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small amounts, they could not be classified according to size, as
previously reported (Fig. 7B) [23,44,47]. In contrast, the majority of
the wear particles from untreated CLPE surfaces were 0.1-1.0 pm
across. In addition to enhancing the wear resistance of the cups,
reducing bone resorptive responses to generated wear particles is
important for preventing periprosthetic osteolysis. Such responses
are dependent not only on the total amount of wear particles, but
also on the proportion of particles that are within the most bio-
logically active size range. The CLPE cups release a large number of
sub-micrometer and nanometer-sized particles which are known
to induce a greater inflammatory response than larger particles.
Hence, although CLPE indeed causes a reduction in the total
amount of particles, it might not necessarily lead to the prevention
of periprosthetic osteolysis. Clinical evidence regarding the
longevity of artificial joints with CLPE is anticipated in the future.
A previous study has shown that polymer particles covered with
PMPC are biologically inert with respect to phagocytosis by
macrophages and subsequent bone resorptive actions [48]. An
increasing number of studies are exploring potential pharmaco-
logical modifications for the adverse host response to wear parti-
cles using agents such as cytokine antagonists, cyclooxygenase-2
inhibitors, and osteoprotegerin, or anti-RANKL (receptor activator
of NF-kB ligand) antibody. However, they may cause serious side
effects because the agents must be taken for a long period after
surgery and because they are not currently targeted to the site of
the problem. Surface modifications of MPC polymers for other
medical devices have suppressed biologic reactions when they are
in contact with living organisms [49] and are now clinically used on
the surfaces of intravascular stents [50], soft contact lenses [51],
and artificial lungs and hearts [52] under the authorization of the
Food and Drug Administration of the United States. Hence, PMPC
grafting is superior to these developing pharmacologic treatments,
because the absence of side effects has already been confirmed
clinically by several medical devices. In addition, based on other
related evidences and multicenter clinical trials, the Japanese
government (Ministry of Health, Labor, and Welfare) approved the
clinical use of PMPC-grafted CLPE acetabular liners (Aquala® liner;
Japan Medical Materials Corp.) in artificial hip joints in April 2011.
Despite these promising results, our study is subject to
a number of limitations. First, we did not entirely capture the
stabilities of the polyelectrolyte-grafted layers. Surface modifica-
tion was accomplished using same photoinduced radical poly-
merization technique as that for methacrylate monomers. Hence,
we believe the present surface modification layers combined with
the substrate by strong C—C covalent bonding to attain similar
stability. Second, we used a confined period for the hip simulator
test. Although experiencing 3.0 x 10° cycles in the hip simulator is
comparable to 3—5 years of physical walking, the duration may not
be sufficiently long for young active patients. We are now running
the hip simulator longer and thus far have confirmed almost no
wear on the PMPC-grafted CLPE cups after 1 x 107 cycles [44]. Third,
we did not entirely capture the range of loading and motion
conditions of the in vivo environment in terms of the variety of
positions, the magnitude of loading, or the daily routine, although
we believe this, according to the ISO standard 14242-3, can provide
some indication of the wear performances. Fourth, the procedure
for the isolation of wear particles in this study does not entirely
capture the contribution of wear particles with a diameter of less
than 0.1 um, as previously reported [53]. Cellular response to
particles is thought to be dependent upon factors such as particle
number, size, shape, surface area, and material chemistry. If
nanometer-scaled particles are generated in vivo, it will be impor-
tant to determine their biological activity in relation to that of
micrometer-scaled particles. Fifth, the wear performance we report
is only valid for this specific combination of Co—Cr—Mo alloy and

polyelectrolyte-grafted CLPE. It was well known that protein
molecules such as albumin from the lubricant are adsorbed more
extensively on the surface of Co—Cr—Mo alloy than on other
femoral component materials such as alumina, zirconia, and
zirconia-toughened alumina [35—37,54]. Hence, we believe this
study can provide more effective indication of the wear
performance.

5. Conclusions

We evaluated the friction and wear performance of controlled,
100-nm-thick, uniform hydrophilic grafted polymer layers with
various types of surface charge in various lubricant conditions and
obtained clear preliminary evidence for their effectiveness. The
primary mechanism underlying the low friction and high wear
resistance must be attributed to the high level of hydration of the
grafted layer, where water molecules act as very efficient lubri-
cants. The secondary mechanism is considered to be repulsion of
protein molecules and positively charged inorganic ions by the
polyelectrolyte-grafted layer in a synovial fluid, which may reduce
the adhesive interaction or interpenetration between opposing
Co—Cr—Mo alloy surfaces themselves or between protein films
adsorbed on the Co—Cr—Mo alloy. Finally, we showed that the
nanometer-scaled hydrophilic polymer or polyelectrolyte layer on
the CLPE surface can confer high durability to acetabular cup
bearings in THA. Our findings may have implications on future
studies on surface modification with cartilage-like or SPAL-like
layers, which are of great importance in the design of lubricated
surfaces for artificial joints.
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The mechanism underlying the bioinertness of the self-assembled monolayers of oligo(ethylene
glycol)-terminated alkanethiol (OEG-SAM) was investigated with protein adsorption experiments,
platelet adhesion tests, and surface force measurements with an atomic force microscope (AFM).
In this work, we performed systematic analysis with SAMs having various terminal groups
(-OEG, —-OH, -COOH, —-NH,, and —CH3). The results of the protein adsorption experiment by
the quartz crystal microbalance (QCM) method suggested that having one EG unit and the
neutrality of total charges of the terminal groups are essential for protein-resistance. In particular,
QCM with energy dissipation analyses indicated that proteins absorb onto the OEG-SAM via

a very weak interaction compared with other SAMs. Contrary to the protein resistance, at

least three EG units as well as the charge neutrality of the SAM are found to be required for
anti-platelet adhesion. When the identical SAMs were formed on both AFM probe and substrate,
our force measurements revealed that only the OEG-SAMs possessing more than two EG units
showed strong repulsion in the range of 4 to 6 nm. In addition, we found that the SAMs with
other terminal groups did not exhibit such repulsion. The repulsion between OEG-SAMs was
always observed independent of solution conditions [NaCl concentration (between 0 and 1 M)
and pH (between 3 and 11)] and was not observed in solution mixed with ethanol, which disrupts
the three-dimensional network of the water molecules. We therefore concluded that the repulsion
originated from structured interfacial water molecules. Considering the correlation between the
above results, we propose that the layer of the structured interfacial water with a thickness of

2 to 3 nm (half of the range of the repulsion observed in the surface force measurements)

plays an important role in deterring proteins and platelets from adsorption or adhesion.

Introduction

Nonfouling (anti-bioadhesion) surfaces have been widely
demanded for various biomedical and biosensing applications,
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of self-assembled monolayers after the platelet adhesion experiments,

interaction of the EG3-OH SAM (substrate) with NH,~SAM (probe)

in pure water, interaction of the EG3-OH SAM (substrate) with

NH,-SAM (probe) in solution at various pHs, and interaction of

EG3-OH SAMs with the OH and C8 SAMs in pure water. See DOI:

10.1039/c2cp41236e

and many types of nonfouling surfaces have been reported so
far. However, the mechanisms underlying nonfouling behavior
have not been fully clarified at a molecular level.! In particular,
self-assembled monolayers of oligo(ethyleneglycol)-terminated
alkanethiol on gold (OEG-SAMs), which was first reported by
Prime and Whitesides,”* have provided a model system of
protein- and cell-resistant surfaces. OEG-SAMs have been
employed to suppress nonspecific adsorption of non-target mole-
cules in biosensing and to pattern cells on solid substrates.*>
Although several models, which include electrostatic repulsion
due to interfacial ions,’ tightly bound water molecules,”” and stable
interfacial water layers,'>> have been proposed to explain the
nonfouling behavior of OEG-SAMs, the question of why these
monolayers, in which thiol molecules are densely packed compared
with polymers grafted on surfaces, repel biomolecules and cells has
remained unanswered.

The main problem in this field is that there has been little
systematic work both on the interfacial behavior of water and
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ions and on the results of protein adsorption and cell adhesion
to clarify the mechanism underlying the bioinertness of OEG-
SAMSs. Among the few studies, Herrwerth er al. reported that
the protein resistance of OEG-SAMs strongly depends on
the density of the molecules constituting the SAM,'* which
was later supported by a report by Lee er al.!> Moreover,
Herrwerth e al. also stated that the internal hydrophilicity of
the SAM (accommodation of water molecules in SAMs) and
the hydrophilicity of the terminal groups (access of water
molecules into SAMs) are key factors in protein resistance.
Schilp er al. reported that the hydrophilicity of the terminal
groups governs the resistance of the monolayer against the
adhesion of algal cells.” Recently, the authors investigated the
strength of the adhesion of fibroblast cells to OEG-SAMs and
found a strong dependence of the strength of the adhesion on
the number of EG units.?

Although the above reports clearly suggest that the manner
of hydration (wetting) of the SAMs, which does not appear as
a macroscopic wetting property, is a crucial factor for their
protein resistance, details of the physical mechanism remain
unclear with several questions arising: 1. What is the difference in
wetting between protein adsorbing and protein resistant surfaces?
2. How thick is the interfacial water layer responsible for the
protein resistance? 3. Are other interactions (e.g. electrostatic
interaction) responsible for the protein resistance? To answer
these questions, we require an understanding of the behavior of
the interfacial water molecules and ions, which is speculated to
play an important role in their bioinertness.

