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substrates [20]. In biomedical research, the hydrophilic poly-
mer brush structure has gained attention because of its low
biofouling properties. Protein adsorption is considerably sup-
pressed on polymer brush structures composed of nonionic
monomer units, such as 2-hydroxyethyl methacrylate (HEMA)
[21], poly(ethylene glycol) mono methacrylate [22,23], and N-
vinylpyrrolidone {24], and zwitterionic monomer units such as
MPC [23,25-29], sulfoxybetaine-based monomers [29-33], and
carboxybetaine-based monomers [29,34-39]. In each of the above
studies, the amount of adsorbed protein at the polymer brush
structure depended upon several structural parameters such as the
degree of polymerization and graft density. Several causes have
been proposed for these phenomena, one being the hydration state
around the grafted polymer chains [23,40]. We have previously
studied the characteristics of protein adsorption on material sur-
faces from the viewpoint of the hydration state at the biointerface
[8,41]. These studies showed that the hydration state around the
polymer chain, which is determined by the functional groups in
the monomer moiety, strongly affects protein adsorption. Thus,
precise three-dimensional arrangement of the functional groups
at the polymer brush structure would help elucidate the relation-
ship among the structure, hydration state, and protein adsorption
behavior at the surface. Nevertheless, protein adsorption behavior
at the polymer brush structures has not been investigated in detail.
The detailed characterization of well-defined structures of the poly-
mer brush layer is limited to the representative monomer moiety,
and very few reports have documented the similarities and differ-
ences among protein adsorption at different monomer moieties in
polymer brush layers.

In the present study, we synthesized zwitterionic and nonionic
polymer brush layers on silicon wafers or thin gold layers using the
surface-initiated atom transfer radical polymerization (SI-ATRP)
method and a free initiator. In order to characterize the polymer
brush layers, we characterized the surfaces in terms of graft density
and the length of the polymer chains. We could successfully control
the thickness of the polymer brush layers with varying chemical
structures. In particular, kinetic analysis performed during SI-ATRP
and characterization of the polymer graft density helped clarify
the ATRP mechanism occurring during graft polymerization and
the surface coverage of the grafted polymer chains at the polymer
brush layers, respectively. We systematically quantified protein
adsorption on these polymer brush layers using quartz crystal
microbalance with dissipation (QCM-D). In the present study, we
determined the effect of the monomer moiety in the polymer brush
structures of defined surface structure on protein adsorption and

- clearly showed that the chemical structure of the polymer brush
layer is an important factor that should be considered when design-
ing biomaterials with excellent biocompatibility.

2. Materials and methods
2.1. Materials

MPC was synthesized and purified using a previously reported
method [4]. [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide (SBMA) and HEMA were purchased
from Sigma-Aldrich Co. (St. Louis, USA). N-Methacryloyloxyethyl
N,N-dimethyl ammonium-a-N-methyl carboxylate (CBMA) was
obtained from Wako Pure Chemistry (Osaka, Japan). Copper (I) bro-
mide (CuBr), 2,2’-bipyridy! (bpy), and ethyl-2-bromoisobutyrate
(EBIB) were purchased from Sigma-Aldrich Co. and were directly
used as received. All other reagents and solvents of extra-pure grade
were commercially available and were directly used as purchased.
Silicon wafers were purchased from Furuuchi Chemical Co. (Tokyo,
Japan); the surface of the silicon wafers was coated with approx-

imately 10-nm-thick SiO, layers. High-purity grade oxygen and
argon gases were used.

2.2. Preparation of initiator-immobilized substrates

The  surface-immobilizing  initiator,  (11-(2-bromo-2-
methyl)propionyloxy)undecyltrichlorosilane  (BrC10TCS), was
synthesized using a previously described method [42]. The silicon
wafers were cut into 1.0cm x 1.5cm chips, adequately rinsed
with ethanol and acetone, and etched using oxygen plasma for
10 min (300 W, 100 mL/min gas flow, PR500; Yamato Scientific Co.
Ltd., Tokyo, Japan). The cleaned silicon wafers were immersed in a
5 mmol/L solution of BrC10TCS in toluene for 24 h. The wafers were
removed from the solution, rinsed with toluene and methanol, and
dried in a nitrogen stream. The BrC10TCS-immobilized substrates
were stored in a dry box under reduced pressure.

2.3. Preparation of polymer-grafted substrates

MPC, SBMA, CBMA, and HEMA were graft polymerized from
the BrC10TCS-immobilized substrate using SI-ATRP as follows:
CuBr, bpy, and each monomer in a particular molar ratio were
placed in a glass tube and dehydrated; thereafter, degassed sol-
vents were added into the glass tube. The following solvents
were used: ethanol for MPC and CBMA at a monomer concen-
tration of 0.56mol/L, a mixture of methanol and water (1:1 by
volume) for SBMA at a monomer concentration of 0.38 mol/L, and
methanol for HEMA at a monomer concentration of 2.0 mol/L.
Sodium chloride of the same concentration as SBMA (0.38 mol/L)
was added to the SBMA solution to prevent the precipitation of
poly(SBMA) during polymerization. Argon was bubbled into each
monomer solution at room temperature for 10 min. The BrC10TCS-
immobilized substrate was then immersed into the solution, and
EBIB was simultaneously added as the free initiator at a defined
concentration. After the glass tubes were sealed, polymerization
was performed at 20°C with stirring. After 24 h, the substrate was
removed from the polymerization solution, rinsed with solvents
(ethanol for poly(MPC) and poly(CBMA), water for poly(SBMA), and
methanol for poly(HEMA)), purified with ultrasonication for 5 min
in the same solvents, and dried in a nitrogen stream. We prepared
polymer-grafted substrates for each type of monomer using vari-
ous [Monomer]/[Initiator] ratios ranging from 5 to 200; the ratio
was represented after the abbreviation of the polymer name, ie.,
PMPC10, PCBMAS5, etc. The chemical structures of the monomer
units used for the synthesis of poly(MPC) (PMPC), poly(CBMA)
(PCBMA), poly(SBMA) (PSBMA), and poly(HEMA) (PHEMA)-grafted
substrates are shown in Fig. 1.

The monomer conversion in different polymerization solution
was determined using proton nuclear magnetic resonance spec-
troscopy (1H NMR, JEOL, Tokyo, Japan). The molecular weight and
polydispersity of free polymers in the reaction solutions were
determined by gel permeation chromatography (GPC) using a
methanol/water mixture (70:30) containing 10 mM lithium bro-
mide as an eluent and poly(ethylene glycol) as the standard.

2.4. Surface characterization

The composition of surface elements was determined using
an X-ray photoelectron spectroscope (XPS) (AXIS-Hsi, Shi-
madzu/Kratos, Kyoto, Japan) with a magnesium anode non-
monochromatic source. The samples were completely dried in
vacuo before the measurement. High-resolution scans for Cys, Nys,
P2p. Sop. and Brsg were acquired at a takeoff angle of 90° for the
photoelectrons. All the binding energies were referred to the Cys
peak at 285.0eV.
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Fig. 1. Chemical structures of the monomer units used for the synthesis of polymer brush layers on the silicon wafers.

The thicknesses of the BrC10TCS and grafted polymer lay-
ers present on the silicon wafers were determined under dry
conditions using a spectroscopic ellipsometer (GES5E, SOPRA,
Courbevoie, France). The bare silicon wafer, BrC10TCS-immobilized
substrate, and each polymer-grafted substrate were measured at
an incident angle of 70° in the visible region. The thickness of
BrC10TCS and the grafted polymer layers was determined using the
Cauchy layer model with an assumed refractive index of 1.45 and
1.49, respectively. The graft density (o (chains/nm?)) was calcu-
lated from the ellipsometric thickness determined for each grafted
polymer layer using the equation

cf:hp%

where h, the ellipsometric thickness (nm); p, the density of each
dry polymer (1.30g/cm? for poly(MPC) [27], poly(CBMA), and
poly(SBMA) and 1.15 g/cm? for poly(HEMA)[21]); N,, the Avogadro
number; and My, the absolute molecular weight of the polymer
chains on the surface, which was estimated from the polymeriza-
tion degree determined using the TH NMR spectrum of each free
polymer. This estimation has been validated for polystyrene and
poly(methyl methacrylate (MMA)) [43,44].

The surface morphology of the polymer-grafted substrates was
observed using a Nanoscope Illa atomic force microscope (AFM;
Nihon Veeco, Tokyo, Japan) operated in the tapping mode. The mea-
suremnents were performed under dry conditions using a standard
cantilever at a scan rate of 1.0 Hz. Immediately before the measure-
ments, the samples were rinsed by sonication in water and dried in
an air stream. The root mean square (RMS) of the surface roughness
was calculated from the roughness profiles.

The static water contact angles were measured using a goniome-
ter (CA-W, Kyowa Interface Science Co., Tokyo, Japan) at room
temperature. The samples were completely dried in vacuo before
the measurement. Water droplets of 3 wL volume were brought in
contact with the substrates, and the contact angles were directly
measured from the photographic images. The data were collected
for more than three positions for each sample.

All measurements were repeated at least thrice.

