350
Reference to ISO 14801:2007

Z 300 -§x ?06 cycles ®#7

= -inAir, RT vl

S 250 -
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2 200 A
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5 150 1
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Emo

% Y=35+0.72X

= 50 - r=0.82
0 e e : S
150 200 250 300 350 400

Load at Starting Plastic Deformation (N)
Implant body Abufment
Joint type | Material Abutment type Material

@ intemal | TIGAL4V Screw retain, 30 deg. TIGAL4V
@ Infernal | TIGAL4Y | Cement retain, 15 deg. TIBAL4V
L 4 Infernal | TIGAL4V Screw retain, 0 deg. TIBAL4V
* Intemal | TiIGAL4V Cement retain, 0 deg. TiI6AL4V
v Intemal | TIGAL4V | Abutment for over denture | TIGAL4V
<O intemal | c¢p-Ti Screw retain, 0 deg. TIBAL4V
O internal cp-Ti Cement retain, 15 deg. cp-Ti
v Iinternal cp-Ti Abutment for over denture | TIGAL4V
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400 -

Reference to ISO 14801:2007
5% 108 cycles
-inAir, RT

w
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Maximum Endured Load {(N)
«
*0
*
O

50 4 r=0.45

0 | i e S e e A e e e e e  me s o s

200 250 300 350 400 450 500 550 600 650 700
Maximum Bending Load (N)

implant body Abutment

Joint type | Material Abutment type Material
@ infernal | TiIGAL4V Screw refain, 30 deg. TIGAL4V
® Intemnal | TIGAL4YV | Cement retain, 15 deg. TI6AL4V
L 4 infemal | TiIGAL4V Screw retain, 0 deg. TIGAL4V
* internal | TIGAL4V Cement retain, 0 deg. TIBAL4V
v infernal | TIGAL4V | Abutment for over denture | TIBAL4V
< internal cp-Ti Screw retain, 0 deg. Ti6AL4V
O internal cp-Ti Cement retain, 15 deg. cp-Ti
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400 T

Reference to ISO 14801:2007
-5x 106 cycles
-in Air, RT

w w
(=] wv
o o
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N
w
o

O
4

v

8

Y=10.8+0.39X
r=0.72

Maximum Endured Load (N)
g

w
o
I
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| I S S sun m e 2 S B M S un Jm B M ma S Su N S S S S S S S S A S e S S A S m s awe aam

200 250 300 350 400 450 500 550 600 650 700
Maximum Bending Load (N)

implant body Abutment
Joint type | Material Abutment type Material
intenal | TGALAV | Cement retain, 15deg. | TBALAV
intemal | TIGALAV | Cementretain, 0deg. | TBALAV
Internal | TGALAV | Abutment for over denture | TIBAL4V
ntemal | cpTi Cement retain, 15 deg. cp-Ti
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Force-versus-distance curve

1

t Indirect long-
‘ ranged interaction

ABSTRACT: The molecular interaction forces generated
during the adsorption of proteins to surfaces were examined
by the force-versus-distance (f—d) curve measurements of
atomic force microscopy using probes modified with

Polymer brush layer / Protein

AFM probe

Repulsive

Retract
Force (nN)

= o e

£

=3

©
appropriate molecules. Various substrates with polymer % g TP
brush layers bearing zwitterionic, cationic, anionic, and < & 20 T
hydrophobic groups were systematically prepared by surface- g ‘,/ Direct interaction
initiated atom transfer radical polymerization. Surface $33sss83s23222 <

