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monolayers of albumin and lysozyme (~210 and ~170 ng/cm?,
respectively), which were calculated from the molecular weight
and approximate molecular dimensions of the proteins:
(albumin) 69 kDa, 14.0 X 4.0 X 4.0 nm® (lysozyme) 14
kDa, 4.5 X 3.0 X 3.0 nm>>* From this preliminary evaluation
and confirmation, we concluded that these proteins could be
immobilized even on the AFM probe and that their amounts
were consistent with the formation of monolayers.

Figure 6 shows the direct interaction force between the
proteins and the polymer brush layers in PBS (pH 7.4, I = 150
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Figure 6. Direct interaction forces between polymer brush surfaces
and () albumin and (b) lysozyme in PBS (pH 7.4, I = 150 mmol/L).

mmol/L). The interaction forces were detected only during
retraction and not during approach with respect to any surface.
The interaction force detected with proteins on the zwitterionic
poly(MPC) brush layer was quite weak. This is consistent with
the result showing that specific interaction forces were not
detected on the poly(MPC) brush surface. On the other hand,
polyelectrolytes such as the cationic poly(TMAEMA) and
anionic poly(SPMA) brush layers, which generated electrostatic
interactions, exhibited a strong interaction force with proteins
with opposite net charge. The hydrophobic poly(BMA) brush
layer strongly interacted with both proteins regardless of the
net charge. These results suggest that strong interaction forces
with proteins were detected on the surfaces of polyelectrolyte
brush layers and hydrophobic polymer brush layers, which
generated electrostatic or hydrophobic interactions. In addition,
these interaction forces are not the force attracting the proteins
from a long distance but the force that inhibits the detachment
of proteins from the surfaces. It was considered that the
polyelectrolytes form salts with proteins with opposite net
charges after contact on the surface. Given the polymeric nature
of proteins, there is likely more than one salt formed per
protein, making their detachment unfavorable. In the case of a
hydrophobic polymer surface, when the protein attached to the
surface, hydrophobic interactions are generated by the
rearrangement of water molecules surroundings the protein
and surface.>® The same adsorption mechanism was observed at
the poly(BMA) brush layer. These conclusions are supported
by the results shown in Figure S.

3.4. Protein Adsorption Behavior. The amounts of
albumin and lysozyme adsorbed on the polymer brush layers
were quantified by SPR. Figure 7 shows the amounts of
proteins adsorbed on the polymer brush layers in buffer
solutions with different ionic strengths. The zwitterionic
poly(MPC) brush layer dramatically suppressed the adsorption
of both proteins regardless of the ionic strength. This result is
consistent with that of our previous study, which showed that
the amount of adsorbed proteins from 100% fetal bovine serum
was suppressed on zwitterionic polymer brush 1ayers.36 On the
cationic poly(TMAEMA) brush layer, a large amount of
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Figure 7. Adsorbed amounts of (a) albumin and (b) Iysozyme on
polymer brush layers.

albumin with negative net charge adsorbed, whereas lysozyme
hardy adsorbed. In contrast, on the anionic poly(SPMA) brush
layers, an extremely large amount of lysozyme with positive net
charge adsorbed, whereas the amount of adsorbed albumin was
very low. In addition, the amount of adsorbed protein
decreased with increasing ionic strength of the buffer solution,
which indicates the effects of electrostatic interaction on
protein adsorption on the poly(TMAEMA) and the poly-
(SPMA) brush layers. The adsorption of both proteins on the
hydrophobic poly(BMA) brush layer was detected; however,
the amounts were virtually constant and therefore independent
of the ionic strength.

The trend in protein adsorption mass was in good agreement
with the direct interaction force with proteins measured by
AFM. On the cationic poly(TMAEMA), anionic poly(SPMA),
and hydrophobic poly(BMA) brush layers, the detachment of
proteins from the surfaces would be inhibited by the
electrostatic or hydrophobic interactions, leading to a large
amount of protein adsorption. On the other hand, because
there was no significant interaction force in the case of the
zwitterionic poly(MPC) brush layer, even when proteins
attached to the surface, they easily detached. As a result, we
observed a significant reduction in protein adsorption.