2.5. Resistance to protein adsorption

The adsorbed amount of proteins from 100% fetal bovine
serum (FBS) on the initiator-immobilized and polymer-grafted
substrates was quantified using QCM-D (Q-Sense, Gothenburg,
Sweden) [45,46]. The frequency of the quartz oscillator electrode
decreases when any substance is adsorbed on the electrode surface

(resonant frequency, ca. 5 MHz). Thus, the amount of the adsorbed
substances on a given surface could be measured by the decrease in
the frequency of the oscillator. The serum contains several physio-
logical species such as the ions, amino acids, fatty acids, sugars, and
hundreds of proteins. It is therefore not correct to attribute all of the
decrease in the frequency of the oscillator to the adsorbed proteins.
However, we hypothesized in this study that the mass increase on
the oscillator surface results from the adsorbed proteins as other
researchers did at protein adsorption test from FBS using surface
plasmon resonance measurement {29,32,39,40].

We prepared the grafted polymer layers on QCM gold-
sensors using the method described above, and 11-(2-bromo2-
methylpropyonyloxy)undecyl mercaptan (BUM) was used as the’
initiator capable of binding to gold [47]. The polymer-grafted
or initiator-immobilized quartz oscillator electrodes were first
exposed to phosphate-buffered saline (PBS, pH 7.4) until a sta-
ble baseline was established. Thereafter, 100% FBS was injected
for 30 min, followed by PBS solution for an additional 10 min to
replace FBS and to wash off the weakly adsorbed FBS from the
surface. The change in the oscillator frequency was used to esti-
mate the amount of adsorbed substances (mainly proteins) from
the Sauerbrey equation as follows:

Amount of adsorbed substances (ng/cmz)
= 17.7 x Frequency change at the seventh overtone (Hz)

All the measurements were performed at 37 °C and repeated at
least thrice.

3. Results and discussion
3.1. Preparation of initiator-immobilized substrates

The BrC10TCS-immobilized substrate, which initiates the ATRP
process, was analyzed using XPS spectra and ellipsometric mea-
surements. The XPS peak for the bromine atom was detected
at 70.0eV; the bromide content obtained for the substrate was
lower than the expected value. The ellipsometric thickness of the
BrC10TCS present on the silicon wafer was approximately 2.9 nm.
This thickness is slightly higher than that calculated value from the
molecular size of BrC10TCS. Thus, the results of XPS spectra and
ellipsometric measurements were consistent with those reported
in previous studies [48], thereby indicating that the trichlorosily!
oligomers formed by condensation of Si-Cl with H,0 are attached
to the surface of the silicon wafers. On the basis of these results, we
confirmed that BrC10TCS was immobilized on the silicon wafers.
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Fig. 2. Plots for polymerization kinetics of (A) 2-methacryloyloxyethyl phosphorylcholine (MPC), (B) N-methacryloyloxyethyl N,N-dimethyl ammonium-a-N-methyl car-
boxylate (CBMA), (C) [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA), and (D) 2-hydroxyethyl methacrylate (HEMA) with polymerization
performed at a [Monomer]/[Initiator] ratio of 50. Plots in the left panel represent the relationship between polymerization time and monomer conversion (@)orIn([Mo}/[M]
(O)) determined using 'H NMR measurements, Plots in the right panel represent the relationship between monomer conversion and the molecular weight (B) or polydispersity

(01) determined using gel permeation chromatography (GPC) measurements.

3.2. Graft polymerization for the generation of polymer brush
structures via ATRP

Several published articles have reported the synthesis of
polymer brush structures using sulfoxybetaine- or carboxybetaine-
based monomer moieties. However, the polymerization kinetics
of these monomer moieties to form polymer brush layers have
not been systematically studied, and the surfaces of the synthe-
sized polymer layers have not been well-characterized. In order
to enable detailed characterization of a polymer brush layer, the
ATRP mechanism should be clarified even when the polymerization
is initiated from the surface of the substrate. We determined the
kinetic plots for monomer to polymer conversion versus polymer-

ization time, In([Mg]/[M]) versus polymerization time, molecular
weight versus conversion, and polydispersity versus conversion for
the polymerization of each monomer (Fig. 2). The linear relation-
ship between In([Mp]/[M]) and polymerization time and between
molecular weight and conversion for poly(MPC), poly(CBMA),
and poly(HEMA) indicates that the monomers were successfully
polymerized via ATRP. The polydispersity of poly(CBMA) and
poly(HEMA) during polymerization was higher i.e., <1.4 (Figs. 2B-
2, D-2), than that of poly(MPC) (Fig. 2A-2); however, this value
belongs to the normal range for polydispersity of polymers synthe-
sized via ATRP. In the present study, poly(SBMA) was synthesized
in a methanol/water solution containing sodium chloride at the
same concentration as SBMA to avoid poly(SBMA) precipitation
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Fig. 3. X-ray photoelectron spectroscopy (XPS) of polymer-grafted substrates in the Css, Ny, Pop, and Sy, regions. (A) PMPC100-grafted substrate, (B) PCBMA50-grafted

substrate, (C) PSBMA100-grafted substrate, and (D) PHEMA100-grafted substrate.

during polymerization (Fig. 2C). If the concentration of the sodium
chloride in the polymerization solvent is lower than that of SBMA,
poly(SBMA) precipitates in the solvent because poly(SBMA) chains
strongly interact via intra/intermolecular electrostatic interactions
[49]. Poly(SBMA) could be synthesized in the concentrated salt
solution (Fig. 2), which indicates that the salt does not affect the
efficiency of ATRP. The polymerization of SBMA was completed
within 20 min in an aqueous medium. The low polydispersity of
poly(SBMA) during polymerization indicated that SBMA polymer-
ization occurred via ATRP within 20 min.

In order to control the thickness of the grafted polymer lay-
ers, we regulated the degree of polymerization by altering the
[Monomer]/[Initiator] ratios in the feed while maintaining the
monomer concentration constant. The 'H NMR spectra of the
reaction solutions confirmed that MPC and CBMA were com-
pletely converted into their respective polymers independent of the
[Monomer]/[Initiator] ratio in the feed; this implies that the actual
degree of polymerization was equal to the [Monomer]/[Initiator]
ratio in the feed. The conversion efficiency of SBMA and HEMA
gradually decreased with increase in the [Monomer]/[Initiator]
ratio in the feed; however, the actual degree of polymeriza-
tion to poly(SBMA) and poly(HEMA) increased with increasing
[Monomer]/[Initiator] ratios in the feed.

3.3. Surface characterization of polymer-grafted substrates with
defined graft density

Several studies have revealed that the thickness of the polymer
brush layer is depended on the amount of the adsorbed protein
on zwitterionic polymer brush layers with undefined graft den-
sity in the thickness range varying from 10 nm to 60-80nm and
that protein adsorption is minimized at a certain thickness in this
range [50,51]. Increased thickness of the adsorbed protein layeri.e.,
above the optimal thickness, may be attributed to the behavior of
the polymer chains, i.e., the polymer brush layer may self condense
and become hydrophobic, thereby leading to protein adsorption
[52,53]. To identify the cause of resistance to protein adsorption
on the polymer brush layer, researchers should determine the
decrease in protein adsorption with the increase in thickness of
the polymer brush layer up to the optimal thickness value. In this
regard, a polymer brush layer with a defined graft density and a
thickness of few nanometers should be fabricated.

The surface elements of the polymer-grafted substrates were
analyzed using the XPS spectra (Fig. 3). The peaks in the carbon

atom region (Cy5) at 286.5eV and 289.0eV in all the samples cor-
responded to the ether bond and ester bond in the methacrylate
group, respectively. The peak in the nitrogen atom region (Nis) at
403.0eV, corresponding to the protonated ammonium group, was
detected in all the zwitterionic polymer-grafted substrates [48,54].
In the poly(MPC)- and poly(SBMA)-grafted substrates, we detected
peaks in the phosphorus atom region (Pyp) at 133.0eV that cor-
responded to the phosphate group and in the sulfur atom region
(Szp) at 168.1 eV that corresponded to the sulfonate group, respec-
tively. These peaks were specific to the PC group of the MPC unit
and the sulfoxybetaine group of the SBMA unit. Thus, XPS analysis
confirmed the identity of the monomer elements of each polymer
chain on the surface of the silicon wafers. :

The ellipsometric thickness values obtained for the grafted poly-
mer layers under dry conditions were plotted against the absolute
molecular weights of the polymer chains (Fig. 4). Thus, we deter-
mined that the thickness of the grafted polymer layers could be
linearly controlled in the range of 1-20nm by controlling the
molecular weight of the grafted polymer chains. We estimated the
graft density of each polymer chain on the BrC10TCS-immobilized
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Fig. 4. Relationship between the absolute molecular weight of the polymer chains
and the ellipsometric thickness of the grafted poly(MPC) layer (open circles), grafted
poly(CBMA) layer (open squares), grafted poly(SBMA) layer (closed triangles), and
the grafted poly(HEMA) layer (closed diamonds), under dry conditions.
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Fig. 5. Height images of (A) PMPC100-grafted substrate, (B) PCBMA50-grafted sub-
strate, (C) PSBMA100-grafted substrate, (D) PHEMA100-grafted substrate, (E) bare
silicon wafer, and (F) (11-(2-bromo-2-methyl)propionyloxy)undecyltrichlorosilane
(BrC10TCS)-immobilized substrate, obtained by atomic force microscopy (AFM).

