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Due to oxidation and adsorption of chloride and hydroxyl anions, the surface of titanium (Ti) implants is negatively
charged. A possible mechanism of the attractive interaction between the negatively charged Ti surface and the negatively
charged osteoblasts is described theoretically. It is shown that adhesion of positively charged proteins with internal
charge distribution may give rise to attractive interaction between the Ti surface and the osteoblast membrane. A dynamic
model of the osteoblast attachment is presented in order to study the impact of geometrically structured Ti surfaces on
the osteoblasts attachment. It is indicated that membrane-bound protein complexes (PCs) may increase the membrane
protrusion growth between the osteoblast and the grooves on titanium (Ti) surface and thereby facilitate the adhesion of
osteoblasts to the Ti surface. On the other hand, strong local adhesion due to electrostatic forces may locally trap the
osteoblast membrane and hinder the further spreading of osteointegration boundary. We suggest that the synergy between
these two processes is responsible for successful osteointegration along the titanium surface implant.

Keywords: osteoblast; cell attachment; membrane electrostatics; microstructures; protein-mediated interactions; titanium
implants

1. Introduction

Interactions between the implant surface and the surround-

ing bone tissue are essential for the successful integration of

a bone implant. Due to its good biocompatibility, titanium

(Ti) and its alloys (Cai et al. 2006) are being widely used in a

variety of orthopaedic and dental implantations.

The oxide layer, naturally formed on it, is thought to be

mainly responsible for its good biocompatible behaviour

(Roessler et al. 2002). This oxidation and the dissolution of

metal cations (Butt et al. 2003) partially yield to a negative

surface potential, i.e. negative surface charge density of Ti

implants. In addition, the negative surface potential is a

consequence of a preferential adsorption of chloride and

hydroxyl anions incorporated in the structure of the TiO2

layer (Roessler et al. 2002; Monsees et al. 2005). We should

note that a contribution to the negative surface potential

would have as well an applied voltage to the electro-

stimulative implants (Butt et al. 2003). The negatively

charged surface of the Ti implant attracts cations and repels

anions, and consequently an electric double layer is formed

(Gouy 1910; Chapman 1913; Roessler et al. 2002; Cai et al.

2006). Therefore, the surface potential strongly depends on

the surrounding ionic strength (Roessler et al. 2002).

The adhesion of osteoblasts to the Ti surface is a

prerequisite for the successful osteointegration of the

implant (Monsees et al. 2005). It was suggested that the

contact between the cell membrane of osteoblasts and the

Ti oxide surface is established in two steps (Walboomers

and Jansen 2001; Monsees et al. 2005). Firstly, the

osteoblast’s cell membrane makes a non-specific contact

due to electrostatics, followed by a second step, where the

specific binding takes place. Many studies in the past have

shown that the negative surface potential of Ti implants

promotes osteoblast adhesion and consequently the new

bone formation (Teng et al. 2000; Oghaki et al. 2001;

Smeets et al. 2009). Since osteoblasts are negatively

charged (Smeets et al. 2009), they would be electro-

statically repelled by the negatively charged Ti surface if

some other attractive forces would not be present in the

system. Therefore, recently a mechanism of osteoblast

binding to the implant surface was proposed assuming

that positively charged proteins, attached to the nega-

tively charged implant surface, serve as a substrate for the

subsequent attachment of the osteoblasts (Smith et al.

2004; Smeets et al. 2009). The aim of this work is to

clarify the physical mechanism underlying the

charged protein-mediated attractive interaction between

the negatively charged osteoblast membrane and the

negatively charged Ti implant surface. Furthermore, to

determine whether the contributions of membrane-bound

ISSN 1025-5842 print/ISSN 1476-8259 online

q 2011 Taylor & Francis

DOI: 10.1080/10255842.2010.534986

http://www.informaworld.com

*Corresponding author. Email: ales.iglic@fe.uni-lj.si

Computer Methods in Biomechanics and Biomedical Engineering

Vol. 14, No. 5, May 2011, 469–482

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
I
n
g
e
n
t
a
 
C
o
n
t
e
n
t
 
D
i
s
t
r
i
b
u
t
i
o
n
 
-
 
R
o
u
t
l
e
d
g
e
]
 
A
t
:
 
1
2
:
4
0
 
1
8
 
M
a
y
 
2
0
1
1



protein complexes (PCs) to the membrane’s free energy

could explain the puzzling experimental data demon-

strating no osteointegration between the narrow grooves

and considerable osteointegration between the wide

grooves of Ti surface implants (Puckett et al. 2008;

Lange et al. 2009; Lamers et al. 2010; Matschegewski et al.

2010) (Figure 1).

2. Monte Carlo simulation of distribution and

orientation of proteins (macro-ions) near charged Ti
surface

In accordance with previous suggestions (Smith et al.

2004; Smeets et al. 2009), we assume that the initial

attractive interaction between the negatively charged Ti

surface and the negatively charged osteoblast membrane

surface is mediated by the adhesion of positive macro-ions

(proteins) with internal charge distribution. This adhesion

originates in Coulomb interaction between the negatively

charged surface and positively charge proteins. In our

theoretical model, the single spheroidal protein is

composed of two positive charges (each of the valency

Zs), separated by a distance D equal to the length of the

protein along its axis (see Figures 2 and 3).

In order to predict the orientation of such proteins near

a charged implant surface, we performed the Monte Carlo

(MC) simulations of the distribution and the orientation

Figure 1. Rectangular profiles coated with 50-nm titanium.
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Figure 2. Volume charge density of divalent macro-ions (r) dependent on the distance from the charged surface for different values of
the area charge density on the planar surface st and two different valencies Zs ¼ 1 and 2. The values of the average order parameter S
computed for the slice of x ¼ ð0; 1:25Þ nm in the closest vicinity of the charged surface are added under each graph, where S is
schematically described below. The average orientational angle of the macro-ions is also shown schematically.
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of charged spherical proteins in the close vicinity of the

charged planar surface with the surface charge density st.