4. CONCLUSIONS

The electrostatic and hydrophobic interaction forces generated
on the surfaces were evaluated independently by using
systematically prepared polymer brush layers as well as by
preparing a surface exhibiting no specific interaction force. The
electrostatic or hydrophobic interactions generated in the
vicinity of cationic, anionic, or hydrophobic polymer brush
layers played a significant role in inhibiting the reversible
detachment of proteins from the surface. These forces led to
relatively high protein adsorption, whereas the zwitterionic
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polymer brush surface did not interact with proteins and
dramatically suppressed protein adsorption. Therefore, during
the design and preparation of biomaterials, the detachment of
proteins spontaneously and easily from the surface would be an
important factor in suppressing protein adsorption and
following biological responses at the surface.

B ASSOCIATED CONTENT

©® Supporting Information

XPS spectra of substrates with the polymer brush layers in the
C 1s, N 1s, P 2p, and S 2p regions. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Nano-scale Molecular Interaction Force Measurement for
Analysis of Protein Adsorption on the Surfaces
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Protein adsorption behavior was examined from viewpoint of molecular interaction force
generating on material surfaces. To achieve this, the methodology to evaluate the
nano-scale molecular interaction forces on the well-defined surfaces by the
force-versus-distance curve measurements using atomic force microscopy (AFM) was
established. Zwitterionic, cationic, anionic, and hydrophobic polymer brush surfaces were
prepared as model surfaces to analyze the interaction forces operating on the surfaces.
The amount of proteins adsorbed on the polymer brush surfaces was quantified by surface
plasmon resonance measurement. The molecular interaction forces operating on the
polymer brush surfaces were evaluated using the AFM probes modified with functional
groups. On the zwitterionic polymer brush surface, molecular interaction forces were not
observed, and amount of protein adsorption was little. On the other hand, cationic. anionic,
or hydrophobic polymer brush surface exhibited strong molecular interaction forces, and
large amount of proteins adsorbed on these surfaces. These results indicated that the
preparation of material surfaces, which avoid the molecular interactions, is significant for
suppression of protein adsorption.

Key words: Biointerface, Protein adsorption, Interaction force, Polymer brush surface. Atomic force

microscopy, Force curve measurement

1. INTRODUCTION

At interfaces, on which materials surface contacts
with biomolecules and cells, many biological reactions
progress hierarchically. Protein adsorption is an initial
event induced at very early stage and the significant
factors that determine subsequent biological responses,
including cellular reactions [1]. Therefore. precise
comprehension of protein adsorption phenomena is
crucially important for development of a novel
biointerface. Various intermolecular and surface forces
generating between proteins and surfaces are governing
the protein adsorption behavior [2]. Although many
analytical methods for protein adsorption have been
developed, protein adsorption behavior from the point of
view of interaction forces has not been clarified.

In order to analyze the interaction force operating on
surfaces. well-characterized model surfaces with the
precise structure and controlled properties must be
fabricated. In this regard, polymer brush surfaces via
surface-initiated atom transfer radical polymerization
(SI-ATRP) method were exploited as model surfaces.
Polymer brush surfaces allow to modulate the
arrangement of polymer chains at the nanometer order,
and control the surface properties by the chemical
structure of monomer units and the three-dimensional
structure of polymer chains [3-4]. Also. considering
protein adsorption on the polymer-grafted surfaces, there
are three models, “primary adsorption”™ (diffusing into
the polymer layer). “secondary adsorption™ (adsorption
onto the outermost surface of polymer layer). and
“tertiary adsorption™ (interacting with the polymer
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chains within the polymer layer), and the primary and
tertiary adsorption can be negligible in the case of
polymer brush layer with enough high density [5]. In
this study, to fabricate the surfaces exhibiting various
physicochemical properties  systematically, polymer
brush surfaces were prepared using zwitterionic, cationic,
anionic, and hydrophobic polymers.

In the meantime, atomic force microscopy (AFM) was
utilized as a technique to analyze the nano-forces
operating on the surfaces [6]. AFM enables to detect the
force generating between the AI'M probe and samples.
In addition, appropriate modification of the probe allows
to evaluate various kinds of forces [7-8]. The interaction
forces generated between the polymer brush surfaces
and several functional groups existing in proteins were
quantitatively evaluated by the force-versus-distance
(fd) curve measurements using the probes modified
with functional groups (IYig. 1). Finally, the effects of
interaction forces on protein adsorption behavior were
investigated.

X: Functional groups Force-versus-distance curve

v XY % X g
g Ty gk
1 £ to
() Interaction force 3 %
£ . Interaction force
o <
Polymer brush surface 0 Distance (nm)

Fig. 1. Schematic of the measurement of the interaction
forces on the polymer brush surlaces.