Surface force analyses mainly by atomic force microscopy
(AFM)'*'® and interfacial-force microscopy (IFM)'® have
been performed to investigate the behavior of interfacial
ions or water molecules. Feldman er al. reported that the
interaction between protein molecules (fibrinogen) and OEG-
SAMs strongly depended on the density of the molecules
constituting the SAM. In particular, they reported that protein-
resistant Au-supported SAMs exhibited repulsion against the
protein, with a clear correlation between the interaction and
protein resistance. They concluded that the observed repulsion
between the SAMs and proteins, which was considered to be
responsible for the protein resistance, was due to electrostatic
interaction. Later, Dicke and Hahner suggested that hydroxyl
ions were immobilized at the interface between the SAM and
bulk water and induced the electrostatic repulsion. On the
other hand, Kim et al. reported that only water-induced
repulsion was observed between the OEG-SAMs in pure
water and that no electric double layer force was observed,
contradicting the above reports.'® The present situation clearly
necessitates systematic analysis of the behavior of the inter-
facial ions and water with SAMs possessing various terminal
groups.

In this work, we systematically investigated protein adsorp-
tion and platelet adhesion with SAMs having a variety of
terminal groups including hydrophobic, polar, neutral,
charged and different numbers of EG units (summarized in
Table 1). Moreover, we investigated the interaction between
the SAMs to elucidate the behavior of interfacial ions and
water molecules. Based on the correlations among these
results, we discuss the mechanism underlying the bioinertness
of OEG-SAM:s.

Experimental
Au(111) substrates and preparation of SAMs

Au(111) substrates were prepared by vacuum deposition of
gold onto freshly cleaved mica (10 x 10 x 0.3 mm’, S&J
Trading Inc.) at 620 K under a vacuum pressure of 107°~10~% Pa
with a two-step evaporation process reported by Liissem et al.'®
The substrates were then annealed at 620 K in a vacuum
chamber for 2 h. The RMS roughness of the Au(111) substrate
was about 0.3 nm. All thiol molecules were purchased from
Sigma-Aldrich (St. Louis, USA) and ProChimia Surfaces
(Gdansk, Poland), and used without further purification.
The monolayers of these thiol derivatives were formed by
dipping the Au(111) substrates into freshly prepared ethanolic
solutions containing the corresponding compounds at a
concentration of 1 mM for 24 h. The chemical structures of
the thiol molecules are summarized in Table 1. After the
immersion, the samples were carefully rinsed with pure ethanol
to remove physisorbed thiol molecules from the surface. The
formation of SAMs (including the SAMs prepared on QCM
sensors) according to the above approach was checked by X-ray
photoelectron spectroscopy (XPS) measurements, which
revealed the chemisorption of the sulfur head groups to the Au
substrates.’ The chemisorption of thiol molecules were confirmed
also by thermal desorption spectroscopy.?! The densities of the
thiol molecules in the monolayers (shown in Table 1) were also
evaluated by XPS (Supporting Informationt).

PBS buffer

The phosphate buffered saline (PBS) buffer used in this work
contains PBS (pH 7.4, 10 mM), containing NaCl (137 mM) and
KCI (2.7 mM) (denoted as PBS). For the surface force analyses,
the total concentration of NaCl was increased up to 0.6 M to
investigate the effect of ion concentration on the interaction
between the SAMs (denoted as PBS + NaCl in this article).

Water contact angle measurement

Static water contact angles were measured by the sessile-drop
method on a Kriiss DSA10 contact-angle meter. They were
recorded at 25 £ 0.5 °C with distilled water. All droplets were
5 pL in volume.

QCM-D analysis

We employed a commercial QCM-D system (D300 Q-Sense,
Sweden) to investigate the amount and viscoelastic properties of
the proteins adsorbed on the SAMs.*>? First, Au-coated QCM
sensors were cleaned by UV-ozone treatment. Then, the sensors
were washed by sonication in the order of acetone, ethanol, and
pure water, followed by drying with nitrogen. The SAMs were
prepared with the same procedure as that for the Au(111)
substrates. The proteins are human fibrinogen (Biogenesis, Poole,
England) and BSA (Sigma-Aldrich, St. Louis, USA), which are
major proteins in blood. The proteins were distributed as dried
powder and carefully dissolved in PBS buffer. The results of
dynamic light scattering (DLS) indicated that protein molecules
are mono-dispersed, while maintaining their native shapes. In
the QCM measurements, first, a measurement chamber was filled
with PBS buffer; then protein dissolved in the PBS buffer at a
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Table 1 A list of derivatives of alkanethiols used in this work

Abbreviation Chemical structure of the thiol molecules Static water contact angle (%) Density with respect to alkanethiols
cs® HS—CH,)~CHj; 112 (3.1)° -

OH* HS—(CH,),,-OH 17 (2.6) 98 (1.4)¢
NH," HS—(CH,),,-NH, 35 (5.4) 97 (2.2)
COOH’ HS—(CH,),,~COOH 18 (4.4) 95 (2.0)
EG1-OH® HS—(CH,),,~(O-CH,~CH,)-OH 33 (2.8) 94 (2.7)
EG2-OH® HS—CH;);«(0—-CH,-CH,),-OH 32 (3.5) 91 (2.3)
EG3-OH?’ HS—(CH,);;«(O-CH,~CH,);-OH 32 (4.3) 86 (2.9)
EG3-OMe’ HS—(CH,),;«(O-CH;~CH,);-O-CHj 69 (3.1) 88 (3.3)
EG3-NH,’ HS—~(CH,),,<(O-CH,-CH,);-NH, 25(5.2) 88 (3.5)
EG3-COOH?® HS—(CH,),,-(0-CH,-CH,);-COOH 22 (4.8) 89 (4.6)
EG6-OH? HS—(CH,),,~(O-CH,~CH,)s-OH 30 (4.2) 81 (4.4)

@ Purchased from Sigma-Aldrich ® Purchased from ProChimia Surfaces. © Numbers in parenthesis are standard deviations (n = 5). ¢ Numbers in
parenthesis are standard deviations (n = 12). The procedure for this analysis is explained in the Supporting information.

concentration of 1 mg ml~! was injected. PBS buffer solution
was injected again for rinsing, when the resonant frequency
was stabilized. The changes in the resonant frequency (Af) and
energy dissipation (Ad) were defined as the differences in their
values before the injection of the proteins and after the buffer
solution rinse (Fig. 1). We calculated the amount of the
adsorbed protein from the Sauerbrey equation:
CAf

Am = — ~ (1)

where C = 17.7 ng cm™2 Hz™', Afis the change in the resonant
frequency due to protein adsorption, and the n is the overtone
number (# = 3 in this work). The dissipation factor D was
measured by switching off the driving power and monitoring the
amplitude decay profile. The amplitude decays as an exponentially
damped sinusoidal function with a characteristic decay time (7).
The decay time is related to the dissipation factor (D) as follows:
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Fig. 1 Time course of the frequency and dissipation shifts for the
adsorption of fibrinogen to the QCM sensor covered with the C8 SAM
in the PBS solution. The changes in frequency (Af) and dissipation
(Ad) are defined as the difference between the values before the
injection and after the rinsing as indicated by the arrows.

where fis the resonant frequency of the sensor, Q the quality
factor, Ep the energy dissipated during one cycle, and E; the
energy stored in the oscillation. The volume and speed of
buffer solution for rinsing were fixed throughout this work.
The viscoelasticity of the protein layer was examined by
comparing the values of Ad (change in energy dissipation)/Af
(change in resonant frequency) (Fig. 1). We performed three
measurements for each system. One could expect that a rigid
and compact layer would yield a small value of Ad/Af.

Platelet adhesion test

Human blood was drawn from healthy volunteers and mixed with
a 1/9 volume of acid citrate dextrose (ACD). Platelet-rich plasma
(PRP) and platelet-poor plasma (PPP) were obtained by centrifu-
gation of the blood at 1200 rpm for 5 min and at 3000 rpm for
10 min, respectively. Plasma containing 1 x 10° platelets mL ™" of
platelet was prepared by mixing PRP with PPP. The platelet
concentration was determined with a cell-counting hemato-
cytometer (Neubauer chamber). Then, 200 pL of the plasma
was placed on the SAMs, and incubated for 60 min at 37 °C.
After the SAMs were washed three times with PBS buffer, they
were immersed in 1% glutaraldehyde in PBS for 60 min at
37 °C to fix the adhered platelets. The SAMs were washed
three times with PBS, washed with pure water and then
immersed in ethanol to remove the water. The SAMs were
sputter-coated with gold (thickness of approximately 2 nm)
prior to observation with a scanning electron microscope
(S-4800, HITACHI, Tokyo, Japan).

We prepared three substrates for each SAM, and acquired
at least five images (30 x 40 um?) at different positions of each
SAM. By counting the number of platelets in the image, the
average densities of the platelets were calculated (n = 15).

Surface force analysis

All force curve measurements were performed with a commercial
AFM system equipped with a liquid cell (MFP-3D, Asylum
Research, Santa Barbara, CA). A silica bead (diameter 4 pm,
Polysciences, Warrington, PA) was glued at the end of the tipless
cantilever. The diameter of the bead was calibrated with its
optical microscope image. Then, the probe was coated with Ti
(thickness 2 nm, adhesion promoter) and Au (thickness 20 nm).
The nominal spring constant of the cantilevers was 0.06 N m~".
The spring constants were determined by monitoring the thermal
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fluctuation of the levers. Probe velocity on approach was fixed
at 200 nm s~'. For the conversion of the deflection of the
cantilever to the probe—surface separation, we simply defined a
separation of zero as where linearity in the constant compliance
region started in the force—displacement curve. The RMS
roughnesses of the Au(111) substrate and Au-coated colloid
probes were 0.3 and 0.6 nm, respectively. If we investigate the
dependence of force on the solution conditions, we change
solution with using the same sample in this work. In this work,
the force is expressed based on the Derjaguin approximation
(force/radius).

