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Abstract
We studied the effect of polymer design on the interfacial structure and physical properties of polymer films in water based
on a poly(vinyl ether) platform with hydrophilic side-chains to construct bioinert interfaces. Initially, we explored how to
prepare hydrophilic surfaces using poly(vinyl ether)s, utilizing the preferential segregation of a rubbery component in a
diblock copolymer film with a glassy component, crosslinking a hydrophilic polymer, and designing an interfacial modifier
with a special architecture. Characterizing the interfacial structure and physical properties of the obtained polymer films in
water revealed that a small difference in the side-chain structure significantly impacts the resultant interfacial properties of
the polymers, leading to excellent blood compatibility. Furthermore, we demonstrate that swelling behaviors, which are
related to chain dynamics, at the water interface play a key role in determining bioinert properties.

Introduction

Applications of polymeric materials are widely spread in
various fields, and the required functionalities are con-
tinuously increasing. Particularly in bioapplications, highly
functionalized polymers are required, which must meet
strict demands and safety standards [1–3]. Such functions,
including bioinert properties, are closely related to the
structure and dynamics of the polymer chains at the inter-
faces. Thus, for the development of advanced materials for
bioapplications under aqueous conditions, the precise
molecular design of polymers is crucial for controlling the
interfacial structure in water.

Control of the interfacial structure of polymers has been
widely studied thus far. At the surface of a multicomponent
polymer film, one component with a lower surface free
energy (γ) is segregated to minimize the interfacial free
energy with air [4–6]. It is well known that the surface
structure of amphiphilic diblock copolymers reorganizes in
response to environmental changes [7]. Although γ for
polymers is generally considered to be based on the

enthalpic factor related to the chemical structure, it also
includes an entropic contribution. Thus, it is possible to
control the surface structure by entropic-driven surface
segregation utilizing the effect of end groups [8, 9] and the
unique architectures [10, 11] of polymers. Furthermore,
even in a single-component system such as a homopolymer,
the interfacial structure can be regulated at the molecular
level [12–15]. For instance, for the surface reorganization of
poly(methyl methacrylate) (PMMA) in contact with water,
the side-chain carbonyl group plays a key role in deter-
mining the interfacial structure because it forms hydrogen
bonds with water [12, 13]. These findings tell us that precise
design considering both enthalpic and entropic contribu-
tions to γ should lead to control of the interfacial structure.

For construction of a bioinert interface, a variety of
interfacial features should be considered, including surface
hydrophilicity [16, 17], hydration states [18–20], and
the local dynamics of polymer chains [20–22] at the inter-
faces. Considering the desired features, we focused on poly
(vinyl ether)s with oxyethylene side-chains (POEVEs),
especially poly(2-methoxyethyl vinyl ether) (PMOVE) and
poly(2-ethoxyethyl vinyl ether) (PEOVE). POEVEs lack
a main-chain α-methyl group, increasing their surface
hydrophobicity, and a side-chain carbonyl group that forms
hydrogen bonds with water at the interface in contrast to
poly(meth)acrylates [12–14]. Furthermore, faster chain
dynamics can be expected due to the shorter side-chains of
PMOVE and PEOVE relative to those of the main-chains of
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poly(ethylene oxide) [23]. In spite of such appealing fea-
tures of POEVEs, preparation of their stable thin films is
difficult because they are in a rubbery state at room tem-
perature [24]. Thus, the construction of hydrophilic surfaces
with POEVEs is the first objective for our study.

In this work, we examined strategies for the construction
of hydrophilic surfaces with well-designed POEVEs and
studied the relationship between their interfacial features in
water and primary structures to obtain a better under-
standing of the development of bioinert interfaces. This
focus review summarizes our recent results on this work.
We start by demonstrating surface segregation of hydro-
philic and rubbery POEVEs in a diblock copolymer film. As
an alternative method, the preparation of POEVE hydrogel
thin films is described. Characterizing the obtained hydro-
philic surfaces in water, we discuss some key structural and
physical factors for controlling blood compatibility. Finally,
we demonstrate the synthesis of an interfacial modifier
based on the architectural design of polymers, which can be
preferentially segregated at the outermost region in the film
due to an entropic contribution, leading to the construction
of functional interfaces.