186

Nano-scale Molecular Interaction Force Measurement for Analysis of Protein Adsorption on the Surfaces

2. MATERIALS AND METHODS
2.1 Materials

2-Methacryloyloxyethyl phosphorylcholine (MPC)
was purchased from NOF Corp. (Tokyo, Japan), which
was synthesized and purified according to a previously
reported method [9]. 2-Trimethylammoniumethyl
methacrylate chloridle (TMAEMA) and potassium
3-methacryloyloxypropyl sulfonate (SPMA) were
purchased from Tokyo Chemical Industry CO., Ltd.
(Tokyo. Japan). n-Butyl methacrylate (BMA) was
purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan).  Ethyl-2-bromoisobutyrate ~ (EBIB), and
4,4’-dinonyl-2.2’-bipyridyl (DNbpy) were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA).
Copper(l) bromide (CuBr) and 2,2’-bipyridyl (Bpy)
were purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). Albumin (Alb) from bovine serum
and lysozyme (Lys) from chicken egg white were
purchased from Sigma-Aldrich Co. (St. Louis., MO,
USA). Silicon wafers were purchased from Furuuchi
Chemical Corp. (Tokyo, Japan); their surface 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 (Fig. 2) [10]. Briefly, a surface-
immobilizing initiator, (10-(2-bromo-2-methyl)-
propyonyloxy)decyitrichlorosilane or 11-
(2-bromo-2-methylpropyonyloxy)undecylmercaptan was
synthesized and immobilized on substrates as previously
described [11-12]. Specific amounts of CuBr, Bpy, and
the monomers were dissolved in the degassed solvents.
The following solvents were used: methanol for MPC
(1.0 mol/L). a methanol/water mixture (70/30 v/v) for
TMAEMA (1.0 mol/L), a methanol/water mixture
(50/50 wv/v) for SPMA (0.50 molL), and a
methanol/1.4-dioxane mixture (20/80 v/v) for BMA (2.0
mol/L). 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 polymecrization of BMA. Then
the initiator- immobilized silicon substrates and EBIB as
the free initiator were simultaneously added into the
solution. The polymerization was performed at room
temperature with stirring for 24 h. Then. the substrates
were rinsed with appropriate solvents for each polymer
and then dried in a nitrogen stream. The target degree of
polymerization (DP) was controlled by [monomer)/[free
initiator] ratio in feed. The conversion of monomer to
polymer was determined b?r proton nuclear magnetic
resonance spectroscopy ('H-NMR) (a-300; JEOL,
Tokyo, Japan),

2.3 Surface characterization

The thickness of the polymer brush layers was
measured by spectroscopic ellipsometry (a-SE: J.A.
Woolam, Lincoln, NE, USA), and determined using the
Cauchy layer model with an assumed refractive index of
1.49 at 632.8 nm. The graft density, o (chains/nm?), was
calculated using the following equation:

o = hpNy/M,

where, # (nm) is the cllipsometric thickness of the
polymer brush layer. p (g/cm’) is the density of the
polymer (1.30 g/em® for  poly(MPC) ys],
poly(TMAEMA), and poly(SPMA) and 1.15 g/cm’ for
poly(BMA)), N, is the Avogadro's number, and A, is
the number-average molecular weight of polymer chains
on the surface, which was assumed to be the same as the
number-average molecular weight of each polymer in
the polymerization solution, estimated from the degree
of polymerization determined using the 'H-NMR [14].
Surface coverage was evaluated from the graft density
and the monomer cross-sectional area of each polymer
chain, which was calculated from the molecular weight
and density of each monomer moiety and the length of
the C-C-C bond (i.e. 0.25 nm) [3]. The schematic top
view of the polymer brush layers was depicted using the
surface coverage and monomer cross-sectional area.

{CH,S05 -K°

CHACH, Palyfsash)
Fig. 2. Chemical structures of the polymer brush layers.

The static contact angles for the polymer brush
surfaces in pure water were measured at room
temperature by the captive bubble method using a
goniometer (CA-W; Kyowa Interface Science Co., Ltd.,
Saitama, Japan). The samples were immersed in water
for 24 h prior to the measurements.

The {-potential of the polymer brush surface in a 10
mmol/L sodium chloride solution was measured at room
temperature by the streaming potential measurement
method using a measurement unit (ELS-8000; Otsuka
Electronics, Co., Ltd., Osaka, Japan) with an ancillary
flat plate cell (10 x 30 x 60 mm’) coated with
poly(acrylamide). Polystyrene latex particles (520 nm in
diameter, Otsuka  Electronics) coated  with
hydroxypropyl cellulose (A, = 300 kDa, Scientific
Polymer Products, NY. USA) were used as the
mobility-monitoring particles.