The high reproducibility of the force curves measured at
different positions of the substrate was confirmed with the
same system. As to the reproducibility of the force curves with
different systems (substrate and cantilever) prepared with the
same procedure, there are differences in the force/radius values
up to 40%. We expect that the error originates mainly in
uncertainty in the calibration of the spring constant of the
cantilever by monitoring thermal noise and variations in the
microscopic surface morphology of the colloid probes.

Results and discussion

Protein adsorption experiments

The results of the adsorption of fibrinogen and bovine serum
albumin (BSA) onto the SAMs are summarized in Fig. 2. Our
AFM imaging in liquid revealed that 75 to 90% of the surface
area of the C8 SAM was covered with the protein molecules after
exposure to the protein solution and rinsing. As is clearly seen,
EG1-OH, EG2-OH, EG3-OH, EG3-OMe, and EG6-OH
SAMs exhibited protein resistance, whereas the other SAMs
adsorbed the proteins. This result suggests that at least one EG
unit and the neutrality of charges of the terminal groups are
necessary to deter the adsorption of proteins. Considering that
the EG3-NH; and EG3-COOH SAMs adsorbed the proteins,
charge neutrality was found to be a more important factor than
the presence of the EG units for protein resistance.

Fig. 3 shows the relation between surface wettability (static
water contact angle) and amount of adsorbed proteins. As is
clearly seen, the affinity between protein and SAMs cannot
be explained simply from macroscopic surface wettabilities.

o
~
|

In particular, the EG3-OMe SAM exhibited protein resistance,
despite its large contact angle compared with other hydrophilic
SAMs. This result indicates that the protein resistance of OEG-
SAM:s cannot be explained by macroscopic surface wettabilities.
The relations between Ad and Af provide deeper insight into
the interaction between protein (fibrinogen) and SAMs
(Fig. 4). The protein-resistant SAMs (red open symbols)
showed higher Ad/Af values compared with other SAMs,
whereas protein-adsorbing SAMs exhibited lower Ad/Af values.
These differences in Ad/Af values originate in the differences in
the viscoelasticity of the layer of adsorbed protein, which
involves the interaction between the protein and SAM, the
protein structures, and the structure of the water molecules
hydrating the proteins, ezc. Our results suggest that the proteins
absorbed loosely to the hydrophilic SAM, whereas the protein
molecules adsorbed onto the C8 SAM formed relatively rigid
layers. Agnihotri and Siedlecki reported that the conforma-
tional change of fibrinogen adsorbed on hydrophobic surfaces
is more significant than that on hydrophilic surfaces.>* The
formation of the rigid layer of fibrinogen on the C8 SAM is due
to the strong hydrophobic interaction between the proteins and
SAM, which may lead to denaturalization of the proteins and
release of water molecules at the protein-SAM interface.
Compared to the case of C8 SAM, the proteins adsorbed on
the protein-adsorbing hydrophilic SAMs formed a relatively
soft layer. Most probably, the conformational change of the
protein structure is not significant and the hydration shell
of the protein is not largely disturbed, consistent with the
previous findings obtained with AFM.**?® Comparing NH»- and
COOH-terminated SAMs, it was found that the EG3-NH; and
EG3-COOH SAMs exhibited slightly larger Ad/Af values
compared with those of the NH; and COOH SAMs, although
the terminal groups are same. This result indicates that EG
units tend to weaken the local SAM—protein interaction, while
maintaining the native shape of the protein molecules.

Platelet adhesion tests

The densities of the platelets on the SAMs are summarized in
Fig. 5. Anti-platelet adhesion was confirmed for EG3-OH,
EG3-OMe, and EG6-OH SAMs but not for the other SAMs.
Similar to the results of the protein adsorption experiment, in
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Fig. 2 The amounts of adsorbed BSA and fibrinogen in the PBS solution measured by QCM. The amount is defined in Fig. 1 and its caption.

Error bars denote standard deviation (n = 4).
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Fig. 4 The changes in dissipation (Ad) plotted against the frequency
shifts (Af) in the case of fibrinogen.

the cases of the OEG-SAMs, the neutrality of the total charge
of the terminal groups is essential for anti-platelet adhesion.
The relation between the density of the adhered platelets and
the water contact angles of the SAMs is plotted in Fig. 6. The
results for the anti-platelet-adhesion SAMs were completely
off from the density—wettability relation for the other SAMs,
indicating that the resistance to platelet adhesion cannot be
explained by macroscopic surface wettabilities, as is the case
with protein resistance.

ax10*

2x10*

1x10*

density of adhered platelets (/mnft)

‘We next discuss the degree of the activation of the platelets on
the SAMs. The adhered platelets were simply classified into three
types: ie., (a) native (round shape) and (b) partially activated
(showing protruding pseudopodia), and (c) completely denatured
(flat shape) (Fig. 7). The results of the classification are summarized
in Table 2. The degree of the activation was prominent for the C8
SAM compared with the other SAMs. Among the other SAMs, the
EG1-OH and EG2-OH SAMs induced much less activation of the
adhered platelets (22 and 15%, respectively).

In general, when a surface is exposed to blood, the surface is
hydrated, immediately followed by the adsorption of proteins.
After that, platelets adhere to the adsorbed proteins, using
them as an extracellular matrix. Among the proteins, fibrinogen
has been considered as a major determinant for the response
(adhesion and activation) of platelets. In particular, Tanaka
et al. and Sivaraman and Latour recently reported that the
conformation of adsorbed fibrinogen (content of c-helix) affects
the activation of the platelets rather than the amount of the
adsorbed fibrinogen.?”** Considering the SAMs without an EG
unit, the activation of the platelets [sum of percentages of type
(b) and (c)] are significant in the order of the series of C8, NH,,
COOH, and OH. This tendency is consistent with the order of
Ad/Af values [C8, NH; and COOH (almost equal to NH;), and
OH]. As for the OEG-SAMs, the activation of the platelets is
significantly lower and their Ad/Afvalues are high compared with
those of other SAMs. These results confirm the conclusions of
Tanaka e al. and Sivaraman and Latour.””

Comparing the degree of platelet activation for EG3—COOH
and EG3-NH, with those for NH, and COOH, some effects of
the EG unit on the conformation of the adsorbed fibrinogen
and the activation of the platelets obviously exist. Another
interesting issue is that EG1-OH and EG2-OH SAMs adhered
platelets, whereas the EG3-OH, EG3-OMe and EG6-OH
SAMs deterred platelets from adhesion, clearly displaying the
effect of the number of the EG units on the response of platelets
after the adhesion. This result suggests the strong dependence of
the behavior of the interfacial water molecules or ions on the
number of EG units.

Surface force measurements

Fig. 8(a) shows force-separation curves for approaching
EG3-OH SAMs facing each other in pure water and PBS solution.

Cs

OH

COOH

NH2

EG1-OH EG2-OH

EGE-OH EG3-NH2 EG3-COOH

EG3-OH EG3-OMe

Fig. 5 Density of the adhered platelets on the SAMs. Error bars denote standard deviation (n = 13).
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Fig. 6 Density of the adhered platelets on the SAMs (same data
presented in Fig. 5) plotted as a function of water contact angles.

Fig. 7 SEM images of three typical shapes of the adhered platelets
(measured with the OH-SAM): (a) native (round shape), (b) partially
denatured (pseudopodia present), and (c) fully denatured (flattened).

Table 2 Percentages of native, partially and fully denatured platelets
on each SAM

SAM Native shape Partially denatured Fully denatured
C8 0(0) 26 (5.2) 74 (11)
OH 54 (13) 34 (8.1) 12 (2.6)
NH; 26 (6.0) 46 (9.2) 28 (5.4)
COOH 38(7.3) 35(7.9) 27 (4.4)
EGI1-OH 78 (19) 18 (5.2) 4(2.8)
EG2-OH 85 (16) 13(2) 2(0.62)
EG3-OH 97 (4.2) 3(0.23) 0
EG3-OMe 99 (2.2) 1 (0.08) 0
EG3-NH, 81 (13) 14 (4.3) 5(1.2)
EG3-COOH 79 (16) 17 (3.2) 4(1.5)
EG6-OH 100 (0) 0(0) 0(0)

Numbers in parenthesis are standard deviations (n = 15).

In pure water, a long-range repulsion was observed, whereas
the repulsion disappeared in the PBS and PBS + NaCl solutions.
Therefore, we concluded that the repulsion originated from
electrostatic interaction. To estimate the surface charge density
of the SAMs, we performed a fitting of the curve based on the
Derjaguin, Landau, Verwey and Overbeek (DLVO) theory
(Fig. 8(b)).° In the case of interaction between a sphere with a
diameter of R and a flat surface, the electrostatic double-layer
force interacting between them at a larger separation (> 10 nm),
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Fig. 8 (a) Force—separation curves recorded on the approach of a
probe (EG3-OH) to the substrate (EG3-OH) in pure water and
PBS + NaCl solution. (b) The force—distance curve obtained in pure
water plotted on a semi-logarithmic scale and the results of the fitting
to DLVO theory.

where the surfaces charges are considered constant, can be
expressed as:

4ﬂRO’SU’TI{D exp -D/ip (4)

Felec:t.mslalic (D} — P

where D is the separation between the probe and surface, Ap is
the Debye decay length and o and o are the net charge
densities of the surface and probe (these were assumed to be
identical in the fittings).>® ¢ was estimated to be 0.006 electron
per nm? (corresponding to about 13 x 13 nm? per charge). We
next discuss the interaction between the EG3-OH and NH,
SAMs. We observed the long-range attraction between them
in pure water (supporting informationt). As the zeta potential
of the NH, SAM in pure water is positive, the negative ions
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Fig. 9 Force—separation curves recorded on an approach for
symmetric systems of the SAMs (the same SAMs prepared for both
the probe and substrate) in PBS + NaCl solution.

are considered to be concentrated in the vicinity of the
EG3-0OH SAM. Combining this finding with those of previous
reports, we concluded that hydroxyl ions are the origin of the
negative charge.