The simulation system consisted of a box with a volume

Y 2L, where Y 2 is the area of both planar surfaces that

confine the system and L ¼ 10 nm is the distance between

these two surfaces. We assume that electric field changes

just along x-axis, which is perpendicular to the charged

surfaces, i.e. along the length L. Within the box, 200

spherical proteins with internal charge distribution are

included (Figure 2) having a diameter D ¼ 2 nm.

The hard-core interactions between the proteins and the

charged surfaces of implant are taken into account by

means of the distance of the closest approach (Urbanija

et al. 2008; Perutkova, Frank et al. 2010). For the sake of

simplicity, the hard core interactions between the proteins

are neglected. The distance between the charged planar

surfaces (L) is chosen to be long enough not to effect

the protein distribution close to the charged surface.

The system is canonical and the condition of electro-

neutrality is kept in our MC simulation. The periodic

boundary conditions are used in the same way as in the

work of Moreira and Netz (2002). In each step of MC

simulation, one protein was chosen randomly and was

randomly linearly shifted or rotated. The probability of the

selection of the type of the move (rotation or translation) is

equal (Frenkel and Smith 2002). The run time was around

2 £ 107 steps for the whole system of particles and the MC

evaluation starts after the thermodynamic equilibrium of

the system is reached.

The MC simulations provided the volume charge

density profile (r) of the protein charges in the vicinity

of the Ti surface and the average order parameter

S ¼ kð3 cos2 q2 1Þ=2l within 1.25-nm wide slice, where

q is the angle between the protein axis and the horizontal

x-axis. The two point charges (with valency Zs) within a

single protein are supposed to be indistinguishable; thus,

the angles q and ðqþ pÞ are treated equally, see Figure 2.

S ¼ 0 means that proteins are not oriented at all, while

S ¼ 1 indicates that proteins are fully oriented along

the x-axis perpendicular to the charged surface.

The simulations were performed for different values of

surface charge density of Ti surface (st) and for different

valencies of the single ion within the spherical protein with

internal charge distribution (Zs). The calculated volume

charge density r (Figure 2) shows that for smaller values of

st, there appears only one small distribution peak which

indicates that the proteins are concentrated close to the

surface without any orientation and also the concentration

is low. On the other hand, for higher values of st, there are

two peaks indicating stronger orientation of the macro-

ions and their high concentration near the wall. Moreover,

for high enough values of st and Zs, the concentration of

the ions away from the Ti surface is zero. It can be seen

that proteins are more oriented for higher values of the

surface charge density of the charged surface and for the

higher values of the valency Zs. Based on the results

presented in Figure 2, it can be concluded that for higher

surface charge densities of Ti surface, the adhered proteins

with internal charge distribution would be nearly

completely oriented as schematically shown in Figure 3.

3. On the origin of attractive interaction between

osteoblast and Ti surface

In the model, the solution of the electrolyte (NaCl) and

charged proteins occupy the space between two planar

charged surfaces (Ti implant surface and osteoblast

surface) with effective surface charge densities seff and

sost, respectively.

Based on the results presented in the previous section

(Figure 2), we assume that the adhered proteins with

internal charge distribution are fully oriented (Figure 3).

In accordance, the positive charge of the tips of bound

proteins is represented by a charged surface (with the

surface charge density sp) at a distance D from the Ti

surface (Figure 3). Due to the second charge of the bound

proteins, the surface charge density of the Ti surface is

reduced to the value ðseff 2 spÞ.

The lipid bilayer of the osteoblasts’ membrane is

covered by a thick layer of charged glycoproteins with

more or less homogeneous volume distribution of

its negative electric charge as schematically shown in

Figure 3. In our model, we assume that spheroidal charged

proteins with internal charged distribution are embedded

also in glycoprotein layer. However, since these proteins

are surrounded by homogeneously distributed negative

charge of glycoproteins and since the charge of lipid head

Figure 3. Schematic figure of a charged titanium implant
surface and a charged osteoblast’s surface, interacting in an
electrolyte solution. The effective surface charge density of the
implant surface is seff , while the effective surface charge density
of the osteoblast surface is sost. Due to the bound positively
charged macroions with internal charge distribution, the surface
charge distribution of the Ti surface is described by two surface
charge densities seff þ sp and sp.
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groups in the outer lipid layer is negligible (see Iglič et al.

1997 and references therein), these proteins are not

preferentially oriented. For the sake of simplicity in this

work, the total charge distribution of negatively charged

glycoprotein layer together with positively charged

embedded proteins is described by effective surface

charge density sost (Figure 3).

In order to determine the electric potential in the

system, we solve Poisson–Boltzmann Equation (see, for

example, Cevc 1990; Safran 1994; Israelachvili 1997):

d2CðxÞ

dx2
¼ k2 sinhðCðxÞÞ; ð1Þ

where we introduce the reduced electrostatic poten-

tial C ¼ e0f=kT and Debye length lD ¼ k21 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ee0kT=2n0e

2
0

p
. Here fðxÞ is the electrostatic potential,

e0 is the elementary charge, kT is the thermal energy, e is the

permittivity of water, e0 is the permittivity the free space

and n0 is the bulk number density of positively and

negatively charged ions in electrolyte solution. The axis x is

perpendicular to the implant surface and points in the

direction of bulk solution. We assume the electroneutrality

of the whole system and that the electrostatic field varies

only in the normal direction between the two charged

surfaces (i.e. in x-direction). The bulk solution (outside the

space between both charged surfaces) provides a suitable

reference for the electric potential (i.e. C ¼ 0).