Polymer brush surface 0 Distance (nm)

interaction forces on these substrates were analyzed by the
f—d curve measurements using probes with the same polymer
brush layer as the substrate. Repulsive forces, which decreased depending on the ionic strength, were generated between cationic
or anionic polyelectrolyte brush layers; these were considered to be electrostatic interaction forces. A strong adhesive force was
detected between hydrophobic polymer brush layers during retraction; this corresponded to the hydrophobic interaction
between two hydrophobic polymer layers. In contrast, no significant interaction forces were detected between zwitterionic
polymer brush layers. Direct interaction forces between proteins and polymer brush layers were then quantitatively evaluated by
the f—d curve measurements using protein-immobilized probes consisting of negatively charged albumin and positively charged
lysozyme under physiological conditions. In addition, the amount of protein adsorbed on the polymer brush layer was quantified
by surface plasmon resonance measurements. Relatively large amounts of protein adsorbed to the polyelectrolyte brush layers
with opposite charges. It was considered that the detachment of the protein after contact with the polymer brush layer hardly
occurred due to salt formation at the interface. Both proteins adsorbed significantly on the hydrophobic polymer brush layer,
which was due to hydrophobic interactions at the interface. In contrast, the zwitterionic polymer brush layer exhibited no
significant interaction force with proteins and suppressed protein adsorption. Taken together, our results suggest that to obtain

the protein-repellent surfaces, the surface should not induce direct interaction forces with proteins after contact with them.

1. INTRODUCTION

A series of biological reactions progresses hierarchically at
interfaces between biomolecules and the surface with which
they interact. Protein adsorption on the surfaces of materials is
an initial reaction and is generally induced immediately. The
amount of adsorbed protein and its conformational change are
significant factors that determine the subsequent biological
responses at cellular and tissue levels.'™> Therefore, protein
adsorption to surfaces should be completely understood and
regulated for developing safer and more efficacious medical
devices and maintaining cell function in order to fully achieve
regenerative medicine. Protein adsorption depends on various
intermolecular/surface interaction forces operating between the
material surface and proteins.** Much research has elucidated
protein adsorption behavior in the context of physicochemical
surface properties by using the water contact angle or surface {-
potential as parameters. However, analyses concerning the
strength or range of such interaction forces have been relatively
limited. The objective of this study was to clarify the protein
adsorption process from the perspective of molecular
interaction forces operating on surfaces.
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Generally, electrostatic and hydrophobic forces are consid-
ered to be the main driving forces for protein adsorption on
surfaces. However, it is difficult to precisely distinguish these
interaction forces in the case of conventional polymeric surfaces
or polymer-coated surfaces because of their vague arrangement
of polymer chains. Therefore, in the present study we utilized
polymer brush surfaces prepared via the surface-initiated atom
transfer radical polymerization (SI-ATRP) method.®™? In SI-
ATRP, monomers are uniformly polymerized from surface-
immobilized initiators, which enable the construction of
homogeneous polymer layers composed of a single monomer
unit on the surfaces of various substrates. Moreover, the
surface’s physicochemical properties (hydrophilicity/hydro-
phobicity and surface potential) can be controlled over a
wide range by varying the chemical structure of monomer
units.”>™*° Thus, the clarification of surface interaction forces
would be enhanced by utilizing polymer brush surfaces
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prepared from systematically selected monomers (for example,
zwitterionic, cationic, anionic, and hydrophobic).

Atomic force microscopy (AFM) is used to quantitatively
analyze the various molecular interaction forces on surfaces.'®
In the force-measurement mode of AFM, the interaction force
operating between the probe and a sample is acquired as a
function of the distance between them, generating a force-
versus-distance (f—d) curve. Therefore, AFM enables the
detection of long-range interactions operating prior to contact
between the probe and the sample as well as the direct
interaction forces operating after contact. Moreover, various
interaction forces can be evaluated by modification of the probe
with appro7priate molecules, including peptides, proteins, and
polymers.'”~*° The combination of fabrication of well-defined
polymer brush surfaces and nanoforce analysis by AFM would
help clarify our understanding of various interaction forces
operating on surfaces. In this study, two types of f—d curve
measurements were performed. First, forces operating on each
polymer brush surface were evaluated by measuring the force
between polymer brush surfaces of identical composition using
AFM probes modified with polymer brush layers. Second,
direct interaction forces between the proteins and the polymer
brush surfaces were quantitatively evaluated using the AFM
probes modified with two proteins having different isoelectric
points (pI's) and opposite net charges under physiological
conditions. Furthermore, the amounts of these proteins
adsorbed on the polymer brush surfaces were quantified, and
the relationship among surface interaction forces, the surface—
protein direct interaction force, and protein adsorption
behavior is discussed.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-Methacryloyloxyethyl phosphorylcholine (MPC)
was purchased from NOF (Tokyo, Japan), which was szfnthesized and
purified according to a previously reported method.” 2-Trimethy-
lammoniumethyl methacrylate chloride (TMAEMA) and 3-sulfoprop-
yl methacrylate potassium salt (SPMA) were purchased from Tokyo
Chemical Industry (Tokyo, Japan). n-Butyl methacrylate (BMA) was
purchased from Kanto Chemical (Tokyo, Japan). Copper(I) bromide
(CuBr) and 2,2'-bipyridyl (Bpy) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Ethyl-2-bromoisobutyrate
(EBIB), 4,4'-dinonyl-2,2"-bipyridyl (DNbpy), bovine serum albumin,
and chicken egg white lysozyme were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Other organic reagents and solvents were
commercially available in extra-pure grade and used without further
purification. Silicon wafers were purchased from Furuuchi Chemical
(Tokyo, Japan); their surfaces were coated with ~10-nm-thick SiO,
layers.

