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Abstract: This work considers the adhesion of cells to a nanorough titanium implant surface
with sharp edges. The basic assumption was that the attraction between the negatively charged
titanium surface and a negatively charged osteoblast is mediated by charged proteins with
a distinctive quadrupolar internal charge distribution. Similarly, cation-mediated attraction
between fibronectin molecules and the titanium surface is expected to be more efficient for a
high surface charge density, resulting in facilitated integrin mediated osteoblast adhesion. We
suggest that osteoblasts are most strongly bound along the sharp convex edges or spikes of
nanorough titanium surfaces where the magnitude of the negative surface charge density is the
highest. It is therefore plausible that nanorough regions of titanium surfaces with sharp edges
and spikes promote the adhesion of osteoblasts.

Keywords: osteoblasts, nanostructures, adhesion, titanium implants, osteointegration

Introduction

The cell and tissue response to the composition of an implant surface, and especially
to its chemical and physical features, ultimately determines the clinical success of the
implant.! The functional activity of cells in contact with a biomaterial is determined by
the material characteristics of the surface, as well as by the surface topography.? The
most widely used material in a gamut of medical applications is titanium,' because
it is nontoxic and is not rejected by the body. Principally, titanium owes its excellent
biostability and biocompatibility characteristics to the thin, hard, adherent titanium
dioxide film naturally formed on its surface.

Osteoblast/titanium adhesion depends on the surface characteristics of titanium
which may be described according to local mesoscale, microscale, and nanoscale
patterns of topography, charge distribution, and chemistry.>"' In the past, differ-
ent studies of implant surface modification have been performed mainly at the
micrometer scale in order to improve the attachment of osteoblasts (bone-forming
cells) to the implant surface.*!'>"'5 Recently, the titanium surface was modified by a
self-assembled layer of vertically oriented TiO, nanotubes with diameters between
15 nm and 100 nm.'° It was shown that adhesion, spreading, growth, and differ-
entiation of cells on such vertically aligned TiO, nanotube surfaces depend on the
diameter of the nanotubes.'® A nanotube diameter of 15 nm seemed (Figure 1) to
be more appropriate for differentiation of mesenchymal, endothelial, and smooth
muscle cells in comparison to 70—100 nm nanotubes and to amorphous (smooth)
TiO, surfaces.'” These results indicate that the surface nanostructure of an implant
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Figure | Electron microscope images of the surfaces of vertically aligned TiO,
nanotubes of |5 nm diameter. The inner and outer diameter of a small diameter
nanotube are approximately 10 and 15 nm.

is a decisive factor in surface cell adhesion and growth, and
is not confined to a specific cell type.!”'® In line with these
results, it has been shown recently that decreased width of
the nanorough regions resulted in a significant reduction
in the number of osteoblast cells adhering to the structured
surface.!” Osteoblast morphology in the smallest nanorough
region was rounder and had less diffuse F-actin filaments,
while filopods extending from the cells remained near their
origin.” The above-mentioned findings are valid generally
for the cell response to different topographical nanorough
surfaces,'®!*2! and could in the future have an important
impact on the design and composition of implant surfaces.
Therefore, these findings must be connected to the increased
strength of attractive interactions per unit area in nanorough
implant surfaces.

The question of how cells detect and respond to the
nanofeatures of an implant surface is still largely unre-
solved.® In this work we suggest that the increased surface
charge density and electric field strength at highly curved
edges of a titanium nanorough surface'®"”2! (such as a
rectangular vertically oriented TiO, nanotube surface)
could make a major contribution to the increased strength
of osteoblast adhesion. The proposed explanation is based
on a recently suggested mechanism of protein mediated
attractive interaction between a negatively charged tita-
nium surface and negatively charged osteoblasts,'> as well
as on cation-mediated binding of fibronectin.?? Therefore
the electric field strength near the highly curved edge of a

titanium surface was estimated in the limit of very sharp
edges. Then, equilibrium and dynamic models were con-
structed to test the effects of integrin molecule-binding
energy, aggregation energy, and intrinsic curvature on the
integrin-mediated adhesion of osteoblasts to nanorough and
smooth titanium surfaces.