The condition of electroneutrality of the system is in

agreement with the boundary conditions:

dC

dx
ðx ¼ 0Þ ¼ 2ðseff þ spÞ e0=ee0kT ; ð2Þ

Cðx ¼ D2Þ ¼ Cðx ¼ DþÞ; ð3Þ

dC

dx
ðx ¼ D2Þ ¼

dC

dx
ðx ¼ DþÞ þ sp e0=ee0kT ; ð4Þ

dC

dx
ðx ¼ hÞ ¼ sost e0=ee0kT : ð5Þ

The free energy of the system per unit area surface A is

characterised by the energy stored in the electrostatic field

(first term) and entropic contribution of salt ions

(second term) (see, for example, Bohinc et al. 2008):

F=A ¼

ðh
0

1

2
ee0

dC

dx

kT

e0

� �2
 

þ kT
X
i¼þ;2

nj ln
nj

n0

� �
2 ðnj 2 n0Þ

� �!
dx;

ð6Þ

where nj are the number densities of anions ði ¼ 2Þ and

cations ði ¼ þÞ in the salt solution.

Figure 4 shows the dependency of the free energy of

the system (F) on the distance h for different values of the

surface charge density sp attributed to the bound divalent

proteins. Inset in Figure 4 shows the case of sp ¼ 0, where

the attached positively charged proteins are not present in

the system; therefore, the free energy F strongly increases

with decreasing distance h corresponding to strong

repulsive force between like-charged Ti and osteoblast

surfaces. Since sp ¼ 0, there are no attached proteins on Ti

surface, there is also no steric restriction for osteoblast

surface which is, therefore, free to approach to Ti surface

at a distance h ¼ 0. On the other hand, for sp . 0, the

proteins bound to Ti surface prevent the closest

approach of osteoblasts to Ti surface so that h $ D (see

also Figure 3). It can be seen in Figure 4 that, for sp . 0,

the free energy decreases with decreasing h until the

absolute minimum of F close to h ø D is reached. It can

be, therefore, concluded that at large enough D and sp, the

attached positively charged proteins with internal charge

distribution can turn the repulsive force between the

negatively charged Ti and the osteoblast surfaces into

attractive force.

The results presented in Figure 4 reflect the fact that

two adjacent negatively charged surfaces (Ti surface and

osteoblast surface) without bound positively charged

proteins repel each other, while for high enough

concentration of bound positively charged proteins with

internal charge distribution, the force between two

negatively charged surfaces becomes strongly attractive

leading to the equilibrium distance at h ø D (Figure 5).
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The origin of attractive interactions between the two

negatively charged surfaces is the electrostatic attraction

between the positively charged domain on the tip of the Ti

surface-bound protein and the negatively charged opposite

membrane of osteoblast (Figure 5).

4. The influence of Ti surface topography on

osteointegration

The osteointegration on Ti implants depends on the Ti

topographical characteristics. The present biomechanical

study assumes that membrane-bound PCs with a negative

intrinsic curvature reduce the effective membrane surface

tension allowing membrane growth in Ti surface grooves

(Figure 7). The binding of osteoblasts to the Ti surface

reduces the free energy of the system. On the other hand,

the strong interactions at contact regions trap the

membrane, thereby increasing the local lateral membrane

tension resulting in increase in free energy of the cell

membrane. In this study, we show that the cost of bending

energy to protrude many narrow grooves is higher than the

cost to protrude a single wide groove of the same total

length. We suggest that the balance between the cost of

bending energy and the gain in adhesion energy may

explain experimental results in which osteoblasts fail to

grow in narrow grooves, while growth is increased in

wider grooves (Puckett et al. 2008; Lange et al. 2009;

Lamers et al. 2010; Matschegewski et al. 2010).

The present model suggests that the facilitated growth

in wide grooves along the Ti surface is due to PCs with

negative curvature inducing domain (Iglič et al. 2006;

Zimmerberg and Kozlov 2006; Iglič, Lokar et al. 2007).

Recent experimental studies have implicated Bin/Amphi-

physin/Rvs (BAR) and IRSp53-missing in metastasis

(IMD) protein domains as responsible for sensing and

inducing concave and convex curvatures, respectively

(Peter et al. 2004; Mattila et al. 2007). The BAR and IMD

protein domain structures have a crescent-shaped dimer

which binds preferentially to curved membranes

(Shlomovitz and Gov 2008), and these domains have

also been shown to tubulate membranes (Zimmerberg and

Kozlov 2006; Iglič, Slivnik et al. 2007; Shlomovitz and

Gov 2008; Perutkova, Kralj-Iglič et al. 2010). In some of

the previous theoretical studies, it was shown how such

crescent-shaped proteins may induce the spontaneous

initiation of tubular membrane protrusions (Iglič et al.

2006; Zimmerberg and Kozlov 2006; Veksler and Gov

2007; Sorre et al. 2009; Perutkova, Kralj-Iglič et al. 2010).

In recent studies, it has been shown that adhesion

molecules such as integrin connect the cell membrane to

the external substrate and due to their negative binding

energy, they reduce the membrane surface tension

(Engler et al. 2004; Discher et al. 2005). This binding to

the external substrate sends a transmembrane signal, since

the adhesion molecules are also linked to the actomyosin

cytoskeleton (Discher et al. 2005). Whereas other studies

demonstrated that cells grow focal adhesions from their

corner regions of convex curvature (defined as the

outwards normal vector) (Brock et al. 2003). Therefore,

we hypothesise that PCs (e.g. adhesion molecules) at the

contact regions between the osteoblast membrane and the

Ti surface have a negative intrinsic spontaneous curvature

(e.g. IRSp53), and due to the mismatch with the membrane

curvature, they initiate protrusive forces leading to

osteointegration along Ti implants.