Fig. 9 displays the force—distance curves measured with the
SAMs with various terminal groups in the PBS+NaCl
solution. In these experiments, the same SAMs were prepared
on both the probe and the substrate. The hydrophobic C8
SAMs showed attraction (jump-in) from a distance of about
6 nm. This attraction is most probably attributed to van der
Waals and hydrophobic interactions. In the cases of the hydro-
philic OH SAM, only weak attraction was observed. As to the
charged hydrophilic NH, and COOH SAMs, very short-range
repulsion was observed. The decay lengths of these repulsions
(0.36 nm) were close to the Debye length of the PBS+ NaCl
solution (0.38 nm). Although the electrostatic interaction
between the EG3-OH SAMs disappeared in PBS and
PBS + NaCl solution, it was confirmed that repulsion still existed
even in PBS + NaCl solution. The decay length of the repulsion
was 1.4—1.6 nm, which is much larger than the Debye length of
the PBS + NaCl solution. We examined the dependence of the
repulsion on the concentration of NaCl in solution, and found
that the decay lengths of the repulsion were far beyond the Debye
lengths of the solutions (supporting informationt). Therefore,
another interaction besides the DLVO force must have contributed
to the repulsion between the EG3-OH SAMs.

We measured the interaction between the EG3-OH SAMs in
solution at a pH of 4.3, where we found that the electrostatic
repulsion was minimized (an isoelectric point of the SAM) (Fig. 10).
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Fig. 10 Interaction between the EG3-OH SAMs in solution at pH 4.3
(isoelectric point of the EG3-OH SAM) with different ion concentrations.
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Fig. 11 Force—separation curves recorded on the approach of the
NH; SAM (probe) to EG3-OH SAMSs (substrate) in solutions with
different pH values (4.4 and 5.8). The pH values were adjusted by
mixing HCI (1 mM) and NaOH (1 mM). The results obtained with
other pH values are presented in the Supporting Information.f

The interaction measured at pH 4.3 (NaOH 1 mM + HCI 1 mM)
is very similar to that obtained in the other pH 4.3 solution to
which NaCl was added (0.5 M) and to that obtained in the
PBS + NaCl solution. Under these solution conditions, the
electrostatic DLVO force was minimized. We did not observe
long-range electrostatic repulsion, and only a repulsion arising
from a separation of 6 nm was confirmed. In addition, we
observed the repulsion for all solution conditions (pH and ion
concentration), strongly indicating that the repulsion has no
electrostatic character.

Next, we discuss the interaction of the EG3—OH SAM with
the NH; SAM, whose isoelectric point differs from that of the
EG3-OH SAM (Fig. 11). The interaction strongly depended
on the pH value of the solution (supporting informationt),
and attraction was observed at pH 4.4 and 5.8. In these
conditions, the zeta potentials of the EG3-OH and NH,
SAMs are considered negative and positive, respectively,
resulting in attractive electrostatic interaction. Even in such
a situation, the repulsion was observed at a separation smaller
than 1.5 nm. It is easily concluded that the repulsion cannot be
originated from electrostatic interaction. It should also be
noted that the operating length of the repulsion in this case
was about half that observed between the EG3-OH SAMs.

Fig. 12 shows the interaction of the EG3-OH SAM with
other SAMs with various surface wettabilities (EG3-OH, OH,
and C8 SAMs). In pure water, electrostatic long-range repulsion
was observed in all three cases (supporting informationt). In the
PBS + NaCl solution, the long-range DLVO force disappeared
and short-range repulsion remained. The short-range repulsion
was the strongest against EG3—OH and was the weakest against
the C8 SAM. (Note that similar results were also reported by
Kim er al,' however, they observed these interactions in
deionized water). As shown in Fig. 9, the repulsion attributed
to the deformation of the monolayers was not observed for the
C8 and OH SAMSs. Therefore, the difference in the molecular
length (thickness of the monolayer) is not the cause of differences
in the range of repulsion among these systems. These results
imply that water molecules in the vicinity of the EG3-OH SAM
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Fig. 12 Force vs. distance curves recorded on the approach of the
EG3-OH SAM (probe) to various neutral SAMs (substrate) with different
water wettabilities in PBS + NaCl solution. Through this experiment, the
same probe was used and only the substrates were changed.

are involved in the repulsion, since the wettability of the opposing
surface may affect the structure and dynamics of water in the
confined region.

To investigate the dependence of the interaction on the
number of EG units, we measured the interaction between
the EG1-OH, EG2-OH, EG3-0H, EG3-OMe, and EG6-OH
SAMs. As presented in Fig. 13(a), long-range DLVO repulsion
with a decay length ranging between 20 and 30 nm was observed
for all these SAMs. Our measurements of interactions of these
SAMs with the NH, SAM revealed that these SAMs are
negatively charged (most probably due to hydroxide ions). On
the other hand, there are noticeable differences in the short-range
interaction observed at separations smaller than 10 nm. In the
cases of EGI-OH and EG2-OH, the contribution of repulsive
force to the total interaction is clearly small compared with the
cases of EG3-OH, EG3-OMe, and EG6-OH.

In PBS + NaCl solution, the differences in the short-range
repulsions are obvious (Fig. 13(b)). That is, the repulsive
interaction is dominant for EG3-OH, EG3-OMe, and
EG6-OH, whereas the interaction observed for the EG1-OH
and EG2-OH SAMs was dominated by attraction at any
separation. The above difference cannot be explained by the
differences in hydrophobic and van der Waals interactions.
The deformation of the films, especially the EG moieties, after
their mechanical contact is also ruled out from the origin of
the repulsion, since the difference in the molecular length of
EG1-OH and EG3-OH is estimated to be about 0.8 nm,
which is much shorter than the range of the repulsion.

We next performed the force—distance curve measurements
in a mixture of water (buffer) and ethanol to verify the
possibility of water-mediated force. It is well-known that
ethanol alters the hydrogen bond networks of water molecules.
The force-separation curves in Fig. 14(a) were measured
in mixtures of water and ethanol at different mixing ratios.
Long-range repulsion, which had been considered a DLVO
force, was observed at any molar fraction of ethanol (P),
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Fig. 13 Comparison of the approaching force curves for symmetric

systems of the OEG-SAMs measured in (a) pure water and (b)
PBS + NaCl solution.

indicating that ethanol does not affect the behavior of the
interfacial hydroxide ions. By contrast, short-range repulsion
was not observed, when P,, was above 0.17. In the mixture of
the PBS+ NaCl solution and ethanol, we did not observe
repulsion at a P, of 0.23 (Fig. 14(b)). Based on these results,
we concluded that ethanol significantly affects the short-range
repulsion. We here considered the effect of the conformational
change in the EG chain. The difference in the thicknesses of
the EG3-OH SAM:s in all-zrans and helical conformations is
estimated to be 0.2 nm. Therefore, the conformational change
in the EG part cannot be the reason for the absence of
repulsion in the water—ethanol mixtures. The disappearance
of the repulsion was not explained by the difference in the van
der Waals interaction, since the Hamaker constants of the PBS
buffer (3.7 x 1072° J) and the mixture of PBS+NaCl and
ethanol (3.8 x 1072° J) preclude a significant effect on the van
der Waals interaction.

Previous studies of the structure of water—ethanol solutions
have indicated that microscopic phase separation between
water and ethanol occurs at P, values lower than 0.08 and
that complete mixing and disruption of the hydrogen bond
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Fig. 14 Force vs. distance curves recorded on the approach of
EG3-OH SAMs in mixtures of water (buffer) and ethanol: (a) in a
mixture of pure water and ethanol, (b) in a mixture of buffer (PBS
buffer pH 7.4, 10 mM containing NaCl at a concentration of 0.6 M)
and ethanol. Note that only water was taken into consideration to
calculate molar ratios (ions were not considered).

network of water takes place at P, values higher than 0.2.°"

In our surface force measurements, the short-range repulsion
disappeared at P,; > 0.17. By summing up the above discussions,
we concluded that structured water molecules in the interfacial
region with a thickness of 2-3 nm were responsible for the short-
range repulsion.

The mechanical properties of the structured water were
investigated by a simple Hertz model,

i 3 1-12

(5)

where F, R, E, v, and § are the force, probe radius, elastic
modulus, Poisson ratio (assumed to 0.5) and indentation. The
fitting was carried out in a region where the repulsive force

increased from zero and the fitting range was 1 to 1.5 nm (used
as the parameter of the indentation). The obtained elastic
moduli were 9 to 13 kPa for EG3-OH, 10 to 14 kPa for
EG3-OMe, and 6 to 10 kPa for EG6-OH, which are comparable
to the elastic moduli of relatively soft hydrated polymer gels
[e.g. poly(vinyl alcohol)]. We anticipate that structured water
molecules whose mechanical properties differ from those of
bulk water act as a physical barrier for platelet adhesion.