2.4 Protein adsorption measurement

The amount of proteins adsorbed on the polymer
brush surfaces was quantified by surface plasmon
resonance (SPR) (SPR-670M: Moritex Co., Tokyo.
Japan) using Alb (Isoelectric point (pl) = 4.8) and Lys
(pl = 11.1). The SPR substrates were first exposed to
phosphate buftered saline (PBS; pH 7.4, ionic strength
(1) = 150 mmol/L) at 37°C until a stable baseline was
established, and then 1.0 mg/mL PBS solution of
proteins was injected for 30 min, followed by PBS for
an additional 10 min to replace protein solution and to
wash off the weakly adsorbed proteins from the surface.
The amount of adsorbed proteins, Ispr (ng/cm?), was
estimated from the change in the resonance angle, 4R,
(°), using the following relationship:

Tspr =500 x ARdeg
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2.5 Interaction force measurement

A silica bead with a diameter of 20 um (Duke
Scientific  Co., Palo Alto, CA) was manually
immobilized at the end of a commercial, probeless
cantilever (NP-O with reported spring constant of 0.06
N/m. Bruker AXS K.K.) according to a previously
reported procedure [15]. Then, 3-nm-thick chromium
and sequential 27-nm-thick gold were sputtered onto the
silica-bead-immobilized cantilever. Then gold-sputtered
cantilever was then immersed in a 1.0 mmol/L solution
of 10-carboxy-1-decanethiol, 11-amino-1-undecanethiol,
or 1-dodecanethiol in ethanol for 24 h to form a carboxyl
group. amino group, or methyl group-terminated
self-assembled monolayers (COOH-SAM. NH,-SAM,
or CH;-SAM) on the silica-bead-immobilized cantilever,
respectively.  The interaction  force  between  the
functional groups and the polymer brush surfaces with
the target DP of 100 in PBS at room temperature was
estimated by the f~d curve measurements of AFM using
this probe. The shift value of deflection in the retract
trace of the f~/ curves from the bottom of the retrace line
corresponds to the interaction force. For each sample,
more than 100 approaching/retracting f-d curves were
collected, and the average value was defined as the
interaction force.

3. RESULTS AND DISCUSSION
3.1 Properties of polymer brush surface

The graft density and physicochemical properties of
the polymer brush surfaces are summarized in Table I.
The graft densities of all polymer brush layers were
higher than 0.10 chains/nm™, which indicates the
formation of highly dense polymer brush structures [3].
Fig. 3 represents the top view of polymer brush layers
schematically depicted using the graft density and
monomer cross-sectional area of each polymer chain. As
shown in Fig. 3. considering the size of proteins (Alb:
14.0 % 4.0 = 4,0 nm’, Lys: 4.5 3.0 » 3.0 nm®), proteins

cannot penetrate into the polymer brush layer. Therefore.

with respect to protein adsorption, the adsorption on the
outermost surface of the polymer brush layers
(secondary adsorption) can only be taken into account,
This leads to simplify the discussion from the point of
view of the surface structure.

The static contact angle for the initiator-immobilized
silicon substrate was approximately 80°. The static
contact angles for the polymer brush surfaces were
extremely low (< 20°)., except for the poly(BMA) brush
surface. for which the static contact angle was as high as
that for the initiator-immobilized substrate, indicating
that hydrophilic polymer brush surfaces in aqueous
conditions were prepared (except for the poly(BMA)
brush surface).

The C-potential of the poly(MPC) brush surface,
which has the zwitterionic groups, was almost zero. On
the other hand, the (-potential of the poly(TMAEMA)
brush surface, which has the cationic groups, took a
large positive value. and in contrast. that of the
poly(SPMA) brush surface, which has the anionic group,
took a large negative value. The C-potential of the
hydrophobic poly(BMA) brush surface was negative,
which is typically observed at hydrophobic surfaces
such as polyethylene [16]. These results indicate that the
surface potential was successfully controlled by the

chemical structure of the monomer unit.

From above results, it was confirmed that the highly
dense polymer brush surfaces with controlled
physicochemical  propertics  were  systematically
prepared as well-defined model surfaces.

Table I. Properties of the polymer brush surfaces.