Construction of hydrophilic surfaces based
on dynamic-driven segregation: effect of the
side-chain structure on blood compatibility

To prepare stable films of rubbery POEVEs, they were
connected with glassy poly(cyclohexyl vinyl ether)
(PCHVE). Diblock copolymers, poly(CHVE-b-MOVE)
(CbM) and poly(CHVE-b-EOVE) (CbE), were prepared by
living cationic polymerization as previously reported in the
literature [25, 26]. For comparison, a homopolymer of
CHVE (C) was also prepared in the same manner. Figure 1a
shows the chemical structures of CbM (Mn= 62.5k, Mw/
Mn= 1.06, ϕM= 29%), CbE (Mn= 59.7k, Mw/Mn= 1.09,
ϕE= 28%), and C (Mn= 43.7k, Mw/Mn= 1.05). Mn and Mw

are the number-average and weight-average molecular

weights determined by gel permeation chromatography
(GPC). ϕi is the volume fraction of the i component
determined by 1H nuclear magnetic resonance (1H NMR)
analysis. Films of CbM, CbE, and C were prepared on
silicon substrates by a spin-coating method and then
annealed under vacuum at 338 K for 5 h. The film thickness
for the polymer films was approximately 60 or 150 nm
(only for the platelet adhesion test).

Chemical compositions near the surface in the copolymer
films were examined by angular dependent X-ray photo-
electron spectroscopy (AD-XPS). The analytical depth of
the XPS analysis is given by 3λsin θe, where λ and θe are the
inelastic mean-free path and emission angle of the photo-
electrons, respectively. Decreasing θe corresponds to a
shallower analytical depth. Figure 1b shows the M and E
volume fractions (ϕM and ϕE) for the CbM and CbE films as
a function of sin θe. The ϕM and ϕE values, which were
calculated by the integral intensity ratio of the peaks for
ether and neutral carbons in the XPS C1s spectra, increased
with decreasing sin θe, meaning that the M and E compo-
nents were enriched at the surface. To evaluate the depth
dependence of the volume fraction for M and E in real
space, ϕi(z) was assumed to be expressed by a functional
form of a hyperbolic tangent, as shown in equation (1).
z refers to the depth.

ϕ zð Þ ¼ ϕ1 þ ϕs � ϕ1ð Þ � 1� tanhðz� zi
di=2

Þ
� �

=2 ð1Þ

where ϕs, zi, and di are volume fractions at the outermost
surface, the thickness of the top layer, and the interfacial
width, respectively. Solid and broken curves in panel (b) in
Fig. 1 represent the best-fit calculations for the relationship
between ϕi and sin θe based on the model depth profiles of
ϕi(z) in close proximity to the surface shown in panel (c)
with ϕs, zi, and di values of 1.0, 1.1 nm, and 1.1 nm,
respectively, for CbM and 1.0, 2.9 nm, and 1.7 nm for CbE.
The λ for the C1s photoelectron was estimated to be 3.9 nm
[27]. These curves were well superimposed on the
experimental data, indicating that M and E were segregated
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Fig. 1 a Chemical structures of CbM (R= CH3), CbE (R= C2H5), and
C. b Sin θe dependence of the volume fractions of M and E for the
CbM and CbE films with a thickness of ~60 nm. Open symbols are

experimental data, and curves represent the calculated values based on
the model composition profiles shown in panel (c)
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to cover the outermost surface of the films. The extent of
segregation was more striking for CbE than CbM. These
results are in good agreement with the relationship among
the γ values for each component; γ values for M, E, and C
were 30.8, 23.2, and 36.6 mJ m−2, respectively [28]. That is,
γ values for rubbery M and E with activated molecular
motion decreased due to a larger entropic contribution, and
these components in the diblock copolymer films were
preferentially segregated in the outermost region, leading to
the construction of hydrophilic surfaces [28].