Mechanism underlying the bioinertness of OEG-SAMs

The origin of the bioinertness of poly(ethylene glycol): PEG-
grafted surfaces have been considered to be attributed to the elastic
effect due to the flexibility of the PEG chains and the osmotic
effect due to water molecules tightly bound to the PEG chains. >
Considering the high density of molecules constituting the OEG-
SAMs in this work (>81%) (Table 1), the elastic effect is too small
to deter proteins and platelets from adhesion.

The computer simulation by Pertsin et al. was performed by
assuming a packing density of 21.4 A? per thiolate (ideal
defect-free SAM of alkanethiols on Au(111)).>*3% With this
condition, the penetration of water into SAM was confirmed.
The neutron reflectivity measurement by Schwendel et al.
supported the fact of penetration of water into the SAM.
The simulation by Zheng er al. indicated that the penetration
of water becomes significant with reducing molecular density.'?
In addition, Herrwerth et al. and Li et al. found that OEG-
SAMs with high molecular density adsorb small amount of
proteins.'*!* Vanderah et al. also reported that BSA adsorbs
on to the HS(OCH,CH;)§CH; SAMs in which an ordered
helical structure is dominant, whereas BSA did not adsorb the
SAM with disordered molecular conformations.®” Felipe ez al. also
reported a similar finding with the monolayers of (OEG)ylated
carbazole linear dendrons formed on Au substrate.® The
above reports clearly suggest that water molecules penetrate
to OEG-SAMs and they are tightly bound to the EG units.
The tightly-bound water molecules may contribute to the
osmotic effect. The packing density of the OEG molecules in
the monolayers in our work is lower than that of the ideal
system (Table 1), indicating that the water molecules can be
accommodated in the OEG-SAMs used in this work.

However, the range of the repulsion observed for the
EG3-OH, EG3-OMe, and EG6-OH SAMs is 4-6 nm. This
suggests that not only tightly-bound water molecules but also
interfacial water molecules with a thickness of 2-3 nm (half of
the range of the repulsion between the SAMs) cause the
repulsion. Smith ez al. investigated the structure and dynamics
of water molecules in the vicinity of a chain of poly(ethylene
glycol), and found that the water molecules formed clusters.*
We expect that this clustering of water occurs at the interface
of water and SAMs, since the intermixing of water and EG
chains occurs because of the penetration of water into the
SAM. The EG3-OH, EG3-OMe and EG6—-OH SAMs possess
a thick intermixing region (number of the EG units), resulting
in the thick (2 to 3 nm) layer of structured interfacial water
observed in the force measurement. In contrast, the EG1-OH
and EG2-OH SAMs provide a small volume of intermixing
region, resulting in the reduced thickness of the structured
water (or only tightly-bound water molecules).
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The number of EG units required for anti-platelet adhesion
was at least three, whereas that required for the protein-resistance
was one. We speculate that the cause of the discrepancy is the
huge differences in the sizes and weights of protein molecules and
platelets, which directly relates to the differences in the strengths
of van der Waals interactions and the mobilities of protein
molecules and platelets at the interface. A structured water layer
with a small thickness (less than 1 nm) and water molecules
strongly bound to the EG part, which may be the origin of the
osmotic repulsion, suffices to prevent the adsorption of the
proteins (5-50 nm in size). On the other hand, platelets tend
to remain on the monolayers for longer because of their large
size (2-3 pm) and strong van der Waals interaction with the
monolayers. In addition, the extracellular matrix proteins are
forced to remain in the confined region between platelet and
monolayers, and the proteins as well as platelet must be repelled
for antiplatelet adhesion. In such a case, the osmotic effect due
to tightly-bound water alone is not enough and thick structured
water layers are required to prevent platelet adhesion.

It is also necessary to mention that the thickness of the layer
of the structured water near the OEG-SAMs is obviously
different from that found for lipid bilayers and mica, as
observed by non-contact AFM***? and X-ray reflectometry.*?
In these previous reports, only two or three hydration layers
were observed. However, the thickness of the water layer in the
vicinity of the OEG-SAMs was far beyond that of these
hydration structures and is highly unexpected. We anticipate
that the structuring of the water observed in this work does not
appear in their local density profiles, since the water structure is
rather dynamic compared with tightly bound water observed
with the above techniques. Our recent vibrational analysis of
water in the vicinity of the SAM by attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy, which
will be published elsewhere, revealed that the shapes of the O-H
stretching bands of OEG-SAMs were obviously different from
those of other SAMs (the CH;, OH, NH; and COOH SAMs).
This result may be key to understanding the structuring of the
water found in this work.

Water-induced repulsion vs. electrostatic interaction

As presented in Fig. 2 and 5, the EG3-NH, and EG3-COOH
SAMs significantly adsorbed the proteins and adhered plate-
lets. To explain these results, there are two possibilities: 1. The
structuring of water molecules does not occur because of the
charged terminal groups. 2. Attractive electrostatic interaction
between the charged groups of the SAMs and proteins over-
whelms the water-induced repulsion. Fig. 15 shows the force—
distance curves for the interactions between the symmetric
systems of EG3-NH; and -COOH SAMs. It is clear that the
ranges of the repulsion observed for both EG3-NH, and
—COOH SAMs were much longer than those of the NH,
and COOH SAMs. We also found that these repulsions
observed for the EG3-NH, and —COOH SAMSs in the
PBS + NaCl solution did not appear in the mixture of ethanol
and PBS+NaCl solution (P, = 0.23) (data not shown).
Therefore, we concluded that structured water molecules exist
in the vicinity of the EG3-NH,; and EG3-COOH SAMs. We
speculate the following model for the cases of these SAMs.

~ 08+ in PBS + NaCl
‘5« 08 ~¥—- EG3-COOH
E "Ry —8— EG3-NH,
@ 0.4-8 - COOH

% l: —S— NH;

) 0.2-& Lo

:“' % % .

E 0.0+ '\\"- STt —"h‘_ a s .
(=]

—

S
[N

0 2 4 8.8
separation (nm)

Fig. 15 Force—separation curves recorded on approach for symmetric
systems of the SAMs (the same SAMs prepared for both probe and
substrate) in PBS + NaCl solution.

The kinetic energy of the protein molecules in solution obeys
the Maxwell-Boltzmann distribution law. Despite the existence
of the barrier of the structured water, some protein molecules
possessing high kinetic energy can hop over the barrier and
adsorb onto the SAMs via local electrostatic interaction
between charges carried by proteins and the SAMs, which also
results in platelet adhesion.

The values of Ad/Af values obtained by QCM (Fig. 4) show
that the proteins adsorbed on the EG3-NH, and EG3-COOH
SAMs were softer than those adsorbed on the NH; and COOH
SAMSs. We expect the following situation: the protein molecules
interact with the EG3-NH, and EG3-COOH SAMs via local
interaction between the charged groups of the protein and
SAMs, and the structured water molecules still exist around
the adsorbed proteins. As a result, the protein molecules can
maintain their native shapes, resulting in large Ad/Af values. By
contrast, the NH; and COOH SAMSs provide more sites to the
protein molecules’ electrostatic interaction between the charged
groups of the protein and SAMs, which may induce significant
denaturation of the proteins, resulting in the small Ad/Af values
because of the absence of the structured water layer. Therefore,
for the immobilization of protein molecules onto solid surfaces
without loss of their functions, the molecules making up the
substrate should contain OEG moieties.

Conclusions

In this work, we performed systematic analyses of protein
absorption, platelet adhesion, and surface forces of SAMs
with various terminal groups. Our force measurements of the
interaction between OEG-SAMs revealed that structured
water molecules exist at the SAM—water interface when the
constituting thiol molecules possess more than two EG units.
Our results showed that at least one EG unit is necessary for
protein resistance, whereas three EG units are required to
endow the SAMs with platelet compatibility. It was found that
the SAMs that exhibited the water-mediated repulsion in the
surface force measurements also deterred platelet adhesion,
indicating that a physical barrier of water molecules with a
thickness of 2 to 3 nm is necessary for the anti-platelet
adhesion. On the other hand, only a thin layer of structured
water or tightly bound water was found to be required for the
protein resistance. We also found that the charge neutrality of

This journal is © the Owner Societies 2012
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the terminal groups of the SAMs is essential for their protein
resistance and platelet compatibility. Our result also indicates
that structuring of the interfacial water occurs even when the
thiol molecules possess charged groups as well as EG groups
(EG3-NH; and EG3-COOH). In such a case, however, the
local electrostatic interaction between the protein and SAM
overwhelms the water-induced repulsion, resulting in the
adsorption of proteins and the adhesion of platelets.

We hope that our findings will help in the design of novel
biomaterials, in processes that require the immobilization of
biomolecules without loss of their native function, and in new
understanding of the mechanisms underlying specific molecular
recognition in biological systems.
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Synthesis of Graft Copolymers Based on Poly(2-
Methoxyethyl Acrylate) and Investigation of
the Associated Water Structure

Irakli Javakhishvili, Masaru Tanaka, Keiko Ogura, Katja Jankova,
Seren Hvilsted*

Graft copolymers composed of poly(2-methoxyethyl acrylate) are prepared employing con-
trolled radical polymerization techniques. Linear backbones bearing atom transfer radical
polymerization (ATRP) initiating sites are obtained by reversible addition—fragmentation
chain transfer copolymerization of 2-methoxyethyl acrylate (MEA) and 2-(bromoisobutyry-

loxy)ethyl methacrylate (Br'BuEMA) as well as 2-hydroxyethyl

methacrylate and Br'BuEMA in a controlled manner . MEA is
then grafted from the linear macroinitiators by Cu (I)-medi- -
ated ATRP. Fairly high molecular weights (>120 000 Da) and
low polydispersity indices (1.17-1.38) are attained. Thermal
investigations of the graft copolymers indicate the presence -+
of the freezing bound water, and imply that the materials ,

may exhibit blood compatibility.

