer at
the interface. Although there is no doubt that the interfacial water
structure is one of the controlling factors for the platelet adhesion,
further study is required to gain a better understanding of the
biocompatibility of polymer materials.

CONCLUSIONS

Static and dynamic surface structures in the films of PMMA
terminated with POSS end groups (PPMP) upon the soaking process
in water were examined. The POSS units were preferentially segregated
at the outermost region of the film. Once the film comes in contact
with water, the surface reorganizes, and the rate becomes much slower
for PPMP than for PMMA, indicating that the POSS units hindered
the interfacial dynamics of the polymer in the film. SFG spectroscopy
revealed that the population of more disturbed water molecules
increased with increasing immersion time, and the time-scale of this
change was close to the time dependence of the surface reorganization.
The platelet-adhesion behavior was closely related to the aggregation
states of water or to the fractional amount of disturbed water
molecules at the interface. We believe that the fundamental knowledge
demonstrated in this study is useful for the future development of
functionalized polymeric materials.
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