pm

substrates using the equation described in Materials and Meth-
ods; this equation employs the slope of the linear graph for the
relationship between thickness and molecular weight (Fig. 4). The
graft densities of the polymer chain in the poly(MPC), poly(SBMA),
poly(CBMA), and poly(HEMA) layers were 0.26, 0.48, 0.67, and 0.79
chains/nm?, respectively. To characterize the structure of polymer-
grafted substrates, the coverage of the grafted polymer layers with
each polymer chain was evaluated from the value of the graft den-
sity and the monomer cross-sectional area, which was calculated
from the basic properties of each monomer moiety and the length
of the C-C-C bond (i.e., 0.25 nm) [55]. The cross-sectional areas of
the grafted poly(MPC), poly(SBMA), poly(CBMA), and poly(HEMA)
chains were 1.5, 1.4, 1.1, and 0.75nm?, and the values for cover-
age with the respective grafted polymers were 39, 67, 74, and 59%,
respectively. The graft density values for all the polymer chains
were greater than 0.1 chains/nm2, which indicates that the graft
density of the polymer layers formed was high [56]; nonetheless,
the surface coverage of the poly(MPC) chain was relatively low.
This result indicates that the number of grafted poly(MPC) chains
at the surface should decrease in the dry state. Our preliminary
study using the ellipsometer and those reported by others [57] on
the poly(MPC) brush layer in aqueous conditions showed that the
thickness of a swollen grafted poly(MPC) layer was higher than that
of a dry layer and reached to >80% of the length of the completely
stretched polymer chain. These results suggest that the poly(MPC)
chains probably originate from the surface and can cover a wide
area under aqueous conditions.

The surface topology of the polymer-grafted substrates was
examined using an AFM in the dry state (Fig. 5). The surface of
the silicon wafer was nearly flat with an RMS value of exactly
0.25nm (Fig. 5E). The RMS value of the BrC10TCS-immobilized
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Fig. 6. Water wettability of BrC10TCS-immobilized substrate (closed circle),
poly(MPC)-grafted substrate (open circles), poly(CBMA)-grafted substrate (open
squares), poly(SBMA)-grafted substrate (closed triangles), and poly(HEMA)-grafted
substrate (closed diamonds).

substrate was exactly 0.70 nm, which is higher than that of the sil-
icon wafer (Fig. 5F). This increase was because of the trichlorosilyl
oligomers attached to the surface of the silicon wafer. The surface
roughness of each polymer-grafted substrate increased compared
with that of the silicon wafer or BrC10TCS-immobilized substrate
(the maximum RMS value: 1.0nm). The low RMS values for the
polymer-grafted substrates were consistent with those reported
in previous studies [26], thereby indicating that the grafted poly-
mer layers prepared by the SI-ATRP method were considerably
homogeneous. In particular, very little differences were observed in
the RMS values among the polymer-grafted substrates with nearly
equivalent thickness for the grafted polymer layers (typical rep-
resentative images are shown in Figs. 5A-D). This result indicates
that the difference in the surface properties among the polymer-
grafted substrates mainly depends on the chemical structure of the
monomer unit and not on the surface topology.

We determined the relationship between the ellipsometric
thickness and the static water contact angle (Fig. 6). The static
water contact angle for the silicon wafer was <10°, whereas that
for the BrC10TCS-immobilized silicon wafer was >80°. The static
water contact angles for the polymer-grafted substrates were lower
than that of the BrC10TCS-immobilized substrate, even for thin
grafted polymer layers. Polymer grafting considerably increased
hydrophilicity, whereas minor increases in the number of poly-
mer chains at the surface enhanced wetting. The dependency of
the thickness of the grafted polymer layers on the static water
contact angles differed among the monomer moieties used. In the
poly(MPC), poly(CBMA), and poly(SBMA)-grafted substrates, the
static water contact angle decreased with increase in the thickness
of the grafted polymer layers, whereas that of the poly(HEMA)-
grafted substrate was approximately 50° and independent of the
thickness of the grafted poly(HEMA) layer. The static water contact
angle for poly(MPC) and poly(CBMA)-grafted substrates decreases
rapidly at a polymer chain thickness of 2.5 and 5.0 nm, respec-
tively, and then changed more slowly at approximately 10° at
higher thickness values. The static water contact angle of the
poly(SBMA)-grafted substrate gradually decreased with increase
in the thickness of the grafted poly(SBMA) layer and eventually
reached 10° at a thickness of >10nm. Thus, we think that thick
poly(MPC), poly(CBMA), and poly(SBMA)-grafted substrates are
highly ‘'wettable because these polymers are water soluble. Low
wettability may be observed with thin polymer-grafted substrates
because of either the terminal functional group at the grafted poly-
mer chains or the unreacted bromoisobutyryl group at the silicon
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wafer surface. The grafted polymer chains in the polymer brush
structure probably completely span the substrate without gaps,
even for thin grafted polymer layers. Thus, the unreacted bro-
moisobutyryl group at the silicon wafer surface would probably
not affect the surface properties of thin polymer-grafted substrates.
Grafted polymer chains with low molecular weight are thought to
be less mobile. The terminal groups at the grafted polymer chains
spanned the outermost surface of the polymer-grafted substrates.
Thus, a relatively hydrophobic environment was observed on the
surface of the thin polymer-grafted substrates.

In a previous study on the adsorption of proteins on the polymer
brush layer, the amount of adsorbed proteins strongly depended
on both the polymerization degree and graft density in the poly-
mer brush layer; the amount of adsorbed protein reached 5 ng/cm?,
which is approximately 300 times less than the amount of conven-
tional materials, including polystyrene for tissue culture, glass, etc.
We could not uniformly compare the resistance to protein adsorp-
tion on several kinds of polymer brush layers among different
proteins because protein adsorption was determined for various
polymers in different apparatus and under varying experimental
conditions of temperature, protein concentration, protein type, and
pH of the protein solution. To elucidate the effect of the monomer
moiety on protein adsorption, the interaction between the pro-
teins and surface should be analyzed under identical experimental
conditions.

Prior to the determination of protein adsorption on the polymer-
grafted substrates, we characterized the surface physicochemical
properties of the polymer-grafted layers formed on the gold sub-
strates, and compared with those on the silicon wafers. The graft
density of polymer chains in the polymer brush layers formed on
gold and silicon was almost the same, and there was little difference
in the static water contact angles for the polymer-grafted sub-
strates between gold and silicon. These results indicated that the
two types of the polymer-grafted surface have the same properties.
The amount of protein adsorbed on the polymer-grafted substrates
was quantified using QCM-D relative to 100% FBS. The amount of
adsorbed proteins on the polymer-grafted substrates was plotted
against the thickness of the polymer layer determined using an
ellipsometer (Fig. 7). Consistent with previous reports, the amount
of adsorbed proteins on each polymer-grafted substrate gradually
decreased with increase in the thickness of the polymer layer in the
range of 1-15nm. The cause for the effect of polymer layer thick-
ness on protein adsorption has yet to be clarified; nevertheless,

the terminal group at the grafted polymer chains probably plays
an important role in protein adsorption behavior at the surface of
polymer-grafted substrates, as indicated by the wettability values.
Protein adsorption was dramatically reduced on the surface of three
kinds of zwitterionic polymer-grafted substrates with an approxi-
mate thickness of 10 nm (poly(MPC)-grafted substrate, 17 ng/cm?;
poly(SBMA)-grafted substrate, 31 ng/cm?; and poly(CBMA)-grafted
substrate, 79 ng/cm?), when compared with the protein adsorption
on the initiator-immobilized substrate (870 ng/cm?). However, the
amount of adsorbed proteins on the surface of a nonionic polymer-
grafted substrate (i.e., poly(HEMA)) with an approximate thickness
of 15nm was relatively high (180 ng/cm?). These results suggest
that protein adsorption depends on the structure of the monomer
unit. For polymer-grafted substrates with a thickness of a few
nanometers, the amount of proteins adsorbed was slightly higher
(200-300 ng/cm?) than that of thicker polymer-grafted substrates
irrespective of the structure of the monomer unit. Interestingly,
the amount of protein adsorbed onto thin poly(MPC)-grafted sub-
strates was nearly equivalent to that adsorbed onto other thin
polymer-grafted substrates even though the surface coverage of the
grafted polymer was relatively low, as mentioned above. This result
emphasizes the effect of the terminal group at the surface of the
grafted polymer chains with a small molecular weight, rather than
that of the unreacted bromoisobutyryl group at the silicon wafer
surface, on the kinds of surface properties acquired by the grafted
polymer chains. We are currently investigating protein adsorp-
tion behavior on polymer brush layers composed of hydrophilic
monomer moieties and hope to report these findings in the near
future.