Adhesion of proteins to a titanium

surface
When we discuss osteoblast surface interactions, it ulti-
mately concerns an interaction between osteoblasts and
surface-bound proteins or other biomolecules.!! It was
recently suggested that the contact between the membrane
of the osteoblasts and the titanium surface is established
in two steps. Firstly, the osteoblast cell membrane makes a
nonspecific contact due to electrostatic forces,' followed
by a second step where specific binding involving integrin
assembly into focal contacts takes place.!®#4

Since osteoblasts are negatively charged,” they are
electrostatically repelled by the negatively charged titanium
surface as long as some other attractive forces are not pres-
ent in the system. Recently, a possible mechanism of osteo-
blast adhesion to the implant surface was proposed on the
assumption that positively charged proteins®>2 or proteins
with positively charged tips, ie, a quadrupolar internal charge
distribution’® attached to the negatively charged implant sur-
face, serve as a substrate for the subsequent attachment of
negatively charged osteoblasts. In order to predict the orienta-
tion of proteins with positively charged tips near a charged
implant surface, Monte Carlo simulations of the distribution
and the orientation of charged spheroidal proteins in the
vicinity of a charged titanium surface were performed.' It
was shown that for high enough absolute values of the charge
density of the titanium surface, the proteins with positively
charged tips are concentrated close to the charged surface and
oriented in a direction perpendicular to the charged surface'
(Figure 2A). It was also shown that a high negative surface
charge density of the titanium surface and a high effective
quadrupolar moment of the protein (ie, distinctive internal
quadrupolar charge distribution) can turn the repulsive force
between negatively charged Ti and osteoblast surfaces into
an attractive force.”® The corresponding attractive force is
also called the bridging force.'>?” The origin of attractive
interactions between two negatively charged surfaces lies
in the electrostatic attraction between the positively charged
domains on the tips of the titanium surface-bound proteins
and the negative charges of the opposite osteoblast membrane
(Figure 2B).'>%7
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Figure 2 (A) Schematic figure of the orientation of quadrupolar proteins with
positively charged tips attached to a negatively charged titanium surface.'” (B)
Schematic figure of a quadrupolar protein mediated attraction between a negatively
charged titanium implant surface (left) and a negatively charged osteoblast surface
(see also).'* Two adjacent negatively charged titanium and osteoblast surfaces without
bound proteins with a quadrupolar internal charge distribution end repel each other,
while for a high enough concentration of bound proteins with a quadrupolar internal
charge distribution the force between two negatively charged surfaces becomes
strongly attractive,'® leading to an equilibrium distance approximately equal to the
dimension of the proteins.

Nonzero effective internal quadrupolar charge distribution
does not exclude the presence of other charged protein groups
(usually in pairs of positive and negatively charged groups)
between the two positively charged protein tips. A typical
example of such a bridging protein with positively charged
tips is 2-GPI protein which may induce strong attraction
between negatively charged surfaces.?’-*

In accordance with the above suggested mechanism of
protein-mediated interaction between negatively charged
osteoblasts and a negatively charged titanium surface, many
studies in the past indicated that increased negative surface
potential of the titanium implant promotes osteoblast adhe-
sion and consequently new bone formation.?2%30

In line with the predicted increased strength of protein-
mediated bridging attractive interaction between a titanium
surface and an osteoblast with an increased surface charge
density (and electric field strength),'s we propose that the
increased surface charge density and increased electric field
strength at the sharp edges of a nanorough titanium surface
may promote protein-mediated adhesion of osteoblasts due
to the increased accumulation of proteins with quadrupolar
internal charge distribution (Figure 3A).

The increased electric field strength and surface charge
density of nanorough titanium regions with sharp edges and
spikes may also promote divalent cation-mediated adsorption
of fibronectin to a negatively charged titanium surface, and
in this way also the integrin-mediated adsorption of cells to
these titanium regions. Fibronectin is an extracellular glyco-
protein with a critical role in the process of cell adhesion.?
A hallmark of fibronectin function is its characteristic assem-
bly into filaments and fibers to form an insoluble matrix which
functions as a scaffolding onto which extracellular domains
of integrin molecules from the cell membrane are attached*!
(see also).* Fibronectin is negatively charged at physiological