4.1 The model

The basic equations of motion of the membrane contour

and the time dependence of non-stable lateral density of

membrane PCs are derived first. We then perform a linear

stability analysis for the nearly flat membrane shape.

The shapes explored in this model describe a segment

of the cell outer contour, where the membrane is initially

flat (Figure 6). This geometry can also be used for a flat 2D

membrane, under the constraint of translational symmetry.

Here, we need to pin the membrane using an external force

to prevent its drifting motion. This external force mimics

the effects of the restoring forces due to the adhesion of the

rest of the cell to the Ti surface. In addition, we assume

that the membrane curvature in a perpendicular direction

along the contour is roughly constant (Figure 6(A)), and

thus, it enters our calculation as a modified membrane

tension. More specifically, if the osteoblast cell is on the

top of the Ti surface, we only take into account a segment

of the contour in contact with the Ti surface (Figure 7(A)).

Regarding the PCs in our model, we assume that their

overall number on the membrane is conserved, and that

they are allowed to move along the osteoblast membrane.

Figure 5. Schematic figure of orientation of the positively
charged proteins (with internal charge distribution) bound to Ti
surface at an equilibrium distance between the charged implant
surface and the charged osteoblast’s surface.
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4.2 Equations of motion

Our model investigates the coupling between the adhesion

of osteoblast cells and the membrane curvature. We give

below the free energy expression used in the model, from

which we derive the equations of motion of the membrane

contour and density distribution.

The continuum free energy in our model is

(Veksler and Gov 2007):

F ¼

ð
1

2
kðH 2 �HnÞ2 þ ðs2 anÞ

�
þ gh2 þ kBTnsnðlnðnÞ2 1Þ

�
ds;

ð7Þ

where the first term gives the bending energy (Helfrich

1973) due to the mismatch between the membrane

curvature and the spontaneous curvature of the PC.

The second term describes the negative contribution of

PCs (e.g. adhesion molecules) to the membrane surface

tension. The third term gives the energy due to force of the

cytoskeleton inside osteoblasts. The fourth term gives the

entropic contribution due to the lateral thermal motion of

the PC in the membrane in the limit of small n (Iglič et al.

2006). Here k is the membrane bending constant (Helfrich

1973), H is the local mean membrane curvature, �H is the

intrinsic curvature of the PC, n is the area fraction of PCs,

nS is the saturation density of PCs on the membrane, s is

the membrane surface tension, a is a proportionality

constant describing the effective interaction between the

PCs and the external substrate, h ¼ hðxÞ describes the

magnitudes of small deformations from the flat membrane,

g is a restoring spring constant and ds ¼ d�dl is an

element of membrane area, where d is the dimension of

membrane perpendicular to the contour and dl is a line

element along the contour. The local mean curvature is

equal to H ¼ ð›2y=›s2Þð›x=›sÞ2 ð›2x=›s2Þð›y=›sÞ. The

discretisation, ds, equals
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðð›x=›sÞ2 þ ð›y=›sÞ2Þ

p
.

Equation (7) is one-dimensional version of the more

general expressions derived in Cai and Lubensky (1994)

and Tu and Ou-Yang (2003). These expressions recover

Figure 6. The dispersion relation describing the dynamical instability of membrane protrusion growth. (A) Schematic model of the flat
membrane shape. The membrane shape is modelled as a 1D contour in the (x,y) coordinate system (with a constant strip width), which
describes a contour of membrane segment from an elliptical osteoblast in the XY projection. The crescent-shaped curves are illustrations
of the PCs with negative curvature, which is the curvature at the tip of protrusions. The PCs are adhesion molecules with negative intrinsic
curvature, �H ¼ 210mm21. Denote that hðxÞ describes the small deformations from the flat-shaped membrane. (B) The wavelength wðqÞ is
a function of different wavevectors q. Each wavevector equals 2p=l. Note that the positive values of wðqÞ describe non-stable regions
while the negative values of wðqÞ describe stable regions. (C) Membrane dynamics driven by small and random perturbations in the
density of adhesion molecules. Initially, the membrane shape is flat (dotted line). At intermediate time (150 s), the membrane dynamics
shows a rapid growth of four waves (dashed line), which matches the fastest wave vector of 2.5mm21 according to the dispersion relation
in (B). At steady state (300 s), the four membrane protrusions are coalesced into a single protrusion (solid line). (D) The distribution of
adhesion molecules (n) is according to the membrane shape dynamics. Initially, a small (,1%) and random noise in the density of
molecules is added to the initial uniform distribution of molecules (dotted line). The four-peak distributions at intermediate time
(dashed line) are then coalesced into a single peak distribution at steady state time (solid line).
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the familiar form for small undulations of a flat membrane

in the Monge approximation.

We next derive the equations of motions of the

membrane contour using the variation of the free energy

(Equation (7)) with respect to the membrane coordinate

(Kabaso et al. 2010; Mark et al. 2010) and PC

concentration (Kabaso et al. 2010). To take into account

the drag due to viscous forces, we assume only local

friction forces for simplicity (Veksler and Gov 2007;

Kabaso et al. 2010), with coefficient j.

Before we give the equations of membrane motion, we

should note that we assume that the membrane is nearly

flat describing the length of a segment of the entire

osteoblast cell. For the flat geometry, the equation of

motion of the membrane is given by

j
›~r

›t
�~n ¼ 2

dFðs; tÞ

dh
; ð8Þ

where ~r is the ðx; yÞ coordinates, s is the contour length,

t is time and ~n is the normal direction. Note that the

force dFðs; tÞ=dh equals the membrane shape velocity

times friction coefficient, but opposite in direction.