4. Conclusion

We synthesized four kinds of polymer-grafted substrates,
namely, poly(MPC), poly(SBMA), poly(CBMA), and poly(HEMA)
brush structures, with thickness ranging from 1 to 20nm, on sil-
icon wafers using the SI-ATRP method with high and defined graft
density. The graft density and surface coverage with the polymer
chains depended on the chemical structure of the monomer units;
these parameters were high enough to enable the formation of
dense polymer brush structures. Moreover, only slight differences
were observed in the AFM height images of the polymer-grafted
substrates of nearly equivalent thickness. Nevertheless, the wetta-
bility by water increased with increasing thickness of the grafted
polymer layers, thereby indicating that the terminal group at
the grafted polymer chain surface affects the surface proper-
ties. Protein adsorption was effectively suppressed on the surface
of thick zwitterionic polymer-grafted substrates when compared
with that on nonionic polymer-grafted substrates, thereby indicat-
ing that the structure of the monomer unit in the grafted polymer
layers also strongly affects the surface properties of the polymer-
grafted substrates. On the basis of the similarities and differences
between the surface structure characteristics and protein adsorp-
tion among different monomer units forming the polymer brush
layers with well-characterized surface structures, we determined
that the chemical structure is a key factor that affects biocompat-
ibility. We believe that nanostructure-controlled polymer brush
layers composed of hydrophilic monomer units would be ideal sur-
face structures to help elucidate the relationship among surface
structure, surface properties, and protein adsorption behavior and
would be useful for designing novel biomedical devices.
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Objective: Aseptic loosening of artificial knee joints induced by wear particles from a tibial polyethylene
(PE) insert is a serious problem limiting their longevity. This study investigated the effects of grafting
with our original biocompatible phospholipid polymer 2-methacryloyloxyethyl phosphoryicholine
(MPC) on the insert surface.
Methods: The hydrophilicity of the PE surface was determined by the contact angle of a water droplet,
and the friction torque was measured against a cobalt—chromium alloy component. The wear amount
was compared among PE inserts with or without cross-linking and MPC grafting during 5 x 108 cycles of
loading in a knee joint simulator. The surfaces of the insert and the wear particles in the lubricant were
subjected to electron and laser microscopic analyses. The mechanical properties of the inserts were
evaluated by the small punch test.
Results: The MPC grafting increased hydrophilicity and decreased friction torque. In the simulator
experiment, the wear of the tibial insert was significantly suppressed in the cross-linked PE (CLPE) insert,
and even more dramatically decreased in the MPC-grafted CLPE insert, as compared to that in the non-
cross-linked PE insert. Surface analyses confirmed the wear resistance by the cross-linking, and further
by the MPC grafting. The particle size distribution was not affected by cross-linking or MPC grafting. The
mechanical properties of the insert material remained unchanged during the loading regardiess of the
cross-linking or grafting.
Conclusion: Surface grafting with MPC polymer furnished the PE insert with wear resistance in an
artificial knee joint through increased hydrophilicity and decreased friction torque. ’

© 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Total knee arthroplasty (TKA) and total hip arthroplasty (THA)
are effective treatments for patients with severe arthritis of the
joints. Recent surveys revealed that the number of surgical proce-
dures are growing faster than ever due to the expansion of the
elderly population'2. Despite improvement in the implant design
of the prostheses and the surgical technique employed, the aseptic
loosening caused by periprosthetic osteolysis is a serious problem
limiting their survivorship and clinical success®>. The osteolysis is
triggered by the host inflammatory responses to the polyethylene
(PE) wear particles originating from the interface®3, which induce

* Address correspondence and reprint requests to: Hiroshi Kawaguchi, Sensory &
Motor System Medicine, Faculty of Medicine, University of Tokyo, Hongo 7-3-1,
Bunkyo, Tokyo 113-8655, Japan. Tel: 81-3-3815-5411x30473; Fax: 81-3-3818-4082.

E-mail address: kawaguchi-ort@h.u-tokyo.acjp (H. Kawaguchi).

the phagocytosis by macrophages and the following secretion of
bone resorptive cytokines®. Hence, aiming at reduction of the PE
wear particles, various trials have been performed. Of these, highly
cross-linked PE (CLPE) achieved the most successful reduction in
the wear rate compared with the conventional PE’~'3, and is now
widely used in clinical settings''.

In natural synovial joints under physiological conditions, fluid
film lubrication by the intermediate hydrated layer is known to be
essential for the smooth motion'®", and a nanometer-scaled
phospholipid layer which covers the joint cartilage surface provides
hydrophilicity and works as an effective boundary lubricant’®,
Hence, grafting a phospholipid-like layer on the surface may realize
ideal hydrophilicity and lubricity resembling the physiological joint
surface. The 2-methacryloyloxyethyl phosphorylcholine (MPC)
polymer is our original biocompatible polymer whose side chain is
composed of phosphorylcholine mimicking the neutral phospho-
lipids of biomembranes'® [Fig. 1(A)]. The MPC grafting onto the
surface of medical devices has already been shown to suppress

1063-4584/$ — see front matter © 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Analyses of CLPE surfaces with and without MPC grafting. (A) A scheme of the TKA prosthesis with the MPC polymer graft onto the CLPE surface of the tibial insert. The MPC
polymer, a biocompatible polymer with side chain composed of phosphorylcholine resembling the phospholipid of biomembrane, is bound to the CLPE insert by the covalent bond
with a photoinduced graft polymerization technique. A transmission electron microscope image of the surface is shown on the right. The blue and red lines indicate the MPC layer
and the tibial insert surface, respectively (scale bar, 20 nm). (B) X-ray photoelectron spectra of the CLPE and MPC—CLPE surfaces. The peaks in the nitrogen (N;5) and phosphorus
(P2p) atom regions at 403 and 135 eV, respectively, are specific to MPC. (C) FT-IR/ATR spectra of the surfaces. Absorptions representing the phosphate group (P—0) at 1240, 1080, and
970 cm™?, and ketone group (C=0) at 1720 cm™! are specific to MPC, while the methylene group (CH,) at 1460 cm™! is common with and without MPC. (D) Hydrophilicity
determined by the contact angle of a water droplet with the CLPE and MPC—CLPE surfaces. Data are expressed as means (bars) + 95% confidence intervals (CI; error bars) for 10

surfaces/group. *p < 0.0001 vs CLPE.

biological reactions and is now clinically used on the surfaces of
intravascular stents, soft contact lenses and the artificial lung under
the authorization of the Food and Drug Administration (FDA) of the
United States?®?!. Aiming at the elimination of periprosthetic
osteolysis in THA, we have developed a novel hip CLPE liner with
graft polymerization of MPC on its surface, and found that the

grafting dramatically decreased the production of wear particles
using the THA simulator?*~2>. The MPC grafting increased the
lubricity on the surface of the liner without affecting the physical or
mechanical properties of the CLPE substrate?. In addition, the
MPC-grafted particles were biologically inert and did not cause
subsequent bone resorptive responses?®, indicating that this
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technology prevents wear particle production and the biologic
reaction to such particles in THA. Since we further confirmed the
stability of the MPC polymer on the surface even after gamma-ray
irradiation for the sterilization®>%%, it is believed that there is
probably no theoretical drawback or risk of this technology for
clinical use. Besides THA, this technology might possibly be appli-
cable to TKA in which PE particles are also thought to initiate per-
iprosthetic osteolysis*~6. A study projected that TKA and THA will
grow by 601% and 137%, respectively, between 2005 and 2030%,
indicating that the trend of the increases is considerably more
pronounced for TKA than for THA. The increases and future esti-
mates have contributed to our undertaking of the present study on
the effects of surface grafting of the MPC polymer on the wear and
properties of tibial inserts for the longevity of TKA.

Materials and methods
Materials

Our original TKA system based on STK-01 (Japan Medical
Materials Corporation, Osaka, Japan) with posterior cruciate
retention design and single radius surface was used for the simu-
lator experiment. For cross-linking, a compression-molded PE (GUR
1020) bar stock was irradiated with a 50 kGy gamma-ray and
annealed in nitrogen gas. MPC was synthesized and purified as
previously reported’®. For the grafting, CLPE tibial inserts were
placed in the MPC solution (0.5 mol/L), and photoinduced poly-
merization on the surface was carried out using an ultra-high
pressure mercury lamp (UVL-400HA, Riko-Kagaku Sangyo Co., Ltd.,
Chiba, Japan), as previously reported®>~2>28, All inserts were ster-
ilized with a 25 kGy gamma-ray in nitrogen gas.

Surface analyses

The elemental conditions of the CLPE surfaces with and without
MPC grafting were analyzed using highly sensitive X-ray photo-
electron spectroscopy (AXIS-HSi165, Kratos/Shimadzu Corp., Kyoto,
Japan). The functional group vibrations of the surfaces were
examined by Fourier-transform infrared spectroscopy with atten-
uated total reflection (FT-IR/ATR; FT/IR615, JASCO Co., Ltd., Tokyo).
Hydrophilicity was determined by the static water contact angles
on the surfaces of the CLPE and MPC-grafted CLPE (MPC—CLPE)
plates using the sessile drop method, according to the International
Organization for Standardization (ISO) 15989. Drops of purified
water (1 mL) were deposited individually on the plate surface, and
the contact angles were directly measured with an optical bench-
type contact angle goniometer (Model DM300, Kyowa Interface
Science Co., Ltd., Saitama, Japan) after 60 s of dropping.

Friction test

The dynamic coefficients of friction between the PE, CLPE, and
MPC—CLPE plates and a cobalt—chromium alloy ball were
measured using a ball-on-plate machine (Tribostation 32, Shinto
Scientific Co., Ltd., Tokyo), according to the American Society for
Testing and Materials (ASTM) F732%°, The friction tests were per-
formed at room temperature with a load of 0.98 N, sliding distance
of 25 mm, and frequency of 1 Hz in distilled water containing 27%
bovine serum (Sigma Chemical Corp., MO), 20 mM/L ethylene
diamine tetraacetic acid and 0.2 mass% sodium azide.