Palymar Graft density Contact angle  Z-Potential
(chalns/nm?) ) {mVv)}
Poly(MPC) 0.33 9 -5.9
Poly(TMAEMA) 0.45 17 64.9
Poly(SPMA) 0.55 13 -74.0
Poly(BMA) 0.75 73 -37.2
Poly(MPC) Poly(TMAEMA)

Paly(SPMA) Paly(BMA)
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Fig. 3. Schematic representation of the molecular
dimension of polymer brush chains and the size of
proteins.

3.2 Protein adsorption on polymer brush surfaces
The amount of proteins adsorbed on the polymer

brush surfaces was quantified by SPR using Alb and Lys.

They have net negative and net positive charges at pH
7.4, respectively. Therefore, we can investigate the
effect of charge on protein adsorption using these two
proteins. Fig. 4 shows the amount of adsorbed proteins
plotted against the ellipsometric thickness of polymer
brush layers. Both Alb and Lys hardly adsorbed on the
poly(MPC) brush surfaces. On the other hand. in the
case of other polymer brush surfaces, ~100-900
n[.;/cmz of proteins adsorbed. In particular, on the
cationic poly(TMAEMA) brush surface. the
adsorbed amount of Alb was much higher than
that of Lys and increased with increase of the
thickness. In contrast, on the anionic poly(SPMA)
brush surface, extremely large amount of Lys
adsorbed. whereas Alb hardly adsorbed. which
implied the influence of charge at these surfaces.
From these results, the amount of adsorbed
proteins differed in a wide range by the properties
of surfaces and the charge of proteins.

m?)

00 __ o0

a2 DrenEAA %"" O PoTMAEMA i

Z o} Aronisemay ¥ ool | arovisemn)

i BT X

Ex E w0t i

Bl 3 wof A

- ™ B mof

ol P ¢ Lol BT ¥ 9

5“‘: . 5 o D-D=U‘ -‘D *
o 5 10 15 20 k-3 o 5 30 15 20 s
Thickness of polymer brush layer tnml Thickmess of palyrucr brush tayer frm}

Fig. 4. Amount of proteins adsorbed on the various
polymer brush surfaces.
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3.3 Molecular interaction forces operating at surfaces

The interaction force between COOH-SAM, NH,-
SAM, or CH;-SAM and polymer brush surfaces was
evaluated by AFM. These functional groups are anionic,
cationic, and hydrophobic, respectively, and therefore.
will mainly give an indication of electrostatic and
hydrophobic interactions. Table 11 shows the molecular
interaction force between functional groups and polymer
brush surfaces. The poly(MPC) brush surface hardly
interacted with any functional group, which means that
the specific interaction force is not generating on this
surface. The poly(TMAEMA) brush surface strongly
interacted with COOH-SAM, which is considered an
electrostatic interaction between the positive charge of
poly(TMAEMA) and the negative charge of the
deprotonated carboxyl group. The poly(SPMA) brush
surface exhibited no prominent interaction even with
NH,-SAM in PBS, which would result from an
electrostatic shield, because a very strong interaction
force with NH,-SAM was observed in pure water (data
not shown). The poly(BMA) brush surface interacted
with CH;-SAM, which is considered a hydrophobic
interaction operating between hydrophobic surfaces. The
poly(BMA) brush surface also exhibited strong
interaction with the NH,-SAM. This is considered an
electrostatic interaction, because the poly(BMA) brush
surface took the negative C-potential.

Table 1I. Molecular interaction forces between various
functional groups and the polymer brush surfaces.

interaction force (nN)
Polymer COOH NH, CH, Total
Poly(MPC) 0.2 0.0 0.7 0.9
Paly(TMAEMA} 2.9 0.5 1.8 5.2
Paly(SPMA) 0.2 0.2 0.3 0.7

Poly(BMA) 0.3 3.9 14 5.6

Fig. 5 shows the relationship between the sum of the
interaction forces with each functional group (COOH,
NIH,, and CH;) and the amount of adsorbed proteins on
the polymer brush surfaces. Large amount of proteins
adsorbed on the surfaces. which exhibited strong
interaction forces with functional groups. On the other
hand. in the case of the surfaces on which interaction
forces with functional groups were weak, the amount of
adsorbed proteins was very low (except for Lys
adsorption on the poly(SPMA) brush surface). Therefore,
as a general trend, proteins can easily adsorb onto the
surfaces on which the interaction force at the level of
functional group is strong. Exceptionally, the adsorbed
amount of Lys on the poly(SPMA) brush surface was
against the trend. That value was much higher than the
theoretically calculated value of monolayer adsorption
of Lys (~170 ng/em?), which implies that interaction
forces between proteins and preadsorbed protein layer
are generating as well as those between proteins and the
surface. The evaluation based on this standpoint is
possible by applying the methodology of nanoscale
molecular interaction force analysis described in this
report.