Since the relative change in the y direction (i.e. vertical)

is greater than the change along the x-direction (i.e.

horizontal), we only consider the changes along the

y-direction. This simplification is, in fact, a variation of

the Monge implementation, where the forces are applied

along the vertical direction. In our case, it is satisfactory,

Figure 7. Schematic model of osteointegration growth along grooves of Ti surface. (A) Triangular profiles of Si wafer coated with a thin layer
of Ti. The rills have an angle of 70 grd and a period of 8mm. (B) Electron microscope image demonstrates how MG-63 osteoblast cells are
growing along the triangular grooves. (C) The geometry of the Ti surface in our model. Due to translational symmetry, we model the osteoblast
dynamics along the contour line of a longitudinal plane crossing the Ti surface ridges (bold line). Numerical simulations test the effects of
varying the Ti surface RW, RH and GW. (D) The initial flattening of osteoblast membrane on top of a Ti surface ridge. The initial flat membrane
shape (dotted line) is positioned 10-nm distance above the ridge surface line. Due to the instability between the density of adhesion molecules
and the membrane shape, the small membrane protrusions grow crossing a threshold distance of 5 nm above the Ti surface (dashed line). Due to
the strong electrostatic interactions, we assume that below this threshold distance, the membrane is then trapped and flattened to the end of the
simulation (solid line), while the membrane away from the ridge is free to protrude between the grooves of Ti surface. (E) No osteointegration is
expected in narrow grooves of Ti surface. Since the density of ridges is high, large numbers of adhesion molecules (bold crescents) are trapped
and the growth in grooves is not facilitated. (F) Successful osteointegration is expected in wide grooves, since the numbers of adhesion
molecules (bold crescents) are sufficient to allow growth in grooves.
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since we limit the change along the y-direction not to

exceed a maximum ridge height (RH) (,0.2mm). Due

to these reasons, the results will remain qualitatively

the same neglecting the nonlinear term ð1=2ÞH 3 in

Equation (9).

In the free energy, we use a non-zero spring term to

prevent drift due to the activity of adhesion. The variation

of the free energy is projected to give the forces normal to

the membrane contour (Kabaso et al. 2010; Mark et al.

2010). We now list the forces derived from the variation of

the free energy (Equation (7)) (Kabaso et al. 2010; Mark

et al. 2010):

Fcurvature ¼k 272Hþ �H72nþ
1

2
n2 �H2H2

1

2
H 3

� �
; ð9Þ

Ftension ¼ ðs2 anÞH; ð10Þ

Fspring ¼ 22gy; ð11Þ

Fentropy ¼ kTnsðn ln n2 1ÞH; ð12Þ

where Fcurvature is the force due to the curvature energy

mismatch between the membrane curvature and the

spontaneous curvature of the PCs, Ftension is the membrane

tension force, Fspring is the spring restoring force and

Fentropy arises from the entropy of the PCs in the

membrane, which acts to expand the length of the contour.

In order to control the growth of the cell contour length, we

made use of a nonlinear form for the effective membrane

tension:

s ¼ s0 exp½bðLt 2 LinitÞ�; ð13Þ

where Lt is the contour length, Linit is the initial contour

length and b is the factor that determines the length scale

at which the nonlinear growth in the tension sets in.

Finally, the strong electrostatic interactions trap the

membrane and prevent their further evolution throughout

the simulation. This trapping occurs below a threshold

distance of 5 nm.

We now calculate the dynamics of the PC density

using the following conservation equation:

›n

›t
¼ 27�~J ¼

L

ns

7 n7
dF

dn

� �
2

n

dl

›dl

›t
; ð14Þ

where L is the mobility of filaments and ~J is the total

current of PC on the membrane, which includes the

following terms:

Jattraction ¼
kL �H

ns

n7H; ð15Þ

Jdispersion ¼ 2
kL �H2

ns

n7n; ð16Þ

Jdiffusion ¼ 2D7n; ð17Þ

where Jattraction is the attraction flux resulting from the

interaction between the PCs through the membrane

curvature, Jdispersion is the dispersion flux due to the

membrane resistance to PC aggregation due to their

membrane bending effects and Jdiffusion is the usual thermal

diffusion flux, which depends on the diffusion coefficient,

D ¼ LkT . The last term in Equation (14) arises from the

covariant derivative of the density with time on a contour

whose length evolves with time. In this term dl is simply

the line element. This term ensures that the total number of

PC is conserved as the contour length changes.

4.3 Linear stability analysis

We next performed a linear stability analysis of the flat

membrane model, as was previously done in Veksler and

Gov (2007). The contour is allowed to evolve only along

one direction, and we label the amplitude of the membrane

fluctuation as hðxÞ, where x is the coordinate along the

initial contour length. The curvature is linearised to be

H . 72h, and the length element of the contour dl is given

by dl ¼ 1 þ ð7hÞ2=2. Using this linearisation and linearis-

ing the equations of motion (Equations (8) and (14)), we

then apply Fourier transform to get a 2 £ 2 matrix whose

eigenvalues give the dynamic evolution of small

fluctuations from the equilibrium flat state. Both

eigenvalues are real, and one of them is always negative

and therefore represents only damped modes. The second

solution can become positive in a range of wave vectors,

representing unstable modes that grow with time.

The following is the list of parameter values incorporated

in the dispersion relation and numerical simulations:

j ¼ 125 s21 gr, D1 ¼ 0:002mm2 s21, a ¼ 0:013 gr s22,

g ¼ 0:00004 gr s22, ns ¼ 10mm22, k ¼ 100 kT , �H ¼

210mm21 and s ¼ 0:001 gr s22 (Simson et al. 1998).