TKA simulator experiment

A TKA simulator test was performed under the conditions rec-
ommended by ISO 14243 using a 6-station TKA apparatus

(Advanced Mechanical Technology, Inc., MA) with 6-mm-thick PE,
CLPE, or MPC—CLPE tibial inserts against the cobalt—chromium
alloy femoral component. The abovementioned distilled water
containing 27% bovine serum was used as the lubricant and
replaced every 5x10° cycles, according to 1SO 14243-1. The
conditions of stance-phase kinematics were 0°—58° flexion-
extension, 5.2 mm anterior—posterior translation, and —1.9°-5.7°
internal—external rotation. A simulating physiologic loading curve
with a normal gait pattern and 2.60 kN peak load (heel
strike = 2.60 kN, toe off =2.43 kN) was applied at a frequency of
1 Hz, according to ISO 14243-3. The simulator was run up to 5 x 108
cycles for 3 months. At intervals of 5 x 10° cycles the liners were
removed from the simulator and weighed on a microbalance
(Sartorius GENIUS ME215S, Sartorius AG, Gottingen, Germany) to
determine the wear amount. Since the inserts are known to absorb
water during their soak in the lubricant'®°, we also measured the
weight gain of the inserts which were axially-loaded cyclically to
the femoral components with the same pressure as the TKA
simulator, but without rotational motion (load-soak control)
according to ISO 14243-2 (section 4.5). The wear amount in the TKA
simulator was estimated to be the weight loss of the inserts in the
simulator after correction by the average weight gain in the
respective load-soak controls.

The morphological change of the inserts was measured using
a three-dimensional coordinate measurement instrument (BHN-
305, Mitsutoyo Corp., Kawasaki, Japan) and reconstructed using
three-dimensional modeling software (Imageware, Siemens PLM
Software Inc., TX, USA). To evaluate the actual change of surface
morphology caused by wear, the surface of tibial inserts was
observed with a confocal scanning laser microscope (OLS1200,
Olympus Corp., Tokyo). The remainder of the MPC layer after the
simulator test was examined with a transmission electron micro-
scope (JEM-1010, JEOL Ltd., Tokyo) at three spots randomly selected
on cross sections of the MPC—CLPE surface. Assessment by the
X-ray photoelectron spectrophotometry was difficult due to adhe-
sive proteins that were degraded and precipitated by the friction
heat on the surface.

Analyses of wear particles

Wear particles isolated from the lubricant were analyzed
according to the ASTM F1877-05 standard. For the isolation, the
lubricant after testing was incubated with 5 mol/L NaOH solution for
3 h at 65°C in order to digest adhesive proteins that were degraded
and precipitated. To avoid artifacts, contaminating proteins were
removed by extraction with sugar solution (1.05 g/cm®) and iso-
propyl alcohol solutions (0.98 and 0.90 g/cm?). After centrifugation
at 4,000 rpm for 3 h at 5°C, particles were collected, subjected to
sequential filtrations (0.1 um of minimum pore size)®3!, and digi-
tally imaged on a scanning electron microscope (S-3400N, Hitachi,
Ltd., Tokyo). An image-processing program (Scion image, Scion
Corp., Frederick, MD) based on the NIH Image Software was used to
measure the total number, area, and volume of wear particles per
10% cycles®233, The particle size distribution was expressed by the
equivalent circle diameter calculated from the total number and the
total area in each insert.

Small punch test

To evaluate the mechanical properties of the tibial inserts before
and after the testing, we performed the small punch test, according
to ASTM F2183-02734, Four plugs were harvested from medial and
lateral wear-track areas of each insert, perpendicular to the joint
surface. Two disk specimens (6.4 mm in diameter and 0.5 mm in
thickness) were machined from each plug, representing the surface
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and subsurface zones of the insert at depths of 0—0.5 and
1.5—2.0 mm, respectively, from the joint surface. Each disk was
placed in a custom-made device consisting of a cylindrical disk
holder and a hemispherical-head steel punch, mounted on
a compression tester (Instron 5600R1, Instron Corp., Norwood,
MA), and deformed by indentation with the punch moving at
a displacement rate of 0.5 mm/min.

Statistical analysis

Means of groups were compared by ANOVA and significance of
differences was determined by post-hoc testing using Bonferroni’s
method.

Results
Analyses of CLPE surfaces with and without MPC grafting

The MPC polymer was grafted through photoinduced poly-
merization onto the CLPE surface of the tibial insert of the TKA
prosthesis [Fig. 1(A)]. Successful grafting was confirmed by X-ray
photoelectron spectroscopy [Fig. 1(B)] and FT-IR/ATR spectroscopy
[Fig. 1(C)]. The spectra for nitrogen and phosphorus atoms were
detected only on the MPC—CLPE surface, but not on the CLPE [Fig. 1
(B)]. These peaks were characteristic of the phosphorylcholine
present in the MPC units, since they were assigned to the

—N*(CHs)3 and phosphate groups, respectively. The FI-IR/ATR
spectra representing the phosphate group (P—0) at 1240, 1080 and
970cm~), and ketone group (C=O0) at 1720 cm~! were also
confirmed to be detected only on the plates with MPC grafting
[Fig. 1(C)]. The contact angle of a water drop on the MPC—CLPE plate
surface was about 1/3 that of the CLPE plate surface [Fig. 1(D)],
indicating that MPC grafting increased hydrophilicity.

Effects of cross-linking and MPC grafting on the friction and wear
of tibial inserts in a TKA simulator

We initially compared the friction torques of the surfaces of PE,
CLPE, and MPC—CLPE plates against a cobalt—chromium alloy
femoral ball. Although the cross-linking by itself did not alter the
friction torque, the MPC grafting on the CLPE surface decreased it by
88% [Fig. 2(A)].

We then examined the wear of the tibial inserts with or
without cross-linking and MPC grafting using a TKA simulator
during 5 x 10 cycles of rotational motion and axial-loading
against cobalt—chromium alloy femoral components. Considering
that the inserts absorb water and gain weight during their soak in
the lubricant'®3°, we initially performed a preparatory experiment
called load-soak control in which the inserts were axially-loaded
cyclically to the femoral components with the same pressure as
the TKA simulator, but without rotational motion. The tibial
inserts showed comparable weight gains during 5 x 10° cycles,
regardless of the presence or absence of cross-linking and MPC
grafting [Fig. 2(B)]. We then estimated the wear amount in the
TKA simulator as the weight loss of the inserts after correction by
the average weight gain in the respective load-soak controls. The
corrected weight loss of the non-cross-linked PE insert repre-
senting the wear amount was increased in a cycle-dependent
manner [Fig. 2(C)]. This was significantly suppressed in the CLPE
tibial inserts, clearly demonstrating that the cross-linking
provided wear resistance. The MPC—CLPE showed a further
decrease in the wear amount. When the corrected weight loss was
counted every 10° cycle interval, both cross-linking and MPC
grafting were shown to maintain similar wear resistance in all
intervals (Table I). The MPC—CLPE insert did not lose weight, but

A
« 0.08 1
c
2
2 0.06 |
g
o 0.04 [
c
]
£ 0.02 |
s -___
CLPE MPC-CLPE
B ;| —e—PE
—&— CLPE

6 | —&— MPC-CLPE
°
£ 5
£ 4t
©
o
E 3t
2
2 2

1

0 1 L 1

0 1 2 3 4 5
Cycles (x106)

C i

20 | —e— CLPE
~—&— MPC-CLPE

SURU———

Corrected weight loss (mg)

0 1 2 3 4 5
Cycles (x10°)

Fig. 2. Friction and wear amounts of tibial inserts with or without cross-linking and
MPC grafting in the TKA simulator. (A) Friction torque of surfaces of PE, CLPE, and
MPC—CLPE plates against a cobalt—chromium alloy femoral ball. Data are expressed as
means (bars) + 95% confidence intervals (CI; error bars) for three plates/group.
*p < 0.0001 vs CLPE. (B) Load-soak control experiment. Water absorption of the inserts
which were axially-loaded cyclically to the femoral components with the same pres-
sure as the TKA simulator, but without rotational motion. Data are expressed as means
(symbols) for two inserts/group. (C) Time course of wear amount in the TKA simulator
during 5 x 10° cycles of rotational motion and axial-loading against cobalt—chromium
alloy femoral components. The amount was estimated from the weight loss of the
inserts after correction by the average weight gain in the respective load-soak controls
as shown in (B) (weight loss in the TKA simulator + average of weight gain in the load-
soak control). Data are expressed as means (symbols) + 95% CI (error bars) for three
inserts/group. p-values in every 10° cycle interval are shown in Table 1.

instead gained weight even after the correction by water
absorption in the load-soak control [Fig. 2(C), Table I], suggesting
underestimation of the load-soak control, as pointed out in
previous reports>”1012,
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Table I
Wear amount estimated by the corrected weight loss in every 10° cycle interval

Data except the p-values are expressed as means and 95% Cl in parentheses of mg/10° cycles for three inserts/group.