1. Introduction

Polymeric materials intended for medical devices that
may come in contact with blood should display capacity to
resist protein adsorption and blood cell adhesion and thus
triggering the organism’s defense mechanism. Numerous
blood compatible surfaces have been developed, and they
fall into the following three categories: hydrophilic sur-
faces, surfaces with microphase-separated domains, and
biomembrane-like surfaces. Alongside myriads of physi-
cochemical properties including surface charge, wetta-
bility, surface free energy, topography, stiffness, and the
presence of specific chemical functionalities, surface-
bound water appears to bear an instrumental role in the
biological response induced by the artificial material.l!
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Poly(2-methoxyethyl acrylate) (PMEA) displays excellent
blood compatibility, and has been approved for medical
use by the FDA.l For instance, PMEA-coated circuits
exhibit significantly reduced complement activation when
used in cardiopulmonary bypass.?! It has been maintained
that PMEA’s compatibility with platelet, white blood cells,
complement and coagulation systems has been dictated
by the presence of the freezing bound water.! Attempts
have been made to shed light on the water structure in
PMEA, and its influence on the blood compatibility. Thus,
random[@ and blockl™®! copolymers of 2-methoxyethyl
acrylate (MEA) and 2-hydroxyethyl methacrylate (HEMA)
have been synthesized by free radical and anionic polym-
erization techniques, respectively, and the effect of the
monomer composition and the copolymer topology has
been elucidated. However, necessity of meticulous inves-
tigations of the blood compatibility mechanism demands
precise synthesis of more advanced macromolecular archi-
tectures comprising MEA in combination with HEMA or
other hydrophilic monomers. This contribution details
the synthetic approach, structural, and thermal charac-
terization of graft copolymers based on MEA and HEMA.
Because controlled radical polymerization (CRP) techniques
such as atom transfer radical polymerization (ATRP)B! and
reversible addition—fragmentation chain transfer (RAFT)
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polymerization[4] have emerged as versatile, robust, and
resourceful tools for building complex macromolecular
structures with virtually innumerable combinations of
monomers, initiating and catalytic systems, we decided to
marry the two for preparation of well-defined graft copoly-
mers featuring PMEA or poly(2-hydroxyethyl methacrylate)
(PHEMA) backbones and PMEA grafts. Copolymerization of
MEA with acrylonitrile (AN) by copper (I)-mediated ATRP
together with extensive NMR spectroscopy studies was
reported by Brar and Saini®! Our group has carried out
exhaustive investigations covering polymerization kinetics
of copper (I)-catalyzed ATRP of MEA as well as end-group
analysis and chain extension reaction to obtain block
copolymers of PMEA while probing different catalytic com-
plexes, reaction milieu, and temperature.®! Coelho et all”]
obtained PMEA by single electron transfer-degenerative
transfer radical polymerization; however, the molecular
weight distributions (MWD) were rather broad. PMEA and
random copolymers of MEA with 2-hydroxyethyl acrylate
were prepared by RAFT and nitroxide-mediated homo- and
copolymerization, respectively, and the thermoresponsive
properties of these materials were assessed.®] Employing
trithiocarbonate RAFT agent resulted in the formation of
azeotropic copolymers. Polymeric trithiocarbonate chain
transfer agent (CTA} was utilized in solution as well as
dispersion RAFT polymerization of MEA with fairly good
control.l%)

Matyjaszewski and co-workersi% reported prepara-
tion of graft copolymers by two sequential ATRP steps
and by combining free radical polymerization and ATRP.
The former approach involved ATRP of trimethylsilyl-pro-
tected HEMA followed by transformation of the hydroxyl
groups along the polymer backbone to the ATRP initiating
sites by treating them with 2-bromoisobutyryl bromide
(Br'BuBr), and ATRP of styrene (St) and butyl acrylate. The
latter approach consisted of free radical polymerization of
2-(2-bromopropionyloxy)ethyl acrylate (BrPrEA) followed
by ATRP. In a similar fashion, block and random copoly-
mers of AN and HEMA were synthesized by RAFT (co)
polymerization making use of a dithioester CTA.'Y! The
hydroxyl functions were then converted into the ATRP
initiating moieties by reacting with Br'BuBr. These macro-
initiators were successfully employed in ATRP of N-iso-
propylacrylamide. However, it would be advantageous to
eliminate the intermediate steps related to the incorpora-
tion of initiating sites along a polymer backbone. Klump-
erman and co-workersi*? carried out well-controlled
RAFT (co)polymerization of 2-(bromoisobutyryloxy)ethyl
methacrylate (Br'BuEMA) utilizing 2-cyano-2-propyl ben-
zodithioate (CPBAT) as the CTA. Relatively narrow MWD
and symmetrical size exclusion chromatography (SEC)
traces were reported. Thus, well-defined macromolecular
scaffolds with multiple ATRP initiating functions were
prepared while circumventing protective group chemistry

Macromol. Rapid Commun. 2012, DOI: 10.1002/marc.201100698
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and demanding purification steps.'?l Graft and star graft
copolymers were constructed in a similar manner: RAFT
polymerizations of BrPrEA or tert-butyl 2-((2-bromopro-
panoyloxy)methyl} acrylate were followed by grafting
of hydrophobic as well as hydrophilic monomers from
the linear backbones by ATRP or grafting poly(propylene
oxide) chains to the star arms or linear chains by atom
transfer or single electron transfer nitroxide radical
coupling.l*?!

In the present work, the linear precursors for the graft
copolymers were built by RAFT copolymerization of MEA
with BrBuEMA and HEMA with Br'BuEMA employing
a dithioester—CPBdT—as a CTA. Fairly narrow MWDs
were attained. MEA was then grafted from these multi-
functional macroinitiators by copper (I)}-mediated ATRP.
Well-defined graft copolymers were obtained, and sub-
jected to scrupulous investigations to uncover the traits
responsible for the blood compatibility. We found that
the hydrated graft copolymers possessed a unique water
structure, observed as cold crystallization of water. To the
best of our knowledge, no such combination of the mono-
mers and macromolecular architecture has been reported
before.

2. Experimental Section

2.1. Materials

2-Methoxyethyl acrylate (MEA; Aldrich, 98%) and 2-hydroxye-
thyl methacrylate (HEMA; Aldrich, 99% +) were passed through
short aluminum oxide columns (Sigma-Aldrich, activated, basic,
Brockmann I, standard grade, ~150 mesh, 58 A) before being
used. Toluene (Sigma-Aldrich, 99.9%) and tetrahydrofuran
(THF; Sigma-Aldrich, 99.9%) were dried over CaH, and distilled
under nitrogen flow. Triethylamine (Fluka, > 98%) was distilled
under nitrogen flow. 2-Bromoisobutyryl bromide (Br'BuBr;
Aldrich, 98%), N,N-dimethylformamide (DMF; Sigma-Aldrich,
299.9%), anisole (Sigma-Aldrich, 99%), methanol (Sigma-Aldrich,
99.9%), heptane (Sigma-Aldrich, 99%), dichloromethane (Sigma-
Aldrich, 99.8%), chloroform (Sigma-Aldrich, 99.8%), 4-(dimeth-
ylamino)pyridine (4-DMAP; Fluka, >98%), CuBr (Sigma-Aldrich,
98%), 2-cyano-2-propyl benzodithioate (CPBAT; Aldrich, >97%),
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA; Aldrich,
97%), N,NN',N” N”-pentamethyldiethylenetriamine (PMDETA;
Aldrich, 99%), CDCl; (Aldrich, 99.8 atorn% D), and dimethyl sul-
foxide (DMSO)-dg (Aldrich, 99.9 atom% D) were used as received.
2,2’-Azobis(2-methylpropionitrile) (AIBN; from Ventron) was
recrystallized from MeOH.

2.2. Analytical Techniques

NMR spectroscopy experiments were conducted on a Bruker
Avance 300 MHz spectrometer. The coupling constants are given
in Hz while chemical shifts are given in ppm. Molecular weights
and polydispersity index (PDI) were estimated by size exclusion
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chromatography (SEC} using the following instrument: Viscotek
GPCmax VE-2001 equipped with Viscotek TriSEC Model 302 triple
detector array (refractive index detector, viscometer detector,
and laser light scattering detector with the light wavelength
of 670 nm, and measuring angles of 90° and 7°) and a Knauer
K-2501 UV detector using two PLgel mixed-D columns from
Polymer Laboratories (PL). The samples were run in THF at 30 °C
(1 mL min™t). Molecular weights were calculated using polysty-
rene (PS} standards from PL. Thermogravimetric analysis (TGA)
was performed on a TGA Q500 instrument from 20 to 800 °C
with a heating rate of 20 °C min™! under nitrogen flow.

The phase transitions of water in the polymer were measured
by differential scanning calorimetry (DSC) (Thermo Plus 8230,
Rigaku, Japan) equipped with a low-temperature cooling
apparatus. The sample was placed in an aluminum pan and
hermetically sealed. The weight of the sample was 3-4 mg.
The sample was first cooled down to —100 °C at the rate of
5.0 °C min~!, held at —100 °C for 5 min, and then heated to 50 °C at
the same rate under a nitrogen atmosphere. The heating process
was monitored. It was confirmed that there was no weight loss
during the measurement.