According to a typical diameter of an osteoblast cell, the

initial length of the nearly flat modelled membrane is

15mm. The total number of molecules remains fixed

throughout the simulation. The total number of molecules

is the total length of the modelled membrane (15mm) times

the average fractional density (0.1) divided by the length of

a typical PC (10 nm) to give 150 molecules. The initial

conditions of PCs are a uniform distribution of density 0.1

with small (1% of the maximum amplitude) random noise.
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The flat membrane shape is initially positioned in 10 nm

above the Ti ridge height (RH) (Figure 7).

There are two sources of dynamical instability: the first

source originates from the mismatch between the spon-

taneous curvature of PCs and the membrane curvature, and

the second source is due to adhesion forces which effectively

reduce the membrane tension. The result of this dynamical

instability is a dispersion relation of eigen values wðqÞ

obtained from the above-mentioned matrix. This dispersion

relation has a non-stable region engulfed by two stable

regions. In a non-stable region, a small perturbation

(e.g. ,1%) is sufficient to initiate exponential growth,

while a small perturbation in a stable region will decay

exponentially. When the initial conditions are in the

non-stable region, the growing membrane protrusions

coalesce into a single pointed peak. At this region, the

filament density is considerably greater than its initial

density. In addition, the distribution of PCs matches the

distribution of convex regions along the nearly flat

membrane shape (Figure 6). This result is due to the

attraction of PCs to convex regions (with negative curvature)

that match their intrinsic spontaneous curvature of

210mm21.

4.4 The effects of Ti surface shape on osteointegration

Previous experimental studies have shown that osteoblasts

do not grow in narrow grooves of the Ti implant surface,

Figure 8. The effects of varying the RW, RH and GW on osteointegration. Each panel shows the osteoblast shape growth (hðxÞ;
solid line) over the Ti surface (dotted line). Each inset shows the distribution of adhesion molecules (n; intrinsic curvature,
�H ¼ 210mm21) projected along the x-dimension of the Ti surface. The steady state time of the membrane shape ranges between 300 and
1000 s. The analysis of the Ti surface shape includes changes in the GW, RH and RW. The osteoblast growth is determined for a GW of
1mm (A,C,E,G) vs. 6.5mm (B,D,F,H), a RH of 0.1mm (A,B,E,F) vs. 0.2mm (C,D,G,H) and a RW of 0.5mm (A,B,G,H) vs. 2mm (C–F).
Due to strong electrostatic interactions between the osteoblast shape and the Ti surface, we take into account an adhesion zone of 5-nm
strip thickness above the Ti surface. Note the large growth seen in grooves of 6.5mm vs. little growth seen along a GW of 1mm. In these
simulations the bending constant, k ¼ 100 kT.

Computer Methods in Biomechanics and Biomedical Engineering 477

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
I
n
g
e
n
t
a
 
C
o
n
t
e
n
t
 
D
i
s
t
r
i
b
u
t
i
o
n
 
-
 
R
o
u
t
l
e
d
g
e
]
 
A
t
:
 
1
2
:
4
0
 
1
8
 
M
a
y
 
2
0
1
1



while successful growth is observed in wide grooves.

The present model evaluates the functional effects on

osteointegration by varying the three morphologic

parameters of Ti surface shape, i.e. the groove width

(GW), the ridge height (RH) and the ridge width (RW)

(Figures 7 and 8). In addition, we will lower the energy

cost of bending by reducing k in Equation (7)

demonstrating that the osteoblast can then grow in narrow

grooves. The dynamics of membrane shape includes

electrostatic interactions (at small length scale ,5 nm)

and dynamic instability due to adhesive forces (at large

length scale .5 nm). The strong electrostatic interactions

pin the membrane locally and prevent its further evolution

with time. In fact, the membrane coordinates that come

across this adhesion zone at ,5 nm distance from the Ti

surface will remain fixed to the end of the simulation

(Figure 7). Note that this adhesion zone is expected to

increase the stability in the system. On the other hand, the

growth of membrane protrusions between the Ti surface

grooves is driven by an instability due to a large adhesive

strength, which effectively reduces the membrane tension

(Figure 8). Our analysis reveals that the morphologic

parameter that has the largest effect on osteoblast

integration is the GW. In particular, Figure 8 demonstrates

that over a GW of 6.5mm, the osteointegration is greater

than in narrow grooves of 1mm. The RW also plays a

crucial role determining the amounts of strong electro-

static interactions which pin the membrane and increase

the membrane stiffness. In addition, less osteointegration

is observed for a RW of 0.5mm (second and third rows) in

comparison to a RW of 0.1mm (first and fourth rows). As

predicted from the theory, we find that the distribution of

PCs follows the membrane shape dynamics, where at

regions of osteointegration, there is a large aggregation of

adhesion molecules. To determine the role of the bending

constant, we compared the osteoblast protrusion in 3mm

grooves for different values of k (not shown). Results of

these simulations reveal that the osteoblast protrusion in

narrow grooves was considerable only for the lower

bending constant, demonstrating the important role of

bending energy to the success of osteointegration.

To have a better understanding of the underlying

biophysical mechanisms allowing osteointegration only in

wide grooves, we determined the contributions of fluxes

due to PC spontaneous curvature to osteointegration.

Numerical simulations revealed that the distribution of

PCs followed the distribution of membrane curvature. At

protrusive regions, the density of PCs and the fluxes due to

membrane curvature are high. On the other hand, since the

membrane regions above the ridge surface were nearly

flat, the fluxes due to membrane curvature were

diminished. While the relative contributions of fluxes

due to diffusion were minor, the PC density at these

regions was close to the initial value, n0. Therefore, the

ridge region poses an energy barrier over which the PCs

cannot cross through, and the remaining number of PCs in

the narrow grooves is not sufficient for successful

osteointegration.