The interfacial features of the obtained hydrophilic surfaces
in water were characterized. M and E are water-soluble and
insoluble at room temperature, respectively [24]. The aggre-
gation states of the polymer chains at the air and water inter-
faces were examined using interfacial specific spectroscopy,
sum-frequency generation (SFG) vibrational spectroscopy. It
was found that the local conformation of the side-chains at the
air interface changed when in contact with water for all films,
and the manner and extent of the change were dependent on
the chemical structures of the side-chains [29]. Such a water-
induced conformational change of the chains also resulted in a
change in the water structure at the interface. On the diblock
copolymers, the water structure became more disordered [29].

The swelling behaviors of the CbM, CbE, and C films near
the water interfaces were discussed based on a force-distance
measurement using atomic force microscopy (AFM) with an
AC tapping mode in water. Panel (a) in Fig. 2 shows the force
(F) vs. distance curves obtained for each film in water. F
increased with decreasing depth. A depth of zero corresponds
to the position where F started to increase. The distance
between 0 to the depth where F diverged may correspond to
the thickness of the swollen layer at the water interface. In the
case of the C film, F acutely increased with decreasing depth,
meaning that the interface of C with water was relatively
sharp. On the other hand, for diblock copolymers, F gradually
increased with decreasing depth, which was more striking for
CbM. These results indicated that diblock copolymers formed
diffused interfaces and that the thickness of the swollen layer

was larger for CbM than CbE. Considering that M is more
hydrophilic than E and that both of them were segregated in
the outermost region of the films, the results seem to be
reasonable.

We then examined the bioinertness of the diblock
copolymer films. To evaluate the blood compatibility of the
films, a platelet adhesion test was carried out. As negative
and positive reference samples, films of poly(2-methox-
yethyl acrylate) (PMEA)/PMMA blend [30] and poly
(ethylene terephthalate) (PET), respectively, were used. The
number of platelets (NPLT) adhered to each sample and their
morphologies were examined using scanning electron
microscopy. Panel (b) in Fig. 2 shows the NPLT value for
each sample, which was classified into three types based on
the extent of activation. Types I, II, and III refer to native
(round shape), partially activated (showing some pseudo-
pods), and strikingly activated (flat shape with lots of
pseudopods), respectively. The NPLT values for CbM and
CbE were considerably small and comparable with those for
PMEA/PMMA, whereas those for C and PET were quite
large. Furthermore, the platelets that adhered to the CbM
and CbE films were less activated, whereas those on the C
and PET films were highly activated. These results make it
clear that the diblock copolymer films significantly sup-
pressed platelet adhesion and activation, which was more
obvious for CbM than CbE. Summarizing the findings
described above, the interfacial swelling behaviors of
polymer chains, inducing faster chain dynamics at the water
interface, are significantly related to the achievement of
excellent blood compatibility [29].

Control of swelling behaviors by preparation
of thin hydrogel films: effect of interfacial
physical properties on blood compatibility

Although we succeeded in the construction of excellent
bioinert interfaces by designing CbM and utilizing

Fig. 2 a Force (F) vs. depth
curves for the CbM, CbE, and C
films measured by AFM with an
AC tapping mode in water.
b The number of platelets
adhered (NPLT) and the degree of
their activation on CbM, CbE,
C, and other reference films.
Types I, II, and III refer to the
three typical shapes of the
adhered platelets: original,
partially activated, and strikingly
activated, respectively
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segregation behaviors as described above, the outermost
region of diblock copolymer thin films can be changed
depending on the film thickness [31] and the type of sub-
strate [32]. Therefore, as an alternative way to construct a
bioinert PMOVE interface, the preparation of a crosslinked
PMOVE film was examined. Its swelling behaviors in water
should be dependent on the crosslinking density, so the
relationship between the interfacial swelling behaviors and
blood compatibility can be further examined without any
changes in the side-chain structure of the polymers.