2.2. Preparation of Polymer Brush Surfaces. Polymer brush
layers were prepared on the initiator-immobilized substrates by SI-
ATRP using MPC, TMAEMA, SPMA, and BMA according to a
previously reported procedure.”” Briefly, a surface-immobilizing
initiator, (10-(2-bromo-2-methyl)propionyloxy)decyltrichlorosilane
(BrC10TCS), was synthesized and immobilized on the silicon
substrates as previously described.”* Specific amounts of the monomer,
CuBr, and Bpy were dissolved in degassed solvents. Potassium
chloride of the same concentration as SPMA (0.50 mol/L) was added
to the SPMA solution to enhance the solubility of SPMA. DNbpy was
used as the ligand instead of Bpy for the polymerization of BMA.
Then, the BrC10TCS-immobilized substrates and EBIB, as the free
initiator, were simultaneously placed into the solution to initiate SI-
ATRP. Polymerization was performed with stirring at 20 °C for 24 h.
The target degree of polymerization (DP, [monomer]/[free initiator]
ratio in the feed) was set at 100. The conversion of monomer to
polymer was determined by proton nuclear magnetic resonance
spectroscopy ("H NMR) (a-300; JEOL, Tokyo, Japan).

The surface elemental composition of the polymer brush surface
was determined by X-ray photoelectron spectroscopy (XPS) (AXIS-
Hsi; Shimadzu/Kratos, Kyoto, Japan). The thickness of the polymer
brush layer was measured by spectroscopic ellipsometry (a-SE; J.A.
Woolam, Lincoln, NE, USA) and was determined using the Cauchy
layer model with an assumed refractive index of 1.49 at 632.8 nm. The
graft density, ¢ (chains/nm?), was calculated using the following
equation: o = hpN,/M,, where h (nm) is the ellipsometric thickness of
the polymer brush layer, p (g/cm?) is the density of the dry polymer,
N, is Avogadro’s number, and M, is the number-average molecular
weight of polymer on the surface. M, was assumed to be the same as
the number-average molecular weight of each polymer in the
polymerization solution,*** which was estimated from the degree of
polymerization determined by the '"H NMR spectrum of each free
polymer. The static air contact angle on the polymer brush surface in
pure water and phosphate-buffered solution (PBS; pH 7.4, ionic
strength (I) = 150 mmol/L) was measured at room temperature by
the captive bubble method using a goniometer (CA-W; Kyowa
Interface Science, Saitama, Japan). The supplementary angles
(180°—0) of the static air contact angles (f) are shown for easy
comparison with static water contact angles under dry conditions. The
{-potential of the polymer brush surface was measured with an
electrophoretic light-scattering spectrophotometer (ELS-8000; Otsuka
Electronics, Osaka, Japan) equipped with a planar sample cell in water
containing 10 mmol/L sodium chloride at room temperature. The
chemical structures of the polymer brush layers are shown in Figure 1.