5. The effects of Ti surface pillar width

A different type of Ti surface geometry is the osteoblast

growth along Ti surface pillars rather than ridges.

Electron microscope images of osteoblasts grown on a

triangular groove (Figure 7(A,B)) and on a pillar Ti

surface (Figure 9(A1,2)) reveal considerable differences

in osteointegration. The reference cells grown on a

planar surface attach their entire cell body to the surface,

whereas cells grown on a pillar surface adhere

exclusively to the top of pillars while sending filopods

to the bottom surface. Furthermore, confocal microscope

images reveal the accumulation of short actin fibres at

the top of the pillars (Figure 9(A4)), while the osteoblast

growth on a triangular Ti surface forms long actin fibres

(Figure 9(A3)). Previously, it was indicated that PCs

with negative intrinsic curvature are bound to actin

filaments at the leading convex edge of a growing

membrane. However, the fragmentation of actin fila-

ments and PCs along a concave membrane shape at the

top of pillars will increase the membrane tension.

To investigate the contribution of pillar width on the

induced membrane tension, we modelled the distribution

of PCs along the observed invagination regions on the top

of a narrow (Figure 9(C,D)) and a wide (Figure 9(E,F))

pillar. We found that on top of a narrow pillar, the

concavity region is greater leading to stronger depletion

of PCs than observed on a wide pillar. This depletion

will increase the membrane surface tension built on top

of pillars, due to the binding of PCs to the fragmented

actin filaments.

6. Conclusions and discussion

In accordance with the previous suggestions (Smith et al.

2004; Puckett et al. 2008; Smeets et al. 2009), we have

shown that positively charged proteins attached to the

negatively charged implant surface can mediate the

adhesion of negatively charged osteoblasts to negatively

charged Ti surface. As shown in Figure 2, the protein

adsorption to the implant surface may be driven by

electrostatic interactions between the positive sites of the

protein and the negative implant surface (MacDonald et al.

1998). Another possible or additional explanation of

adsorption of charged proteins on the Ti implant surface

may include also the monovalent and divalent salt bridges

(Ellingsen 1991; Yang et al. 2003). We also investigated

how the mediated protein adsorption and strong electro-

static interactions with the Ti implant may affect the

D. Kabaso et al.478
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dynamics of osteointegration at greater distance from the

implant.

The adhesion of osteoblast-like cells (i.e. bone cells) to

a Ti surface implant is a dynamic process driven by the

interaction with the extracellular matrix as well as

intracellular mechanisms. It has been shown that the

adhesion to the extracellular matrix mediates the transport

of curvature inducing adhesion molecules to the

membrane thereby relieving the surface membrane tension

and allowing membrane protrusive growth (Veksler and

Gov 2007; Kabaso et al. 2010).

In addition, the membrane protrusive growth is also

mediated by positive feedback between the curvature

inducing molecules (e.g. IRSp53 and fibronectin) and the

membrane curvature. While the above-mentioned mech-

anisms increase the instability in our system, the strong

adhesion to the Ti surface due to electrostatic interactions

will increase the system stability as well as the membrane
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Figure 9. The effects of the Ti pillar width on the distribution of PCs. (A1) Arrays of cubic pillars with vertical side walls of 5mm length
are obtained using a photolithographic process on a Si wafer. The structured surface array is coated with Ti of approximately 100-nm
thickness. (A2) Electron microscope images of human osteoblasts on Ti surface pillars demonstrate that the membrane growth is more in
between than on top of pillars (white arrow). Note how the cell body of a second cell (dashed arrow) sends filopods. Confocal images of
human osteoblast cells along triangular grooves (B1; for structure see Figure 7(A)) and pillars (B2; for structure see A1) of structure Ti
surfaces. It is shown that on a triangular Ti surface, the actin is organised in well-defined long actin fibres, whereas on a pillar surface, the
actin fibres are more fragmented accumulating on top of each pillar (white arrows). We compare the dynamics of PCs of negative intrinsic
curvature ð �H ¼ 210mm21Þ near a narrow (C and D) and a wide (E and F) pillar. Note that the curved membrane is composed of both
positive curvature (at the tip) and negative curvature regions (at the sides of each pillar). Starting from an initial uniform distribution of
PCs ðn0 ¼ 0:1Þ, the PCs are attracted to negative curvature region and are repelled from positive curvature regions (solid lines). On the
other hand, since actin filaments are linked to the PCs, the predicted distribution of PCs is mainly at the top of pillars (dashed lines). Note
that both types of pillars are of the same height and that the membrane shape is fixed during the simulation.
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surface tension. In recent theoretical studies, the use of an

external actin nucleation force was coupled to the density

of PCs (Veksler and Gov 2007). Since the nucleation of

actin was mainly at membrane regions of high PC

density, this mechanism can also be applied to explain

the growth of membrane protrusions in between Ti

surface ridges.

In the first set of presented biomechanical simulations,

we investigate the initial membrane protrusive growth

over a ridge-like Ti surface pattern with three morphologic

features, the ridge height (RH), the ridge width (RW) and

the inter-distance between ridges (i.e. denoted as the GW).

Since the ridge top surface is planar, the membrane growth

against it will flatten its growing tips. We also assume that

due to strong electrostatic interactions, the flatten

membrane is trapped to the end of a simulation. As a

result, the fluxes of PCs due to curvature are diminished

and surface membrane tension is increased at the convex

regions of a ridge. To conclude the interplay between the

sources of stability and instability can help us to determine

the optimal topography of a Ti surface implant.