Crosslinked PMOVE films with various crosslinking
densities were prepared by living cationic copolymerization
of MOVE with 2-(vinyloxy)ethyl methacrylate (VEM)
[33–35] by combining subsequent crosslinking reactions.
Films of poly(MOVE-r-VEM) (MrV) with MOVE:VEM
molar ratios of 83:17 (MrV-17), 67:33 (MrV-33), and 50:50
(MrV-50) were prepared on silicon substrates by a spin-
coating method. They were irradiated by UV light for the
crosslinking reaction at room temperature, soaked in water
to remove uncrosslinked chains, and then dried under
vacuum at 318 K for 24 h. Figure 3a shows the chemical
structures of MrV and crosslinked MrV (c-MrV). Although
PMOVE was easily dewetted in the film state and dissolved
in water at room temperature, the c-MrV films were stable
in air and water. To examine the swelling ratio of the c-MrV
films in water, the film thicknesses in air and water were
measured by AFM. The original thickness of the films in the
dry state was ~185 nm. The swelling ratios of the c-MrV-
17, c-MrV-33, and c-MrV-50 films in water were 1.89,

1.44, and 1.27, respectively, at 298 K [36]. Thus, the
crosslinking density of c-MrV decreased with the decreas-
ing VEM fraction [36].

The mechanical properties of the c-MrV films near the
water interface were examined on the basis of force-distance
curve measurements by AFM with a contact mode. Panel
(b) in Fig. 3 shows the indentation depth (D) dependence of
F for the films in water acquired using a probe tip with a
radius (r) of 8 nm. The D value is equivalent to the distance
from the water interface. F increased with increasing D for
c-MrVs, and the slope of F against D increased with the
increasing VEM fraction. That is, the interface became
sharper with the increasing VEM fraction. By applying the
Hertz model to the F–D relationships, the Young’s modulus
(E) was calculated as shown in equation (2) [37–39]:

F ¼ 4
3
� r

1=2 �D3=2

1� ν2ð Þ E ð2Þ

where ν is the Poisson’s ratio of the film, which is assumed
to be 0.5. The solid curves in Fig. 3b represent the best-fit
curves. The obtained E values were 139 ± 16, 255 ± 15,
and 700 ± 37 kPa for c-MrV-17, c-MrV-33, and c-MrV-50,
respectively. Thus, with decreasing VEM fraction, E
decreased, and the swelling ratio increased, as described
above.

On the other hand, SFG spectroscopy revealed that the
local conformation of the polymer chains for c-MrVs at the
water interfaces is almost independent of the VEM fraction.
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In addition, the static contact angle against an air bubble in
water was ~130° for all c-MrVs. These results indicated that
the surface chemistry and aggregation states at the water
interface are almost independent of the VEM fraction [36].

To examine the blood compatibility of the c-MrV films, a
platelet adhesion test was carried out. Panels (c) and (d) in
Fig. 3 show the NPLT values on the c-MrV films and a PET
film, as a reference, and their classifications based on the
extent of activation. All c-MrV films successfully sup-
pressed platelet adhesion relative to the PET film, and the
suppression was clearly dependent on the VEM fraction.
The decreasing VEM fraction corresponded well to the
increasing swelling ratio as well as decreasing E, resulting
in the more significant suppression of the adhesion and
activation of platelets. These results revealed that platelet
adhesion and activation were more significantly suppressed
on the hydrogel films with a more diffused interface [36].
Thus, it can be concluded that the faster chain dynamics at
the outermost region of the hydrogel films, which may
induce the excluded volume effect, effectively suppress
platelet adhesion.