[ CHs . CHy
O-8i-(CH,)1-0-C-C-(CH,~C) 00-Br
OCH, (=0

O-R

0
(CH,),0PO(CH,),N*(CHy);  Poly(MPC)
o

R= (CH,),N*(CH,), * CI Poly(TMAEMA)
(CH,),S0; * K* Poly(SPMA)
(CH,);CH; Poly(BMA)

Figure 1. Chemical structures of polymer brush layers.

2.3. Surface Force Analysis. The surface interaction forces at the
polymer brush layers were analyzed by f—d curve measurements
between polymer brush layers of identical composition (symmetric
system) using an AFM equipped with a liquid cell (Nanoscope IIla;
Bruker AXS KK, Kanagawa, Japan). The essential experimental
process is illustrated in Figure 2(a). The polymer brush layers were
constructed on the surfaces of silica beads (20 ym diameter, Duke
Scientific Co., Palo Alto, CA, USA) using the same method as for the
silicon substrates. One silica bead with a polymer brush layer was
manually immobilized at the end of a commercial, tipless AFM probe
(NP-O; nominal spring constant 0.06 N/m, Bruker AXS K.K.) using a

(a) Polymer brush layer (b) Protein-immobilized layer

AFM probe

AFM probe

»

1 DO
"g Polymer brush E g : Protein g
&l surface interaction force | % sl Direct interaction force | £
< on each surface & ‘; with proteins e
Polymer brush Polymer brush
Substrate Substrate

Figure 2. Schematic representation of interaction force measurements
by AFM using probes modified with (a) polymer brush layers and (b)
a protein-immobilized layer.
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small amount of epoxy resin according to a previously reported
procedure.25 The successful immobilization of a silica bead on the
probe was confirmed by optical microscopy. The f—d curve
measurement was performed using these probes and the polymer
brush substrates, and the f—d curves on approach and retraction of the
symmetric polymer brush surfaces were recorded in aqueous media
with different jonic strengths.

2.4. Quantitative Evaluation of Surface—Protein Interaction
Forces. The direct interaction force between the proteins and the
polymer brush layers was quantitatively evaluated by f—d curve
measurements using an AFM equipped with a liquid cell. The
experimental process is illustrated in Figure 2(b). Proteins were
chemically immobilized on the surface of the AFM probe (OTRS;
nominal spring constant 0.15 N/m, Bruker AXS KK.) according to a
previously reported method”” Briefly, 3-nm-thick chromium and
sequential 27-nm-thick gold were sputtered on the surface of the
probe. The gold-sputtered probe was then immersed in a 1.0 mmol/L
solution of 11-mercaptoundecanoic acid in ethanol for 24 h to form a
carboxyl-group-terminated self-assembled monolayer on the probe.
The carboxyl groups were activated by immersion in an aqueous
solution containing N-hydroxysuccinimide (S0 mmol/L) and I1-ethyl-
3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (100 mmol/
L). After immersion for 30 min, the probe was rinsed with pure water
and immediately immersed in a PBS (pH 7.4, 150 mmol/L) solution
of albumin (1.0 mg/mL) or lysozyme (0.10 mg/mL) for 1 h. The
immobilization of each protein on the surface was confirmed by XPS
and surface plasmon resonance (SPR) (SPR-670M; Moritex, Tokyo,
Japan) measurements using gold-sputtered silicon substrates and SPR
sensor chips, respectively, instead of the AFM probe. The direct
interaction force between the proteins and the polymer brush layers in
PBS (pH 7.4, I = 150 mol/L) at room temperature was evaluated from
the approaching and retracting traces of the f—d curve using the
protein-immobilized probes. The shift in the deflection value of the
retracting trace from the bottom of the retrace line corresponds to the
interaction force between the proteins and surfaces. For each
measurement, more than 100 approaching/retracting f—d curves
were collected, and the average value was defined as the interaction
force between proteins and the polymer brush layers. All measure-
ments were performed at least three times.