Water content of the polymer was defined by the following
equation:

Water content (wt%) = {(W1 ~ WO0)/W1} x 100, where W0 and
W1 are the weights of the dry sample and the hydrated sample,
respectively. The water content was then obtained by the method
described below: The polymer sample was soaked in distilled
water for 7 d at room temperature, taken out of water, and wiped
with a filter paper to remove excess water on the surface. The
fully hydrated polymer was weighed quickly (W1), and then
the polymer was dried at 120 °C in vacuo until the weight (W0)
became constant.

2.3. Synthetic Procedures

All reactions were conducted under a nitrogen atmosphere.

2-(Bromoisobutyryloxy)ethyl methacrylate (Br'BuEMA): HEMA
(9.5 m1, 78.3 mmol), 4-DMAP (5.68 g, 38.3 mmol), and NEt; (27 mL,
193.7 mmol) were placed in a 250 ml two-neck round bottom
flask equipped with a magnetic stirring bar, a rubber septum,
and an addition funnel, and were digsolved in THF (145 mL). The
reaction mixture was cooled onice/water bath, and Br'BuBr (19 mL,
153.7 mmol) was added dropwise. The reaction was carried out
overnight at room temperature. Afterward, the mixture was
filtered, concentrated in vacuo, and dissolved in CHCl;. It was
then extracted with dilute aqueous NaHCO; (7 x 130 mL), dilute
aqueous NaHSO, (3 x 130 mL), and distilled water (1 x 100 mL).
The solution was dried with anhydrous MgSO,, filtered, and
concentrated under reduced pressure. It was then redissolved in
MeOH (200 mL), chilled in a freezer, and extracted with heptane
(7 x 200 mL). Heptane was removed under reduced pressure, and
the product was dissolved in CH,Cl, (150 mL). The solution was
washed, dried, and concentrated as described above resulting in
ayield of 62.6%.

1H NMR (300 MHz, CDCl,, 8): 6.12 (s, 1H, CH,=C), 5.58 (s, 1H;
CH,=C), 4.40 (m, 4H; CH,), 1.80~2.10 (1, 9H, CCH; and CBr(CHs),).

General Procedure for RAFT Copolymerization: A previously
dried Schlenk tube was charged with BrBuEMA and MEA or
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HEMA, AIBN, CPBAT, and toluene or DMF. Three freeze—pump-—
thaw cycles were performed, and the tube was immersed into
preheated oil bath at 70 °C. The copolymerization reaction was
monitored by SEC, and was quenched with liquid nitrogen. The
reaction mixture was diluted with THF, and precipitated twice
into heptane or Et,O-heptane (1:1) mixture at room temperature.
Pink precipitate was isolated and dried in the vacuum oven
at room temperature. The degree of polymerization (DP) and
composition of the copolymer were estimated by H NMR
experiment, while the PDI was obtained by SEC using the PS
calibration curve.

Poly(2-(Bromoisobutyryloxy)ethyl
ethyl acrylate) (P(BrBuEMA-co-MEA)). Br'BuEMA (0.7 ml,
3.5 mmol), MEA (24 mLl, 187 mmol), AIBN (16 mg,
0.1 mmol), CPBAT (76 mg, 0.34 mmol), and toluene
(3.5 ml) were employed. The polymerization time was
45 h. M,(*H NMR) = 5900 Da, DP of Br'BuEMA was 9, DP
of MEA was 23; My(SEC) = 5700 Da, M, (SEC) = 7400 Da,
My/Mp =1.29. 'H NMR (300 MHz, DMSO-ds, 5): 7.83-8.00 (b, 2H,
m, -A1), 7.61-7.77 (b, 1H; p, -Ar), 7.42-7.58 {b, 2H; 0, -Ar), 4.26~4.50
(b, C(CH)C(O)OCHS,), 3.85-4.26 (b, HCC(O)OCH,, and C(CH,),C(O)
OCH,) {resonances over the range of 3.85-4.50 ppm correspond
to 82 H), 3.38-3.68 (b, 46 H, CH,0CH,), 3.14-3.30 (b, 69 H, CH,0),
2.08-2.42 (b, 23 H, CH,CHC(0)0), 1.90 (s, BIC(CHy),), 0.75~2.08 {b,
CH,C(CH,)C(0)O, CH,C(CH,)C(0)O, and CH,CHC(0)O) (0.75-2.08
corresponds to 145 H).

Poly(2-(Bromoisobutyryloxy)ethyl  methacrylate)-co-2-hydro-
xyethyl ~methacrylate) (P(Br'BuEMA-co-HEMA)). Br'BUuEMA
(0.7 mL, 3.5 mmol), HEMA (2.1 mL, 17.3 mmol), AIBN (15.6 mg,
0.1 mmol), CPBAT (76 mg, 0.34 mmol), and DMF (3.5 mlL) were
taken. The reaction was terminated after 3 h. M, (*H NMR) =
7300 Da, DP of Br'BuEMA was 8, DP of HEMA was 37; My(SEC)
= 3700 Da, M,(SEC) = 5500 Da, M, /My = 1.47. *H NMR (300
MHz, DMSO-dq, 8): 7.73-7.88 (b, 2H, m, -Ar), 7.57~7.70 (b, 1H; p,
-At), 7.35-7.55 (b, 2H; o, -Ar), 4.80 (b, 37 H, CH,0H), 4.25-4.55
(b, CH,C(CH)C(O)OCH,), 4.03-4.25 (b, C(CH,),C(O)OCH,), 3.72~4.03
(b, C(O)OCH,CH,0H) (3.72—4.55 corresponds to 106 H), 3.43-3.72
(b, 74 H, CH,0H), 1.93 (b, BrC(CHs,),), 0.40~2.20 (b, CH,C(CH,)C(0)0
and CH,C(CH,)C(0)O) (0.40-2.20 accounts for 273 H).

General Procedure for ATRP: The macroinitiator P(Br'BuEMA,-
co-MEA,;) or P(Br'BuEMAg-co-HEMA,,;), MEA, CuBr, DMF,
and anisole were introduced into a Schlenk tube, and two
freeze-pump—thaw cycles were performed. Then PMDETA was
injected, and two freeze-pump~thaw cycles were carried out.
The polymerization was conducted at 70 °C in bulk or at 90 °C
in solution. The graft copolymer was precipitated in Et,0, and
dried in the vacuum oven at room temperature. The molecular
weight and the MWD were obtained by SEC employing the light
scattering detector (dn/dc = 0.060).]

P(Br'BuEMA 4-co-MEA ;5)-g-PMEA: P(Br'BUuEMA,-co-MEA,3)
(52 mg, 0.08 mmol of the initiating sites), MEA (5 mL, 38.9 mmol),
CuBr (8.2 mg, 0.06 mmol), and PMDETA (10 pL, 0.05 mmol) were
charged. The reaction was quenched in 15 min. M (SEC) =23 000
Da, M (SEC) = 29 300 Da, My, /M, =1.27.

P(Br'BuEMAg-co-MEA ;3)-g-PMEA. P(Br'BUEMAg-co-MEA,5)
(49 mg, 0.075 mmol of the initiating sites), MEA (5 m1, 38.9 mmol),
CuBr (17 mg, 0.12 mmol), PMDETA (25 pL, 0.12 mmol), DMF (5 mL),
and anisole (5 mL) were taken. The polymerization was allowed

methacrylate)-co-2-methoxy-
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to proceed for 30 min. My (SEC) = 131 300 Da, M, (SEC) = 181 700
Da, M, /M, =1.38.

P(Br'BuEMAg-co-HEMA 3;)-g-PMEA:  P(Br'BuEMA,-co-HEMA3,)
(51 mg, 0.056 mmol of the initiating sites), MEA (3.6 mlL, 28.0
mmol), CuBr (12.9 mg, 0.09 mamol), PMDETA (14 pL, 0.07 mmol),
DMF (3.6 mL), and anisole (3.6 mL) were used. The polymerization
was carried out for 30 min. Mp(SEC) = 120 300 Da, Mp(SEC) =
140 400 Da, M, /M, =1.17.

3. Results and Discussion

3.1. Preparation of Multifunctional
Linear Macroinitiators

Synthesis of linear copolymers incorporating MEA and
Br'BuEMA, and HEMA and Br'BuEMA was carried out as
depicted in Scheme 1. Initially, a methacrylic monomer
possessing an ATRP initiating site—Br’ BuEMA—was
obtained by reacting HEMA with Br'BuBr in the presence
of a catalytic amount of 4-DMAP as opposed to the proce-
dure reported earlier.'2 RAFT copolymerization of MEA
and Br'BuEMA was conducted in toluene using AIBN as the
initiator and CPBAT as the CTA ([M]y:[T],:[CTA], = 222:1:3.4,
M and I designate the monomer and initiator, respec-
tively). That copolymerization of the acrylic and meth-
acrylic monomers in the presence of the dithioester-type
CTA proceeded in a controlled manner was substantiated
by the low PDI of the copolymer as well as symmetrical
and unimodal SEC traces (Figure 14). 1H NMR spectroscopy
further verified formation of the copolymer by the RAFT
process because the resonance peaks characteristic to the
benzodithioate residue were observed in the range of 7.40—
8.00 ppm (Figure S1, Supporting Information). This ter-
minal aromatic tag was utilized to estimate the copolymer
composition to be P(Br'BuEMAg-co-MEA,;). HEMA and

BrBuEMA were copolymerized under similar conditions
except that DMF was taken as the reaction medium (Table 1).
The composition of P(Br'BuEMAg-co-HEMA;;) was deter-
mined by H NMR spectroscopy (Figure 1B; Figure S2,
Supporting Information). The SEC trace was monomodal,
but exhibited tailing due to the interaction with the SEC
columns when using THF as the eluent (Figure 1A). On
the contrary, the analysis of P(Br'BuEMAg-co-HEMA;;) by
SEC employing DMF + 0.05 m LiCl as the eluent furnished
monomodal and symmetrical trace (Figure $3, Supporting
Information). The molecular weight characteristics of the
two copolymers are summarized in Table 1.