Interfacial modifications based on the
segregation of a branched polymer

Finally, we propose a simpler strategy for constructing
bioinert surfaces by designing the polymer architecture of
poly(vinyl ether)s. A branched polymer can be segregated at
the surface in a linear polymer matrix due to the entropic
contribution because the chain dimensions are generally
smaller for a branched polymer than a linear polymer with
similar molecular weights [10]. Thus, by utilizing the

surface segregation of the branched polymer, interfacial
modifications can be achieved [10, 11, 40].

In this work, as an interfacial modifier to confer bioinert
properties, we designed a branched polymer composed of
poly[2-(2-ethoxy)ethoxyethyl vinyl ether] (PEOEOVE)
graft chains and a PMMA main chain, P(MMA-g-
EOEOVE), by a combination of living cationic poly-
merization [26] and atom transfer radical polymerization
(ATRP) [41]. Figure 4 shows the synthetic route for P
(MMA-g-EOEOVE). A PEOEOVE macromonomer con-
taining a terminal methacryloyl group (PEOEOVE-MA)
was prepared by typical living cationic polymerization
using the 2-(2-ethoxy)ethoxyethyl acetate (EOEOEA)/
Et1.5AlCl1.5 initiating system in the presence of 1,4-dioxiane
in toluene at 223 K [42] and subsequent terminal reaction
with 2-hydroxyethyl methacrylate [43]. The terminal reac-
tion qualitatively proceeded and successfully yielded
PEOEOVE-MA with a Mn of 3.2k and a Mw/Mn of 1.31.
The obtained PEOEOVE-MA and MMA were radically
copolymerized by typical conditions for the ATRP of MMA
using the ethyl 2-bromoisobutyrate (EtBriBu)/CuBr initiat-
ing/catalyst system in the presence of 4,4′-dinonyl−2,2′-
bipyridine in toluene at 363 K [44].

The Mn and Mw/Mn of the obtained P(MMA-g-
EOEOVE) were 16.8k and 1.66, respectively. The volume
fraction of PEOEOVE was determined to be 44% by 1H
NMR spectroscopy, meaning that the number of PEOEOVE
chains per single P(MMA-g-EOEOVE) molecule was cal-
culated to be three [43].

Blend films of P(MMA-g-EOEOVE) and PMMA (Mn=
147.5k, Mw/Mn= 1.04) (1/99, 5/95, and 10/90 wt/wt) were
prepared on silicon substrates or borosilicate cover glasses
by a spin-coating method and were annealed under vacuum
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Fig. 4 The synthetic route for P
(MMA-g-EOEOVE) based on
living cationic polymerization in
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at 423 K for 24 h. The thickness of the films was ~200 nm.
The root-mean-square roughness of the blend films with the
weight ratios of 1/99, 5/95, and 10/90 by AFM was 0.23,
0.23, and 0.28 nm, respectively, indicating that the surfaces
of these films were flat and smooth regardless of their blend
ratios.

The chemical composition of the blend films near the
outermost region was examined by AD-XPS. The λ value
for C1s photoelectrons was calculated to be 3.3 nm [27].
The C1s peaks assigned to neutral, ether, and carbonyl
carbons were clearly observed at 285.0, 286.5, and
289.0 eV, respectively [43]. Figure 5a shows the sin θe
dependence of the XPS intensity ratios of the peaks for
ether carbon (IC-O) to all carbon (IC1s) for the P(MMA-g-
EOEOVE)/PMMA blend films. The IC-O/IC1s values
increased with an increasing amount of P(MMA-g-
EOEOVE) and decreasing sin θe for all blend films. It can
be claimed that P(MMA-g-EOEOVE), especially
PEOEOVE branches containing more ether carbons than
PMMA, was preferentially segregated at the outermost
region. Here, the depth dependence of the volume fraction
for the PEOEOVE component (ϕPEOEOVE) in real space was
examined. In the cases of the 1/99 and 5/95 blends,
assuming that P(MMA-g-EOEOVE) forms a monolayer
with PEOEOVE components at the outermost surface, the
best-fit curves were superimposed on the experimental
data. The curves in panel (a) in Fig. 5 show the best-fit
calculations based on the model depth profiles shown in
panel (b). Upon increasing the P(MMA-g-EOEOVE) con-
tent, the surface coverage of PEOEOVE increased without
any changes in the thickness of the layer. On the other
hand, in the case of the 10/90 blend, another model should
be considered to fit the experimental data. It was assumed
that once surface coverage with a monolayer of PEOEOVE
was almost maximized, the concentration profile beneath
the monolayer would follow the mean-field approximation
for a miscible polymer blend, that is, exponential decay
[27]. Thus, the chemical compositions near the outermost
region were dependent on the blend ratio.