2.5. Evaluation of Protein Adsorption Mass. The amount of
albumin (pI 4.8) and lysozyme (pI 11.1) adsorbed on the surfaces of
polymer brush layers in PBS (pH 74 I =10, 150 mmol/L) at 37 °C
was quantified by SPR measurement.”® The polymer brush layers were
prepared on SPR sensor chips by SI-ATRP using 11-(2-bromo-2-
methylpropyonyloxy)undecylmercaptan (BUM) as the surface -immo-
bilizing initiator for the thin gold layer on the substrate.”® A peristaltic
pump (Tokyo Rika Kikai, Tokyo, Japan) was used to flow the buffer
solution or protein solution through the SPR sensor surfaces at a rate
of 500 pL/min. First, a stable baseline signal was established by
flowing buffer solution for 10 min. Then, a 1.0 mg/mL protein
solution was flowed for 30 min, followed by buffer solution for 10 min
to replace the protein solution, wash off the weakly adsorbed proteins
from the surface, and re-establish the baseline.

The amount of adsorbed proteln, Copr (ng/cm?), was estimated
using the following relatlonshlp Tspr = 500 X ARgq, where ARy
(deg) is the change in the resonance angle before and after protein
adsorption. All measurements were performed at least three times.

3. RESULTS AND DISCUSSION

3.1. Characteristics of Polymer Brush Surfaces. In this
study, four different types of polymer brush layers, including
electrically neutral (zwitterionic), electrolytic (cationic and
anionic), and hydrophobic polymers, were prepared to evaluate
the various interaction forces generated on these surfaces. The
surface elemental composition of the polymer brush layer was
evaluated by XPS (XPS spectra are shown in Figure S1 of the
Supporting Information). Every polymer brush layer had
corresponding elemental peaks expected from the chemical

structure of the monomers. Thus, we confirmed that the surface
of the substrate was covered with the polymer brush layer. The
physicochemical properties of the polymer brush layers are
summarized in Table 1. The graft density (density of the

Table 1. Physicochemical Properties of Polymer Brush
Layers

contact angle of air

(deg)
polymer brush aft density {-potential
layer F hains/nm ) in water  in PBS (mV)
poly(MPC) 033 9+2  9+1 =592l
poly(TMAEMA) 045 1740 14+0 649 +36
poly(SPMA) 0.5 13+2 121 =740+ 117
poly(BMA) 0.75 733 Al -3 241

polymer chains in a polymer brush layer) of these polymer
brush layers was sufficiently high to form a high-density
polymer brush structure.® The air contact angles on the
polymer brush layers in pure water were below 20° for the
poly(MPC), poly(TMAEMA), and poly(SPMA) brush layers.
That is, these polymer brush layers exhibited a superhydrophilic
nature in an aqueous environment. The hydrophilicities of
these surfaces were virtually identical regardless of the ionic
strength of the medium. In the case of the poly(BMA) brush
layer bearing hydrophobic groups, the air contact angle was
approximately 75° and did not depend on the ionic strength,
which is consistent with its relatively hydrophobic character-
istics. The surface (-potential values reflected the charge
properties of the side chains of each polymer brush layer. That
is, the cationic poly(TMAEMA) brush layer had a large positive
value whereas the anionic poly(SPMA) brush layer had a large
negative value. The poly(MPC) brush layer with zwitterionic
phosphorylcholine groups had an almost neutral value. As
described above, we confirmed that the systematic model
surfaces were prepared from the perspective of the
physicochemical surface properties.

3.2. Surface Interaction Force. To clarify the surface
interaction forces on each of the polymer brush surfaces, f—d
curve measurements between polymer brush layers of identical
composition were performed with a focus on the approaching
and retracting processes. Figure 3 shows the representative f—d
curves recorded for the approaching process of the symmetric
poly(MPC), poly(TMAEMA), and poly(SPMA) brush layers.
The same procedure was repeated with different ionic strengths
of the medium. On the zwitterionic poly(MPC) brush layer,
only weak repulsive forces were detected, and these forces were
independent of the ionic strength in solution. That is, a specific
interaction force was not detected on the poly(MPC) brush
layer. On the cationic poly(TMAEMA) and the anionic
poly(SPMA) brush layers, strong repulsive forces were detected
at long distances in pure water. The strength and range of these
forces decreased with increasing ionic strength in solution.
Therefore, these repulsions were mainly derived from electro-
static forces. We conclude that electrostatic interactions were
predominantly operating on the poly(TMAEMA) and the
poly(SPMA) brush layers. It is well known that the charge
effects of polyelectrolytes in aqueous media are shielded by the
addition of salt. The same phenomenon was observed at the
polymer brush layer. Figure 4 shows the representative f—d
curves recorded for the retracting process of the symmetric
poly(MPC), poly(TMAEMA), and poly(SPMA) brush layers
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Figure 3. Force versus distance curves recorded for the approaching process between symmetric polymer brush layers of (a) poly(MPC), (b)