PON{TMAEMA) --§

Po{BMAT_
Paly(SPAA)
| _.povimecy
00 10 20 30 40 SO 690 00 10 20 30 40 50 &0
taterzcion foree (N} interaction force {nK)
Fig. 5. Relationship between adsorbed amount of
proteins and interaction forces with functional groups.

4. CONCLUSIONS

The methodology to understand protein adsorption
from the perspective of interaction force was established
by combining the well-defined polymer brush surfaces
and AFM technique. Strong molecular interaction forces
operated on the surfaces on which large amount of
proteins adsorbed, and such interaction forces were not
observed on the surface, which suppressed protein
adsorption dramatically. We concluded that nanoscale
molecular  interaction force measurements on
well-defined surfaces are a useful technique for
understanding protein adsorption.
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Background: This study aimed to evaluate the stress distribution in a mandibular bone with an implant-
supported overdenture by a biological-data-based finite element analysis (FEA) utilizing personal CT
images and in vivo loading data, and to evaluate the influence of the number and alignment of implants
and bone conditions on the stress in peri-implant bone.

Keywords: Methods: FEA models of a mandible were constructed for two types of overdentures: 4 implants
Implant supported overdenture (4-OD) and 2 implants supported overdenture (2-OD). The geometry of these
Finite element method models was constructed from CT images of a subject, who wore an implant-supported overdenture. The
gt‘;zg‘:e“mre magnitude and direction of the loads on the implants for two types of overdentures during the maximal

voluntary clenching were measured with 3D force transducers. FEA using these loads was carried out to
observe stress distributions in peri-implant bone.
Results: Higher stress was observed in cortical bone around the implant neck. Stress in peri-implant
bone for 4-0D was reduced in comparison with those for the 2-OD. For the 4-0D, notwithstanding such
reduction of the stress, the stress concentrated at the cortical bone around the implant aligned with large
deviation from load direction.
Conclusions: In this study, biological data from a certain subject was successfully duplicated to the FEA
models. The results demonstrate the mechanical prominence of using more implants. Even in 4 implants
model, high stress was found around an implant with a large inclination and with thin cortical bone. This
suffices to demonstrate the capability and usefulness of the biological-data-based FEA.

© 2014 Published by Elsevier Ltd.

Biological data

1. Introduction In human study, the duration of load was found to significantly

affect bone loss and implant failure [7]. In animal study, excessive

An implant-supported overdenture (OD) is applied increasingly
in recent years, supported by excellent clinical outcomes [1-3]. It
offers significant improvements for subjects who are lacking
stability and retention of their denture. In long-term results of
implant-supported overdentures, despite achieving satisfactory
survival rate, the prosthetic complications such as screw loosening
and fracturing of the prosthetic component were often observed
and significantly affected by biomechanical conditions [4]. Addi-
tionally, possible association between biomechanical conditions
and peri-implant bone loss was reported [5]. Mechanical stress in
peri~-implant bone, induced by occlusal loads transmitted to these
implants, is known to affect bone homeostasis [6].

* Corresponding author. Tel.: +81 22 717 8369; fax: +81 22 717 8371.
E-mail address: shigemitsu@dent.tohoku.ac,jp (R. Shigemitsu).

http://dx.doi.org/10.1016/j.compbiomed.2014.08.018
0010-4825/© 2014 Published by Elsevier Ltd.

and dynamic loads induced marginal bone loss [8,9]. Thus, it is
important to investigate this mechanical stress, which plays a
prominent role in long-term prognosis of implant treatment and
mechanobiological reaction of the tissue. In particular, the effect of
mechanical stress might be more detrimental in unfavorable
patient’s conditions, such as low bone quality, limited bone
quantity, adverse functional habits, and compromised medical
health [10]. Finite element analysis (FEA) has come to be utilized
to investigate stress on the implant components and peri-implant
bone. As confirmed by several FEA study, mechanical stress in
peri-implant bone is strongly affected by implant number, dia-
meter, length, thread profile, material properties of implant
components, quality and quantity of surrounding bone [11-15].
It is also well known that the performance of FEA is dependent on
various factors of the model, such as geometry, load conditions,
material properties, and boundary conditions [16]. Recent devel-
opment of digital imaging techniques made it possible to obtain
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subject-specific biological data of bone geometry and property for
FEA modeling [17-19].