As an index for surface modification, the bioinert prop-
erties of the blend films were examined by a protein
adsorption test. As a model protein, serum albumin was
used because it is one of the major components of plasma
proteins and is known to attach well on the PMMA surface
[45]. The polymer films were immersed into a fluorescein
isothiocyanate-labeled bovine serum albumin (FITC-BSA)
phosphate-buffer saline (PBS) solution (FITC-BSA: 2
μg·mL−1) for 1 h at 310 K and then washed with a PBS
solution to remove unabsorbed FITC-BSA. The fluores-
cence intensity from FITC-BSA adsorbed on the films in a
PBS solution was monitored by fluorescence microscopy.
Figure 6 shows the fluorescent intensity derived from FITC-
BSA on the PMMA and P(MMA-g-EOEOVE)/PMMA
blend films. Although the fluorescence intensity of the 1/99
blend and PMMA films was comparable to each other, that
of the 5/95 and 10/90 blend films was lower by ~50–60%.
These results indicated that the protein adsorption onto the
surfaces was effectively suppressed by mixing 5 or 10 wt%
of P(MMA-g-EOEOVE) with PMMA. As mentioned
above, surface coverage of PEOEOVE was dependent on
the blend ratio. Thus, once the surface was effectively
covered with hydrophilic PEOEOVE components of P
(MMA-g-EOEOVE), it exhibited antibiofouling properties
due to steric repulsion at the water interface.

Conclusions

In conclusion, we examined the construction of hydrophilic
surfaces based on polymer design for bioapplications.
Dynamic-driven surface segregation of hydrophilic com-
ponents in polymer films was demonstrated. Rubbery M
and E possess lower γ values due to their activated mole-
cular motion and are preferentially segregated in the out-
ermost region in a diblock copolymer with a glassy C
component. Characterizing the outermost region of the
obtained polymer films in water, we clearly demonstrated
that a small difference in the side-chain structure

Fig. 5 a Sin θe dependence of
the XPS intensity ratios of the
peaks for ether carbon to all
carbon (IC-O/IC1s) for the P
(MMA-g-EOEOVE)/PMMA
blend films with a thickness of
~200 nm
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significantly impacts the resultant interfacial properties,
especially the interfacial swelling behaviors of the poly-
mers, which are closely related to the excellent platelet
adhesion behaviors. Furthermore, we proposed a facile
method to construct bioinert interfaces by preparing cross-
linked PMOVE films. The films were swollen in water, and
their interfaces with water became more diffuse with
decreasing crosslinking density. The blood compatibility in
terms of platelet adhesion on the hydrogel films was better
for a more diffuse interface. Finally, a branched polymer
containing hydrophilic PEOEOVE was synthesized as an
interfacial modifier. The PEOEOVE parts of the branched
polymer mixed into PMMA were preferentially segregated
in the outermost region of the blend films, leading to an
antibiofouling polymer surface. The obtained knowledge
presented here will contribute to better polymer design for
the development of highly functionalized interfaces.
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