poly(TMAEMA), and (c) poly(SPMA) in aqueous media with various jonic strengths.
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Figure 4. Force versus distance curves recorded for the retracting process between symmetric polymer brush layers of (a) poly(MPC), (b)
poly(TMAEMA), and (c) poly(SPMA) in PBS (pH 7.4, I = 150 mmol/L).

in PBS (pH 7.4, I = 150 mmol/L). Interaction forces were not
detected when the two identical polymer brush layers were
detached. This also indicated that other interactions such as
hydrophobic forces did not affect these surfaces under this
condition. Figure S shows the representative f—d curves
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Figure 5. Force versus distance curves recorded on approach and
retraction for symmetric poly(BMA) brush layers in PBS (pH 7.4, I =
150 mmol/L).

recorded for the approach and retraction of the symmetric
poly(BMA) brush layer in PBS (pH 7.4, I = 150 mmol/L).
Although repulsive or attractive forces were not detected when
the two layers approached each other, a strong attractive force
was detected when the two layers were detached. We conclude
that this attraction originated from hydrophobic interac-
tions.>’ ™** Hydrophobic interactions between hydrophobic
compounds are spontaneously generated in aqueous media due
to strong hydrogen bonding among water molecules, which
results in the formation of clathrate structures. When
hydrophobic compounds interact in aqueous environments,
enthalpy increases because some of the clathrate-forming
hydrogen bonds between water molecules are broken.
According to the Gibbs free energy equation, small positive
enthalpy and large negative entropy result in a negative free

energy. That is, hydrophobic molecules associate and are
stabilized. We believe that this study is the first to detect the
hydrophobic interaction force directly and clearly.

In summary, these results show that only electrostatic
interactions operated on the cationic poly(TMAEMA) and
anionic poly(SPMA) brush layers and only hydrophobic
interactions operated on the hydrophobic poly(BMA) brush
layer, whereas no specific interaction existed on the zwitterionic
poly(MPC) brush layer. That is, interaction forces were clearly
separated by utilizing these systematically fabricated polymer
brush layers.

3.3. Direct Interaction Force with Proteins. The process
of protein adsorption on a material surface is mainly divided
into two steps. First, proteins directly interact with the material
surface, and an adsorbed protein monolayer is formed. Second,
proteins in solution interact with the preadsorbed protein layer,
which leads to the formation of an adsorbed protein multilayer.
In this respect, the first direct interaction between proteins and
surfaces would be critical. Therefore, we quantitatively
evaluated the direct interaction force between proteins and
the polymer brush surfaces by AFM using protein-immobilized
probes. To investigate the effect of charge on the surface—
protein interaction force, albumin (pI 4.8) with a negative net
charge and lysozyme (pI 11.1) with a positive net charge were
used as model proteins in this study.

Before measuring the interaction force between the proteins
and the polymer brush surfaces, the immobilization of each
protein was carried out on gold-sputtered substrates and SPR
sensor chips under the same conditions as those used for the
immobilization to the AFM probe to confirm the reaction by
XPS and SPR measurement. The XPS spectra indicated the
existence of protein-specific atoms, such as carbon, nitrogen,
and oxygen (data not shown). The SPR measurements
indicated that the amounts of immobilized albumin and
lysozyme were ~170 and ~190 ng/cm? respectively. These
values are comparable to the theoretical values of side-on
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