In previous studies, we developed a methodology to measure
3-D forces exerted on implants in vivo [20-22]. We also conducted
a pilot study to construct a biological-data-based FEA model of a
mandible with implants, utilizing CT images and in vivo load data
of a subject with an implant-supported overdenture, in whom 3-D
force on each implants had been measured. The measured load on
the implant was unpredictable and the bone morphology and
quality are peculiar to individual patients. Therefore, patient’s
specific “biological-data-based FEA” could be worthy to improve
understanding of biomechanical conditions relating to the impl-
ant treatment. The purpose of this study was to investigate the
mechanical stress distribution in a mandibular bone of the subject
with an implant-supported overdenture by a biological-data-
based FEA and to evaluate the influence of the number of implants
on the stress in peri-implant bone.

2. Materials and methods

The present FEA was based on biological data collected from a 62-
year-old female subject, who wore an overdenture (OD) supported
by four dental implants 3.75 mm in diameter, 13 mm in length

.

Imp1 Imp4
§'mp2 Imp3 §
il .

_ 4 Bar attachment

«30 piezoelectric
force transducer

4mm Implant fixture

(MKIIT RP, Nobel Biocare, Kloten, Switzerland). The implants were
installed between the mental foramens of mandible (Fig. 1a and b),
which were labeled with 1 to 4, with Imp1 being the right distal
implant and Imp4 the left distal one. The subject had no systemic
disease and no abnormalities and disorders in her stomatognathic
system. CT images of the subject, taken before the implants installa-
tion, were used to constructing FEA models geometry. Bane quality
and bone quantity were classified in B-3 type described by Lekholm
and Zarb [23]. It was characteristic of the subject that the left distal
implant was supported by thin cortical bone. All of four implants
were installed nearly vertical to her occlusal plane, according to the
common guideline of implant insertion.

The magnitude and direction of forces exerted on implants during
maximal voluntary clenching (MVC) were recorded with 3-D load-
measuring devices, consisting of piezoelectric force transducers
(Type 718400, Kistler Instrument, Winterthur, Switzerland) (Fig. 1c).
The lower part of this device was connected to the abutment with
a titanium screw, and its upper part was connected with a bar
attachment (Fig. 1d). These transducers can record triaxial forces
simultaneously and independently with high linearity, low hysteresis
and good temperature stability for each measuring axis as described
in detail in the literature [24]. Measured loads were analyzed
according to the three dimensional coordinates defined as vertical
(z), antero-posterior (y) and mediolateral (x) axes based on the

Fig. 1. In vivo three-dimensional force measurement, ((a) and (b)) Intra oral view of the subject, (c) the implant overdenture had 3 clip attachments, (d) load-measuring
device in the mouth, (e) schematic view of the measuring unit, (f) 4 implants supported overdenture (4-OD), (g) 2 implants supported overdenture (2-OD).
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Constrained

Plane

Fig. 2. Finite element models and measured load vectors in two test conditions. ((a) and (b)) 2 implants supported overdenture (2-0D), ((¢) and (d)) 4 implants supported
overdenture (4-OD). The arrows indicate load vector exerted on each implant in coronal plane. The model consists of cortical bone, cancellous bone, implants and bar
attachments. The loads were applied on the upper plane of individual implants where the load measuring devices were mounted. The interface between implants and the
surrounding bone were completely fixed and the part of mandibular ramus was completely constrained.

mandibular plane and sagittal plane. Measurements were con-
ducted for two types of overdentures: 4 implants supported over-
denture (4-OD) and 2 implants (Jocating medially) supported
overdenture (2-OD) (Fig. 1e and f). The overdenture had 3 clip
attachments that were connected with bar splinting 4 implants
during function for 4-OD, only a clip at the center was connected
with a bar splinting 2 implants for 2-0OD (Fig. 1g). In 2-OD case, the
distal implants (Imp1 and Imp4) were not contacted to the inner
surface of denture during function. Clenching task was repeated five
times for each condition. To avoid the influence of fatigue, duration
of each clenching was 2 s with the interval of 2 min. Check bites
were taken with silicone impression material (FLEXICON, GC
Corporation, Tokyo, Japan) to make sure that the occlusal contact
pattern was identical in both cases of 4-OD and 2-0OD.