Time course of three-dimensional morphometric analyses of
medial and lateral surfaces of the three kinds of tibial inserts
confirmed the wear resistance by the cross-linking and MPC
grafting [Fig. 3(A)]. During testing up to 5 x 10° cycles, the cross-
linking increased the wear resistance as compared to the non-
cross-linked PE, and the MPC grafting further enhanced it. Confocal
scanning laser microscopic analyses of the insert surfaces revealed
that the original machine marks that were clearly visible before the
testing still remained on the MPC—CLPE surfaces even after 5 x 108
cycles, while they were completely obliterated not only on the non-
cross-linked PE, but also on the CLPE surfaces [Fig. 3(B)]. Further-
more, the transmission electron microscope analysis showed that
two out of three randomly selected spots on an MPC—CLPE surface
were covered by the MPC polymer layer even after 5 x 10° cycles of
testing [Fig. 3(C)].

When we analyzed the wear particles isolated from lubricants in
the TKA simulator, the amounts shown by the total number, area,
and volume of particles were decreased by cross-linking, and were
almost abrogated by the MPC grafting [Fig. 4(A)]. However, there
was no significant difference of the particle size distribution among
the three inserts, the great majority of them being 0.5—1.0 pm
[Fig. 4(B)], as previously reported3>-3®,

Effects of cross-linking and MPC grafting on mechanical properties
of tibial inserts in a TKA simulator

In addition to the wear resistance, the mechanical properties of
the tibial insert are another important factor in the longevity, since
contact stress during activities of daily living are thought to be
stronger in the knee joint than in the hip joint, due to low
conformity and the small contact area in the tibiofemoral joint
geometry™°. Hence, we compared the mechanical properties of the
three kinds of inserts before and after 5 x 108 cycles by the small
punch test on the surface and subsurface specimens (Table II). As
previously reported’>4, cross-linking slightly, although not signif-
icantly, reduced the ultimate displacement and the work to failure,
but not the ultimate load, before the testing, indicating a decrease
in elasticity. However, the MPC grafting altered neither of the
parameters of the CLPE inserts, nor was there any difference
between before and after the testing in the three kinds of inserts.
Furthermore, there was no difference between the surface and
subsurface specimens even after the testing. These findings indi-
cate that the mechanical properties remain unchanged during the
testing, regardless of the presence or absence of cross-linking and
MPC grafting.

Discussion

Although a series of our previous studies have shown that MPC
grafting is promising to extend the longevity of THA?2=2>28, this
might not be true for TKA due to different mechanisms of motion
between hip and knee joints. Unlike the highly congruent ball-and-

socket articulation in the hip joint, the geometry and articulation of
the knee joint is complex. Hence, in TKA, PE wear occurs from
a combination of rolling, sliding, and rotational motions over the
bearing surface, so that this may lead to delamination, pitting, and
fatigue failure of the PE surface. Contrarily, the wear in THA occurs
primarily as a result of microadhesion and microabrasion®. Despite
the mechanistic difference, the present study revealed that the MPC
grafting is also promising for the TKA longevity, similarly to THA.

The MPC grafting increased hydrophilicity and decreased the
friction [Figs. 1(D) & 2(A)], and our previous study showed that the
water fraction on the MPC polymer surface is kept at a higher
level?”. Although the MPC polymer layer partially remained even
after the TKA simulator experiment [Fig. 3(C)], the load-soak
control experiment showed that the weight gain was similarly seen
regardless of the presence or absence of the MPC grafting [Fig. 2
(B)]. These confirm that the reduction of the insert weight loss by
MPC grafting is not due to the weight of water itself retained in the
remaining MPC layer, but due to the wear resistance caused by the
water fraction. Hence, as in natural synovial joints'®', the
enhancement of wear resistance is likely attributable to the fluid
film lubrication by the intermediate hydrated layer formed by the
MPC polymer that contains phosphorylcholine mimicking the
natural phospholipids®.

Although the difference in the effectiveness of cross-linking
between THA and TKA is controversial, several studies using TKA
simulators have reported the preventive effect on the insert
wear’~3, Among the reports, Fisher et al. reported the wear rates
per 10° cycles being 13.8 + 4.3 mg in CLPE vs 24.5 + 6.4 mg in the
conventional PE°. Muratoglu et al. reported 0.7 +0.1 mg in aged
CLPE, 8.8+ 1.5 mg in conventional PE, and 9.6+ 3.6 mg in aged
conventional PE'; and recently 53+21mg in CLPE vs
16.0+ 4.3 mg in conventional PE'. The present wear rates were
0.3+0.4 mg in CLPE vs 2.5+ 1.6 mg in conventional PE (Table I).
Although the absolute values are different among the reports,
probably dependent on several factors like protocol of the simu-
lator test, design of the implant, degree of cross-linking and
method of sterilization, all reports support the preventive effects on
the PE wear, similarly to THA. Unlike the MPC grafting, cross-linking
suppressed the wear production without affecting the friction
{Fig. 2(A)]. This implies that cross-linking does not alter the surface
lubricity, but was responsible for the resistance to wear, probably
by improving the mechanical properties. However, it has been
shown that mechanical properties of a PE insert decrease
depending on the irradiation dosage, causing fatigue and brittle-
ness383%. A recent report using a small punch test after the TKA
simulator experiment showed that a simulator-tested PE that had
received more than 150 kGy showed lower toughness, but one that
had received 35—75 kGy exhibited somewhat higher toughness
than equivalent material without irradiation, suggesting that an
optimal irradiation dose for cross-linking would be less than
100 kGy’. In the present study, we selected 50 kGy irradiation for
the cross-linking, and in fact, none of the parameters of the small
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Fig. 3. Optical findings of the surfaces of the three inserts in the TKA simulator. (A) Three-dimensional morphometric analyses of medial (M) and lateral (L) surfaces of the PE, CLPE,
and MPC—CLPE inserts before (pre) and after 1, 3, 5 x 10° cycles. Scale bars, 5 mm. (B) Confocal scanning laser microscopic analysis of the medial contact areas in the three insert
surfaces before (pre) and after 5 x 10° cycles (post). Scale bars, 100 pm. (C) Transmission electron microscope images of one of three randomly selected spots on the surface of an

MPC—CLPE insert before (pre) and after 5 x 10° cycles (post). Scale bars, 100 nm.

punch test changed after the simulator testing, although the
parameters of elasticity (ultimate displacement and the work to
failure) were slightly decreased before the testing.

In addition to enhancement of wear resistance of the tibial
inserts, reduction of bone resorptive responses to wear particles
generated is important for the prevention of periprosthetic
osteolysis. The responses are dependent not only on the total
amount of particles, but also on the proportion of those which are
within the most biologically active size range®’. The present anal-
ysis of the wear particles isolated from lubricants in the TKA

simulator revealed that cross-linking and MPC grafting dramati-
cally decreased the total amount of particles with little effect on the
particle size (Fig. 4). Since the majority from the three kinds of
inserts were submicrometer and nanometer-sized particles which
are consistent with previous reports**=° and known to induce
inflammatory responses**~2, the suppression of particle amount
by the cross-linking and MPC grafting will aid in the effective
prevention of periprosthetic osteolysis.

One limitation of this study is the confined period of simu-
lator testing. Although the 5 x 10° cycles in the TKA simulator
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Fig. 4. Analyses of wear particles isolated from lubricants in the TKA simulator. (A) Scanning electron microscopic images of the wear particles from PE, CLPE, and MPC—CLPE
inserts. Scale bars, 5 pm. The graphs below show the total number, area, and volume of wear particles per 10° cycles. (B) Number of particles per 10° cycles in each size range of

equivalent circle diameter from PE, CLPE, and MPC—CLPE inserts.

are comparable to 5—10 years of physical walking, this may not of the TKA simulator experiment is that it does not entirely
be long enough for young active patients with rheumatoid capture the range of loading conditions of a knee, in terms of
arthritis or fracture. We are now running the TKA simulator either the variety of positions or the magnitude of loading,
longer, and so far have confirmed almost no wear on the although we nonetheless believe this experiment can provide
MPC—CLPE tibial inserts after 1 x 107 cycles. Another limitation some indication of trends.

:amb:; I;unch test to measure the mechanical properties of the PE, CLPE, and MPC—CLPE inserts before (pre) and after 5 x 10° cycles (post)
PE CLPE MPC—CLPE
Pre Post Pre Post Pre Post
Ultimate displacement Surface 43 (4.1-4.5) 44 (43-45) 34 (3.2-36) 34(33-35) 3.5(3.2-3.8) 3.6 (3.5-3.7)
(mm? Subsurface 4.2 (4.1-4.3) 43 (43-44) 3.6(3.5-3.7) 3.6(3.5-3.7) 3.7 (3.5-3.9) 3.7 (3.6-3.8)
Ultimate load (N) Surface 63.1 (62.5—63.7) 61.3 (60.9—-61.7) 61.9 (58.5-65.3) 62.5 (62.1-62.9) 65.8 (56.8—74.8) 60.5 (54.8—66.2)
Subsurface 63.7 (63.1—64.3) 62.5 (61.2—63.8) 62.2 (61.9—62.6) 62.3 (61.5-63.1) 64.9 (60.8—69.0) 62.9 (60.7—-65.1)
Work to failure (m]) Surface 196.6 (186.0—207.2) 202.9 (197.3—208.6) 149.0 (129,9—1 68.1) 147.6 (142.0—153.2) 156.3 (123.4—-189.2) 157.0 (147.2—166.8)

Subsurface 201.6 (197.6—205.6) 211.3 (200.7—-221.9) 166.9 (155.9—177.9) 176.8 (170.7—182.9) 177.2 (161.0-193.4) 181.5 (177.4—185.7)