3.2. Preparation of Graft Copolymers

Grafting of MEA from the well-defined linear P(BrBuEMA,-
co-MEA,;) and P(Br'BuEMAg-co-HEMA;,) chains was
accomplished by copper (I)-catalyzed ATRP. Homopolym-
erization of MEA mediated by CuBx/HMTETA and CuB1/
PMDETA catalytic complexes in bulk and in toluene was
thoroughly investigated by our group.l®! Initially, the reac-
tions were carried out in DMF/anisole (1:1) mixture at
90 °C by making use of the CuBr/HMTETA catalytic system.
The choice of solvents was dictated by the solubility of
the P(Br'BuEMA,-co-HEMA,,;) macroinitiator. Under these
reaction conditions, ATRP proceeded rapidly, and resulted
into the graft copolymers of rather large molecular weights
and broad MWDs. This was attributed to the interchain
coupling reactions facilitated by the prolonged reaction
times and fairly low [M]y:[I], = 200 ratio. However, no insol-
uble fractions were observed. After few alterations in the
experimental parameters, the protocols presentedin Table 1
were adopted. Thus, the ATRP was conducted in solu-
tion at 90 °C or in bulk at 70 °C. The reaction times were
shortened significantly, whereas the ratio of the initial
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Reagents and conditions: (A) Br' BuBr, 4-DMAP, NEt,, THF; (B) MEA, AIBN, CPBAT, toluene, 70 °C; (C) HEMA, AIBN, CPBAT, DMF, 70 °C; (D) MEA,

l Scheme 1. Synthetic layout for preparation of the linear copolymers bearing ATRP initiating sites, and the corresponding graft copolymers.

CuBr, PMDETA, bulk, 70 °C; (E) MEA, CuBt, PMDETA, DMF, anisole, 9o °C.
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Figure 1. (A) An overlay of the SEC traces of the linear macroinitiators and the graft copolymers obtained thereof: P(Br' BUEMA,- co -MEA,;)

(=), P(Br' BUEMA-cO-MEA,;)-g-PMEA (bulk) (), P(Br! BUEMA,-co-MEA,;)-g-PMEA (—),

P(Br BUEMAg-co-HEMA,;) (), P(Br' BUEMAg-co

-HEMA,,)-g-PMEA (—). (B) An overlay of 'H NMR spectra of P(Br' BUEMAg-co-HEMA,;) and P(Br BUEMAg-co-HEMA,,)-g-PMEA emphasizing
the high macroinitiator efficiency corroborated by the upfield shift of k (the chemical shifts are given in ppm).

molar concentration of the monomer to initiator was
increased to about 500. When in bulk, the polymerization
was catalyzed by 0.75 equivalents of CuBr and the reaction
temperature was lowered to 70 °C to diminish the radical
concentration, and thus suppress the coupling reactions.[20l
High macroinitiator efficiency and fairly good control over
the polymerization were achieved under these circum-
stances as indicated by the SEC experiments: the SEC traces
were shifted to the lower elution volumes; they were uni-
modal and symmetrical, and only a small amount of a low
molecular weight fraction was left when P(Br'BuEMA,-co-
MEA,;) was employed as the macroinitiator (Figure 1A);
low PDIs were obtained (Table 1). Graft copolymers of
rather high molecular weights yet free from the coupling
reaction products were prepared (Table 1, entries 4 and 5).
Moreover, PMEA grafts of different lengths could be syn-
thesized by tuning the reaction parameters (Table 1, entries
3 and 4). The overlay of the 'H NMR spectra (Figure 1B)
unequivocally confirms successful grafting from the

P(Br'BuEMA,-co-HEMA,;) backbone. While the resonance
signals originating from the linear precursor are domi-
nated by the peaks arising from the grafted chains, £, m,
and p resonances (Figure 1B) suggest that the graft copol-
ymer is indeed composed of PHEMA and PMEA segments.
On the other hand, upfield shift of the resonance signal k,
which corresponds to the methyl groups at the ATRP initi-
ating sites, from 1.93 ppm (k) to 1.1 ppm (k') indicates high
macroinitiator efficiency in ATRP reactions.

TGA analysis reveals that the graft copolymers are
stable until as high a temperature as 300 °C and the loss
of only a minor fraction is observed before that (Figure S5,
Supporting Information).

3.3. Investigation of the Water Structure by DSC

Thermal investigations of the water structure in a series of
(meth)acrylic polymers revealed that linear PMEA featured
unique water which underwent cold crystallization—a

B Table 1. Reaction conditions, composition, and the molecular weight characteristics of the linear precursors and graft copolymers.

Entry Linear and graft Reagent Medium  Temp. Time M, M, M,/M,
copolymers® ratio [°C] [min] [Da] [Da]
19 P(Br BuEMAg- co -MEA,5) 220:1:3.49 Toluene 70 270 5700; 7400  1.29
59002
2b) P(Br! BuEMAg- co -HEMA ;) 210:1:3.49 DME 70 180 3700; 5500  1.47
73002
39 P(Br! BuEMAgy-c0-MEA,5)-g-PMEA  490:1:0.75:0.68) Bulk 70 15 23 000 29 127
300
49 P(Br! BUEMAg-co-MEA,;)-g-PMEA  520:1:1.6:1.69 DMF/Anisole 90 30 131300 181  1.38
700
59 P(Br! BUEMAg-co-HEMA3,)-g-PMEA  500:1:1.6:1.3¢% DMF/Anisole 90 30 120300 140 117
400

AThe composition and subsequently the number average molecular weight of the linear precursors have been determined by 'H

NMR experiments;
‘WM]o:mo:[CTAlo;e)[M]o:[I]o:[CuBr]o:[PMDETAlo.
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Figure 2. DSC heating curves of the graft copolymer-water systems: (A} graft copolymer 4 with the water content of 9.9 wt%; (B} graft
copolymer 5 with the water content of 16.3 wt%. Heating rate is 5.0 °C min™.

phenomenon attributed to the phase transition of ice from
amorphous to crystalline.'dl The water capable of such
a transition is defined as the freezing bound (interme-
diate) water. Besides the freezing bound water, the water
restrained by a hydrated polymer includes two other types
of water—free and nonfreezing water. Thus, the water
content (WC) at equilibrium WC (wt%) = Wy (Wt%) + Wy
(wit%) + Wy (wit%), where Wy, Wy, and Wr are the contents
of the nonfreezing water, freezing bound water, and free
water, respectively. The platelet compatibility of the poly-
meric material is ascribed to the existence and is propor-
tional to the amount of the freezing bound water.['l When
in contact with blood, the polymer surface absorbs water
which forms a specific structure on the surface. The layers
of different water structures follow in this order: polymer
surface — nonfreezing water — freezing bound water
(intermediate water) — free water — bulk water. When the
freezing bound water layer has sufficient thickness, it pre-
vents the biocomponents (cells and/or proteins) from con-
tacting directly the polymer surface or nonfreezing water
on the polymer surface.

The structure of water in the graft copolymers was
investigated by DSC. The thermograms in the heating
process are shown in Figure 2. A characteristic exothermic
peak was found for the polymers at around —40 °C: the
peak is due to the cold crystallization of water in the
hydrated polymer, and serves as the evidence of existence
of the freezing bound water in both graft copolymers. The
endothermic peaks observed on the thermograms are

B Table 2. Water content of the graft copolymers.

ascribed to the melting of the ice originating from both
free water and freezing bound water.!l By taking into
account that the heat of fusion of the ice derived from
the bulk water is 334 J g%,[l and making the assump-
tions that Wy, < AH,., and (Wg, + Wy) « AH,,,, where AH,,.
and AH,, are the enthalpy of cold crystallization and the
fusion enthalpy of ice, respectively,!! the amounts of all
three kinds of water are quantified (Table 2). Hence, the
graft copolymer 4 contains more freezing bound water
than the graft copolymer 5 which comprises the PHEMA
backbone. Furthermore, if compared with the linear
PMEA of the molecular weight of M, = 78 000 Da, at
approximately same equilibrium WC the graft copolymer
4 contains about 2.5 times less amount of the freezing
bound water.[1a]

Further elucidation of the blood compatibility of these
graft copolymers by platelet adhesion tests is necessary to
conclude whether these materials are suited for applica-
tions in medical devices.

4, Conclusion

In conclusion, we have successfully built complex macro-
molecular architectures such as graft copolymers incor-
porating PMEA grafts which may have potential as blood
compatible materials. Merging the robust and versatile CRP
techniques, such as RAFT and ATRP, allows excellent con-
trol over the size and topology of the macromolecules, and

Entry Graft copolymers AH, AH, wc Wyt Wy, We
Dg?] g™ [wt%] [wt%] [wi%]  [wit%]

4 P(Br! BuEMAg-co-MEA,;)-g-PMEA 6.7 16.5 9.9 5.0 2.0 2.9

5 P(Br BUEMAg-co-HEMA,)-g-PMEA 44 333 16.3 5.0 1.3 10.0
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provides effectual tool for integration of distinct functional
monomers into advanced polymeric structures. Scrupulous
thermal analyses of the products unambiguously points
toward the existence of the freezing bound water which,
in turn, is one of the key factors responsible for the blood
compatibility.
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