This study was approved by the research ethics committee of
Tohoku University Graduate School of Dentistry.

4-0D and 2-OD FEA models were constructed with an ensem-
ble of computer-aided-engineering software (Fig. 2).

(1) The CT data was converted to the JPEG images for shape
extraction. Model geometry of the mandible was cons-
tructed from the images of the subject with dedicated soft-
ware (Mechanical Finder, Research Center Of Computational
Mechanics Inc, Tokyo, Japan). The region of mandible compris-
ing cortical bone layer around a cancellous bone core was
obtained by setting a threshold for the image data.

(2) The geometry of the implants (3.75 mm in diameter/13 mm in
length) and the bar attachment were constructed with CAD
software (Solidworks, Solidworks Corp, Concord, MA, USA).

(3) The position and angulation of each implant were determined
with reference to X-ray cephalometric images of the subject
(Fig. 3 and Table 1) and each implant was implemented into
the model with FEA software (Patran, MSC Software, Santa
Ana, CA, USA).

The interface between the implants and the surrounding bone
was completely fixed to simulate the state of osseointegration. The
part of mandibular ramus was completely constrained by enfor-
cing zero-displacement conditions for all nodes (Fig. 2). All
materials were assumed to be linear elastic isotropic behavior
and material volumes were considered as homogeneous (Table 2)
[25,26]. The model consisted of 126,134 ten-node tetrahedral
elements and 196,198 nodes for 4-OD model and 135,420 elements
and 180,830 nodes for 2-OD model.

The loads were applied on the upper plane of individual implants
where the load measuring devices were mounted. Magnitude and
direction of loads applied on the individual implants were the mean
values of the loads on the respective implants, measured in the
subject during her maximal voluntary clenching (MVC) (the arrows
in Fig. 2b and d and Table 3).

The linear static stress analysis of those two models was con-
ducted by FEA solver program, MSC Marc (MSC Software, LA, CA,
USA) with TX7/i9610 supercomputer (Cyberscience Center, Tohoku

University, Japan). The von Mises stress, the minimum principal
stress, and the maximum principal stress were used to observe stress
distribution. In the present study, we introduced the stresses contour
maps for qualitative evaluation of the stress distributions compara-
tively between 2-OD and 4-OD. On the other hand, we introduced
the two scalar-valued evaluation factors, og and Vi for quantitative
evaluation of the stress values defined as follows [21]:

or: Average von Mises stress in 5 mm?> stress concentration
area around peri-implant bone (MPa). Before identifying the oy,
von Mises stress of each element around each implant was
calculated, and the elements were realigned in higher stress
sequence up to 50 mm® in sum of the element volume for the
implant. Then og was calculated as the average of the stress in
these elements.

Vg: Volume of von Mises stress concentration area (mm?)
(criteria: more than 3 MPa for the von Mises stress).

These two scalar-valued evaluation factors were computed for
the von Mises stress in a columnar-shaped domain of the bone
surrounding each implant.

3. Results

Distributions of von Mises stress, the minimum and maximum
principal stresses in cortical bone for both models (2-OD and
4-0D) are shown in Fig. 4. Distributions of von Mises stress, the
minimum and maximum principal stresses are also displayed in
two cross-sectional planes: the first plane included the center
points of the upper plane of Imp2 and Imp3 and perpendicular to
X-Y plane, i.e. mandibular plane, and the second plane included
the center points of the upper plane of Imp1 and Imp4 as shown in
Figs. 5-7. Associated scalar-valued evaluation factors, oz and Vj are
shown in Table 4. Here 3 MPa was used to define Vi because the
value of oy for the implants in 4-0OD, showing smallest or was
approximately equal to 3 MPa. For this reason, we defined the area
where von Mises stress exceeds 3 MPa as stress concentration area
namely Vi for this analysis.

3.1. 2 Implants supported model (2-OD model)

In cortical bone, higher von Mises stress was observed around
the neck of each implant (Fig. 4a and Fig. 5a). The minimum and
maximum principal stress were higher in the distal and mesial
side of each implant, respectively (Fig. 4a). In cancellous bone,
relatively lower stresses were observed at implant thread parts
(Fig. 4a, Fig. 6a and Fig. 7a)

The stress concentration factor o was 4.90 MPa and the
volume of stress concentration Vg was 78.0 mm? in Imp2, and
6.01 MPa and 64.0 mm? in Imp3, respectively (Table 4).