Ultimate displacement, ultimate load, and work to failure of disk specimens (6.4 mm in diameter and 0.5 mm in thickness) taken from the surface (0—0.5 mm in depth) and
subsurface (1.5—2.0 mm in depth) of the inserts. Data are expressed as means and 95 % Cl in parentheses for 8 disks/group. There was no significant difference among the three

groups (p > 0.05).
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From the present simulator experiment, we speculate that the
MPC grafting may make a significant improvement in total joint
replacements by preventing periprosthetic osteolysis and aseptic
loosening not only in THA, but also in TKA. However, several vari-
ations of PE have been reported in the past to work well in simu-
lators, but were not successful in vivo*>*4, In addition to the clinical
trial of THA which is now underway, we are currently designing
a trial for TKA to evaluate its clinical efficiency.
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study we focused on the covalent attachment of zwitterionic phosphorylcholine (PC) or sulfobetaine (SB)
moieties onto a TiAlgV4 surface with a single step modification method to obtain a stable blood compatible
interface. Silanated PC or SB modifiers (PCSi or SBSi) which contain an alkoxy silane group and either PCor
SB groups were prepared respectively from trimethoxysilane and 2-methacryloyloxyethyl phosphoryl-
choline (MPC) or N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium betaine (SMDAB)
monomers by a hydrosilylation reaction. A cleaned and oxidized TiAlgV4 surface was then modified with
the PCSi or SBSi modifiers by a simple surface silanization reaction. The surface was assessed with X-ray
photoelectron spectroscopy (XPS), attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR) and contact angle goniometry. Platelet deposition and bulk phase activation were evaluated
following contact with anticoagulated ovine blood. XPS results verified successful modification of the
PCSi or SBSi modifiers onto TiAlgV4 based on increases in surface phosphorous or sulfur respectively.
Surface contact angles in water decreased with the addition of hydrophilic PC or SB moieties. Both the
PCSi and SBSi modified TiAlgV, surfaces showed decreased platelet deposition and bulk phase platelet
activation compared to unmodified TiAlgV4 and control surfaces. This single step modification with PCSi
or SBSi modifiers offers promise for improving the surface hemocompatibility of TiAlgV4 and is attractive
for its ease of application to geometrically complex metallic blood contacting devices.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Platelet deposition still occurs on the metallic surfaces uti-
lized in cardiovascular applications such as vascular stents, heart
valves, and ventricular assist devices (VADs). As a result, patients
implanted with these devices often require chronic anticoagula-
tion or anti-platelet therapy to reduce the risks of thrombosis
and thromboembolism. Unfortunately, this pharmacologic ther-
apy comes with an increased risk of bleeding which can result in
significant morbidity and mortality [1-5]. Enhancing the throm-
boresistance of metallic blood contacting surfaces could thus lead

* Corresponding author at: McGowan Institute for Regenerative Medicine, 450
Technology Dr., Suite 300, Pittsburgh, PA 15219, USA. Tel.: +1 412 624 5324;
fax: +1 412 624 5363.
E-mail address: wagnerwr@upmc.edu (W.R. Wagner).

0927-7765/$ — see front matter © 2010 Elsevier B.V. All rights reserved.
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to more widespread application of cardiovascular devices with
lower complication risks and potentially permit the development
of new areas for device application.

To enhance the thromboresistance of VADs in particular, sev-
eral types of coatings such as titanium nitride (TiN), diamond-like
carbon (DLC), 2-methacryloyloxyethyl phosphorylcholine (MPC)
polymer, and heparin coatings have been applied to metallic blood
contacting surfaces [5]. MPC-based coatings, are notable in that
the biomimetic and zwitterionic phosphorylcholine (PC) group-
bearing polymers have demonstrated attractive levels of blood
compatibility by inhibition of protein adsorption, platelet adhesion
and platelet activation on modified surfaces [6-11] and they have
been applied onto a variety of metallic surfaces such as vascular
stents and VADs [12-15].

In a previous study assessing the preclinical biocompatibility of
VAD coatings [15], a physically adsorbed MPC copolymer coating
showed superior performance to a DLC coating, a more common
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coating for VADs. While DLC coatings have also demonstrated good
hemocompatibility and durability independently of comparative
studies with MPC, they also carry the risk of microcrack formation
[16]. Unlike heparin coated surfaces, MPC copolymer coatings have
not been shown to present a potential risk for heparin-induced
thrombocytopenia and should be less susceptible to degradative
enzymatic process that can act on heparin [17-19]. However physi-
cally adsorbed PC group-bearing polymer coatings are not as stable
as DLC coatings and the concern of surface stability in long-term
applications may offset its perceived advantages. MPC coatings that
are covalently linked onto metallic surfaces would thus be more
attractive to ensure sustained non-thrombotic properties in long-
term cardiovascular applications {13,16}].

Along these lines, we have recently demonstrated that a PC
group-bearing polymer could be covalently bound to a titanium
alloy (TiAlgV4) surface by a condensation reaction or with plasma
initiated graft polymerization after the TiAlgV, surface was treated
with a functional silane coupling agent [20,21]. However, the
required pre-modification steps for these reactions may have
resulted in diminished control of the uniformity and coverage of
the PC groups on the modified surface. A simplified surface modi-
fication technique would be attractive as it could potentially result
in better control of the coating process and increase the ease and
reproducibility of the coating process for bulk manufacturing as
well as reduce the amount of MPC necessary for coating and thereby
reduce the overall cost of the coating process.

The aim of our study was to develop a surface modification
strategy to obtain a stable blood compatible interface on a TiAlgV4
surface. This surface has relevance for a number of cardiovascular
devices, particularly in the rotary blood pump field where there is
interest in extending this type of device therapy to the pediatric
population [22]. In the present study, we focused on developing a
simple modification method to covalently attach hemocompatible
moieties onto a TiAlgV4 surface in a process that would be amenable
to complex surfaces such as one would encounter in a rotary blood
pump. For this, we prepared a silanated PC modifier (PCSi) which
contains an alkoxy silane and PC groups to modify a clinically rele-
vant TiAlgV, surface in a single step. Additionally, in an effort with
similar objectives, a silanated sulfobetaine (SB) modifier (SBSi) was
also prepared. Surfaces modified with SB group-bearing polymers
with zwitterionic side groups [-N*(CH;),S0O3~] have also exhib-
ited anti-bioadherent properties and non-thrombogenicity due to
the ability of the surface to resist protein adsorption and platelet
adhesion similar to PC group modified surfaces [23-27]. The mod-
ification effect of PCSi and SBSi modifiers on a TiAlgV4 surface was
characterized and the blood compatibility of the modified surfaces
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2-Methacrvloyloxyethyl
Phosphorylcholine (MPC)

Trimethoxysilane (TMSi)

was assessed in terms of platelet adhesion and activation following
acute blood contact in vitro.

2. Materials and methods

2.1. Materials

Titanium alloy (TiAlgV4) was purchased (California Metal &
Supply Inc.,, Gardena, CA) and polished with 3.0, 1.0, 0.25, and
0.1 pm diamond pastes (Electron Microscopy Sciences, Washing-
ton, PA). The polishing methodology utilized with increasingly
fine pastes was matched to that employed for rotary blood
pumps under development by Launchpoint Technologies (Goleta,
CA). The MPC was obtained from NOF Corporation (Tokyo,
Japan), and synthesized by the same method described in
a previous report [6]. N-(3-sulfopropyl)-N-(methacryloxyethyl)-
N,N-dimethylammonium betaine (SMDAB), trimethoxy silane
(TMSi) and platinum 10 wt% on activated carbon (Pt/C) were pur-
chased from Sigma-Aldrich (St. Louis, MO).

2.2. Synthesis of silanated zwitterionic modifier

Silanated zwitterionic surface modifiers (PCSi or SBSi) were
prepared from TMSi and either MPC or SMDAB monomers by a
hydrosilylation reaction. A round bottom flask equipped with mag-
netic stirrer was charged with anhydrous MeOH (10 mL), and MPC
or SMDAB monomer (1mmol) was dissolved under Ar gas for
30 min. TMSi (10 mmol) was then added in excess and Pt/C (0.1g)
was added as a catalyst followed by flushing with Ar gas for 10 min
and sealing of the flask. The mixture was reacted at 40°C for 24 hin
an oil bath. Unreacted TMSi monomer and solvent were removed
by a rotary evaporator at 40 °C under reduced pressure. After evap-
oration, anhydrous MeOH was added and the product filtered with
a 25 mm syringe filter (poly(tetrafluoroethylene) (PTFE), 0.45 pm,
Corning Inc., Corning, NY) to remove the Pt/C. MeOH was removed
again by rotary evaporation. The brown, oil-like reaction product
was stored in refrigerator at 4°C after sealing the container to
exclude moisture (Fig. 1). The chemical structures of the silanated
PC and SB (PCSi and SBSi) were confirmed with 'H NMR (300 MHz,
Bruker Biospin Co., Billerica, MA).