To evaluate how the osteointegration is affected along

grooves on a Ti surface, we varied the RH, the RW and the

inter-distance between ridges (i.e. the GW). Results of

simulations reveal that the GW has the largest impact on

osteointegration. In fact, the membrane along a wide

groove is longer, having more PCs than the membrane

along a narrow groove. Consequently, it can drive the

growth of filopodia-like protrusions. On the other hand, a

high ratio of RW over GW will increase the size of trapped

and flatten membrane regions, which will reduce the

amounts of available PCs needed for the success of

osteointegration. Therefore, we suggest that a wide groove

contributes to the instability, while a high and wide ridge

contributes to the stability in our system.

To isolate the contribution of the bending modulus,

simulation results reveal that by lowering of the bending

modulus k, the osteointegration in relatively narrow

grooves (3mm) was increased in comparison to a reference

bending modulus. This shows that in a plausible range of

k, the results of simulations may change considerably

demonstrating the important contribution of the bending

energy to osteointegration.

At a later stage of osteointegration, the bounded

regions on top of Ti surface ridges and pillars may form

focal adhesions. In a recent experimental study, fragmen-

ted actin fibres were observed at the top of Ti surface

pillars. Since actin fibres have also been shown to bind

adhesion molecules of negative inducing curvature (e.g.

IRSp53) (Mattila et al. 2007), we suggest here the co-

localisation of adhesion molecules on top of pillars. This

co-localisation is not favourable, since at the top of pillars

the membrane curvature is positive. The investigation of

the effects of the pillar width on the distribution of PCs

reveals a disagreement between their calculated distri-

bution, obtained from their linkage to the fragmented actin

filaments, to the preferred distribution according to the

negative intrinsic curvature of PCs. We find that the

preferred one was to the side regions of the pillar (towards

the convex membrane regions), while the predicted

distribution is at the top of the pillars (towards the

concave membrane regions). This disagreement is

expected to increase locally the membrane surface tension,

which increases the energy costs of lateral membrane

expansion. This could also explain the preferred growth of

osteoblast cells towards the bottom of triangular grooves

(Figure 7(B)).

The main result of the biomechanical part of our study

is that the decreased width of the grooves results in a

decreased adhesion and ingrowth between the grooves,

which is supported by various experimental studies

(Puckett et al. 2008; Lange et al. 2009; Lamers et al.

2010; Matschegewski et al. 2010). Puckett et al. (2008)

have shown that the decrease in the width of nanorough

regions (of dimension from 80 to 22mm and 48 to 22mm)

resulted in significant reductions in the number of

osteoblast cells adhering to the structured surface. One

explanation is that due to their large cell size (20–30mm

in length), osteoblast cells are unable to fit their entire

length into a narrow groove without membrane bending.

Results in this study reveal that the observed reduction in

cell adhesion can be indeed due to high-bending energy,

which reduces the osteointegration in between narrow

grooves.

In Puckett et al. (2008), osteoblast morphology in the

smallest nanorough region (22mm) was more round and

had less diffuse F-actin filaments, while filopods extending

from the cells remained near their origin. It was

hypothesised that osteoblasts recognise different surface

roughness through the interaction of proteins in the

extracellular matrix. In other study (Lamers et al. 2010), it

was even shown that osteoblasts are responsive to

nanopatterns of smaller length scale below 100 nm in

GW and depth, which was detected by the deposition of

minerals (e.g. hydroxypatite) along nanosize patterns.

Finally, a recent work by Matschegewski et al. (2010)

revealed that on top of pillars in a cubic-structured Ti

surface, the actin filaments were more fragmented and

short in comparison to long actin filaments observed in

reference cells grown on a smooth surface. This study

suggests that the aggregation of short actin filaments on

top of pillars is due to strong electrostatic interactions at

the top surface of the pillars. In addition, the flattening of

the cell membrane during growth against the top surface of

a pillar may prevent the diffusion of curvature-induced

fluxes of PCS, which then prevents the growth of

membrane extensions from the membrane regions near

the pillar. As a result, the mismatch in the curvature

bending energy of PCs is not relieved and the cell becomes

more round.
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Considering the findings in this study, we suggest the

ratio of RW over GW as the critical morphologic

parameter (i.e. Fc ¼ RW=GW, see also Figure 7) which

determines the efficiency of initial osteointegration in

between ridges (Figure 7). For example, when this ratio

was 0.08 (Figure 8(B)), long membrane protrusions were

formed, while very short filopods were observed for a ratio

of 0.5 (Figure 8(E)). To obtain information about the

relative contribution of each of the energy terms in

Equation (7) to the total bending energy, each term was

normalised by the total bending energy, while this

normalisation is performed at the maximum membrane

bending location. It is shown that for the case of

Fc ¼ 0:08, the contribution of the first term, i.e. the

curvature mismatch energy term, was 0.8, while the spring

and tension energy terms were 0.17 and 0.01, respectively.

For the case of Fc ¼ 0:5, the curvature mismatch energy

term was 0.43, while the tension energy term was 0.42. In

fact, the tension energy term was indeed greater for the

smallest critical ratio Fc in comparison to the largest ratio.

To conclude, the present study demonstrated how

positively charged proteins mediate the adhesion of

negatively charged osteoblasts to negatively charged

implant surface. In addition to this mathematical analysis,

a dynamical model investigated the contribution of the

bending energy of an initially nearly flat membrane to the

ingrowth of filopodia-like protrusion between Ti surface

ridges. We showed that the strong electrostatic binding of

the cell membrane to the Ti surface effectively sequester

the PCs from driving the membrane ingrowth away from

the bounded regions. In addition, the success of

osteointegration between grooves depended on the GW.

In particular, the bending energy involved in folding the

cell membrane along a narrow groove was too high to be

compensated by the reduced membrane tension mediated

by the adhesion of the osteoblast cell to the extracellular

matrix. Finally, it remains to be tested how the bending of

the entire osteoblast cell is affected by the implant surface

pattern and how it will affect the cell alignment, cell

orientation and cell motility.
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