2.3. Surface modification with the silanated MPCSi and SBSi

TiAlgV,4 was polished and cleaned ultrasonically three times for
5min each with ethanol and acetone after samples were cut to a
predetermined size (1 cm x 2.5 cm) from a TiAlgV4 sheet. Titanium
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Fig. 1. Synthetic scheme for zwitterionic surface modifiers (PCSi or SBSi).
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surfaces were passivated with a 35% nitric acid solution for 1 h and
rinsed with distilled water for 24 h. Then, silanized titanium sur-
faces with the PCSi or SBSi were prepared by a hydrous liquid phase
deposition method. The synthesized PCSi or SBSi was diluted at
3% concentration in MeOH and stirred for 30 min after adding the
amount of necessary distilled water and HCI (0.05 M) to hydrolyze
the methoxy groups of the PCSi or SBSi modifiers under acidic con-
ditions (pH 4-5). Then the TiAlgV,4 sample was immersed in the
activated PCSi or SBSi solution and stirred for 30 min to adsorb the
activated PCSi or SBSi on the titanium surface via weak hydrogen
bonding. After that, the sample surfaces were dried in an oven for
1h at 110°C to silanize the surfaces with the PCSi or SBSi through
covalent bonding. Samples treated in this manner were referred
to as Ti-PCSi or Ti-SBSi. TMSi modified TiAlgV4 samples (Ti-TMSi)
were also prepared by the same silanization reaction as a control.
The modified samples were rinsed by stirring in deionized water
for 24 h before using.

2.4. Surface characterization

The surface composition of the modified and unmodified
TiAlgV4 samples was analyzed by X-ray photoelectron spec-
troscopy (XPS) using a Surface Science Instruments S-probe
spectrometer at the University of Washington (Seattle, WA). The
surface composition on a given sample was averaged from three
composition spots. The mean value for three different samples
was determined. The modified TiAlgV,4 surfaces were also analyzed
with an attenuated total reflection-Fourier transform infrared spec-
troscopy (ATR-FTIR, Shimadzu, Columbia, MD). The spectra were
collected with 1024 scans at a resolution of 4 cm~1. The static con-
tact angle of water on the surfaces of unmodified and modified
titanium samples was measured at room temperature using a con-
tact angle goniometer (VCA optima, AST Product Inc,, Billerica, MA)
by placing 1 wL of distilled water on the surfaces. The contact angle
was also measured after 4 weeks in the surface modified samples
that underwent continuous stirring under deionized water to test
the long-term stability of the surface modification. The TiAlgV4 sur-
faces were stained with rhodamine 6G (Sigma-Aldrich, St. Louis,
MO) by immersing in rhodamine 6G aqueous solution (0.2 mg/mL)
for 305, followed by washing in distilled water for 30 s and drying
[28,29]. The surfaces were observed with fluorescence microscopy
(ZEISS, Carl Zeiss, Inc. Thornwood, NY) and obtained images were
analyzed with an Image-] program (National Institutes of Health,
Washington, DC).

2.5. Surface protein adsorption

Surface protein adsorption on modified and unmodified TiAlgV4
samples was assessed by a micro-bicinchoninic acid (BCA) assay
[30]. Ovine fibrinogen (Sigma-Aldrich) was prepared in phosphate
buffer solution (PBS; BD Biosciences, San Jose, CA) at a concentra-
tion of 0.03 g/dL. The samples were immersed in the fibrinogen
solution at 37°C for 3h followed by washing with 50mL PBS.
A protein analysis kit (Quantipro-Micro BCA kit, Sigma-Aldrich)
based on the BCA method was used to quantify adsorbed fib-
rinogen. The mean value of fibrinogen adsorption from five
independent samples, each measured in triplicate, was deter-
mined.

2.6. Blood collection and blood contact test

NIH guidelines for the care and use of laboratory animals were
observed. Whole blood was collected from healthy ovines by jugu-
lar venipuncture using an 18 gauge 1.5” needle after discarding the
first 3mL, and 2.7 mL was then immediately added to monovette
tubes containing 0.3mL of 0.106 M trisodium citrate (Sarstedt,

Newton, NC). Whole ovine blood was also collected by jugular
venipuncture directly into a syringe containing heparin (3.0 or
6.0 U/mL) after discarding the first 3 mL for blood contacting exper-
iments. Then, modified titanium and unmodified TiAlgV4 samples
were placed into Vacutainer® blood collection tubes without addi-
tives (BD Biosciences, Franklin Lakes, NJ), filled with citrate or
heparinized ovine blood and incubated at 37°C on a hematology
mixer (Fisher Scientific, Pittsburgh, PA). Although some anticoag-
ulation is necessary to perform the blood contact testing, citrate
and heparin were both used to provide a comparison between
stronger (citrate) and weaker (heparin) inhibitors of platelet
deposition.

2.7. Scanning electron microscopy of platelet adhesion and
morphology

After contact with citrated or heparinized ovine blood, sur-
faces were rinsed with PBS and immersed in a 2.5% glutaraldehyde
solution for 2h at 4°C to fix the surface adherent platelets, and
treated for 1h in 1% (w/v) OsO4. The samples were serially dehy-
drated with increasing ethanol solutions and sputter coated with
gold/palladium. Each sample surface was observed by scanning
electron microscopy (SEM; JSM-6330F, JEOL USA, Inc., Peabody,
MA).

2.8. Quantification of platelet adhesion and activation

Modified and unmodified titanium samples were incubated
with heparinized ovine blood for 2h at 37°C with continuous
rocking as above. The surfaces were rinsed thoroughly after blood
contact with 50 mL of PBS and immersed in 1 mL of 2% Triton X-
100 solution (Sigma) for 20 min to lyse surface adherent platelets.
The number of deposited platelets on each sample was then quan-
tified by a lactate dehydrogenase (LDH) assay [31] with an LDH
Cytotoxicity Detection Kit (Takara Bio, Tokyo, Japan). Calibration
of spectrophotometer absorbance results to platelet numbers was
accomplished using a calibration curve generated from known
dilutions of ovine platelet rich plasma in the lysing solution. The

TiALV, (Ti)

Ti-PCSi

MCHy),
Ti-SBSi A PO.CHl
oV T
[N AA S ha = \/\- ‘ﬂf/ Yip
CH, \J/ ) ¥
= :i_
‘-«,L!\,!F
=0 i-O-Ti
$i-0-Si
SO
Lo o b brorr ot o gl g
3450 3100 2750 2400 2050 1700 1350 1000 650

Wavenumber (cm™)

Fig. 2. Attenuated total reflectance (ATR)-FTIR spectra on the unmodified titanium
(TiAlgVy (Ti)), Ti-PCSi and Ti-SBSi.
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Table 1
Atomic percentage at listed binding energy (eV) as determined by X-ray photoelectron spectroscopy.
Clsat285eV O1sat532eV Ti2p at455eV Al2pat74eV Si2pat 106eV N 1sat403eV P2pat133eV S2pat168eV

TiAlgVy (Ti) 42.0(+8.0) 41.1 (£5.2) 9.5 (+1.1) 43 (£3.1) 1.0 (+£1.0) 1.0 (£0.5) 0.1(+0.2) 0.0 (+0.0)
Ti-TMSi 44.8(+12.9) 33.3 (+7.7) 2.3(£1.2) 2.7 (£15) 13.1 (£2.7) 0.8 (+0.7) 0.0 (£0.0) 0.0 (£0.0)
Ti-PCSi 32.3(+4.9) 47.4(+£3.9) 0.3 (+0.5) 0.5 (+0.8) 162 (£3.7) 1.7 (+0.4) 1.5 (+0.3) 0.0 (+0.0)
Ti-SBSi 37.0(+8.2) 40.3 (+6.8) 0.0 (+0.0) 1.2 (+2.1) 17.6 (£4.9) 2.0(+0.7) 0.0 (+0.0) 2.0(£0.9)

N=7, +standard deviation for Ti. N=3, +standard deviation for other samples.
* p<0.05 vs. Ti surfaces.

percentage of activated ovine platelets in the bulk phase of the 3. Results

blood contacting the surface samples was quantified by a flow cyto-
metric assay using fluorescein conjugated Annexin V protein {32].
Activation levels from five independent samples were averaged for
each surface type after subtracting the level of activation found for
tubes filled with ovine blood that were rocked in the absence of a
metallic surface specimen.

2.9. Statistical analyses

Data are presented as means with standard deviation. Statistical

significance between sample groups was determined using ANOVA
followed by post-hoc Newman-Keuls testing of specific differences.
Statistical significance was considered to exist at p <0.05.

TiAleVa(Ti)

Ti-PCSi

3.1. Surface modification and characterization of the modified
TiAlgV4 with silanated zwitterionic modifier PCSi or SBSi

To achieve one-step surface modification of TiAlgV4 with non-
specific protein adsorption, silanated zwitterionic modifier PCSi or
SBSi were synthesized by hydrosilylation between trimethoxysi-
lane and MPC or SMDAB. The hydrosilylation in this study occurred
on Si-H to alkene group in the methacryloyl group of MPC
and SMDAB in the presence of a platinum catalyst. The chem-
ical structure of the synthesized PCSi and SBSi was confirmed
by 'H NMR. For PCSi (in deuterated ethanol) the peaks were: &
(ppm) 1.07-1.10 (SiCH,CHCH3, 2H), 1.15-1.20 (SiCH,CHCH3, 1H),

Ti-TMSi

Ti-SBSi

255

Fluorescence intensity

Fig. 3. Fluorescent micrograph images of unmodified TiAlgV, (Ti), Ti-TMSi, Ti-PCSi and Ti-SBSi observed after staining with rhodamine 6G and digital image processing to

create a 3D plot where the z-dimension is proportional to pixel intensity.