Proteins with a
quadrupolar charge
distribution

Titanium surface

©

Figure 3 (A) Schematic figure of the adhesion of proteins with quadrupolar internal
charge distribution at the sharp edge of a titanium surface. Due to the internal
quadrupolar charge distribution, the proteins exhibit strong orientation in the
direction of the surface normal vector (see also)."® (B) Schematic figure of divalent
cation-mediated adhesion of negatively charged fibronectin molecules to the highly
curved edge of a titanium surface.
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values of pH.* The increase in salt concentration leads to
a reduced electrostatic repulsion between the fibronectin
and the negatively charged surface.?? Studying the effect of
some divalent metallic cations revealed an enhancement of
fibronectin adsorption to a negatively charged mica surface.?
The origin of this effect may be bridging and direct interac-
tion forces.?>***35 Accordingly, it was indicated recently that
an increase in the negative net charge of a titanium surface
promotes the fibronectin-mediated binding of osteogenic cell
receptors.*® All these results suggest that a negatively charged
titanium surface can play a prominent role in the osteointegra-
tion of metallic implant materials.3 We therefore propose that
as aresult of the increased electric field strength and increased
surface charge density at sharp edges and spikes of various
nanorough titanium surfaces, the divalent cation-mediated
adhesion of fibronectin is increased (Figure 3B). However,
since the surface charge density at very sharp edges of a nano-
rough titanium surface could be very high, due to the dramatic
increase of the corresponding coupling constant, monovalent
cations could also not be excluded as bridging ions.?

To conclude, our suggestion is that the increased surface
charge density and corresponding electric field strength at
the highly curved edges of a nanorough titanium surface is
important for the efficient adhesion of cells. Based on the
above arguments indicating the importance of the surface
charge density and the electric field strength of a titanium
surface in cell adhesion to the titanium surface, in the fol-
lowing the surface charge density and electric field strength
are estimated for different curvatures of sharp edges on a
titanium surface.

Electric field strength at highly

curved edges of a titanium surface

In this section the edge of a titanium surface is considered in
the limit of very high curvature. For simplicity, we assume
that the curvature of the metal surface in a perpendicular
direction along the contour is constant. Then the convex edges
of finite curvature are also considered by taking into account
water ordering and the finite size of ions as well.

Convex case

In the limit of a very high curvature of a convex edge
(Figure 4a), which mathematically represents a singularity,
the general solution of the Laplace equation in cylindrical
coordinates » and ¢:*’

I’¢
or’

199 _, (1)

190
+rar+r28¢2_

Figure 4 (A) Schematic figure of the convex edge of a titanium surface in the limit
of a very high curvature. (B) Schematic figure of the concave edge (corner) of a
titanium surface in the limit of a very high curvature.

Hr,p) =@, + Y, A4, sin2mg/3), )

m=1

where we took into account the equilibrium (boundary)
conditions (the electric potential is constant over the whole
conducting metal surface), ie, 9= ¢ for all » = 0 when =0
and @=37/2 (see also Figure 4A). In the close vicinity of the
edge (where r = 0), ie, for small enough values of r, only the
first term of the infinite sum in Eq. (2) is important. Hence,
near r =0 (Figure 4A) the electric potential is approximately
(up to the first order term):

Hr,p)= @, + Ar’"” sin2p/ 3), 3)

where 4, is a constant which can be determined from the
additional boundary condition. For o< 0 the value of 4, > 0.
The electric field strength E = -V ¢ is:

24 1
E = R (sin(2@/3)e, + cos(2¢/3)eys), (4)

where e _and e, are unit vectors. It can be seen from Eq. (4)
that the electric field diverges at the surface edge (r — 0)
and then decreases with distance from the edge and distance
from the surface. The dependence of the electric field along
the symmetry axis (¢ = 37/4) is:

24
E(p=37/4)= —Tlie (5)

r1/3 re
It follows from the boundary conditions at both metal
surfaces and Eq. (4) that the surface charge densities at both
surfaces, ie, at ¢ = 0 and at ¢ = 37/2 (for » = 0 close to
r=0), are equal to:

o(r)=ggE (r,p=0)= &E (r,p=37/2)

--2hES ©
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This means that the surface charge density o(r) is finite at
both metal surfaces forming the edge, but becomes singular
as » — 0 (ie, at the edge), similar to the electric field. To
conclude, the surface charge density is very large (infinite)
at the infinitely sharp metal edge and then decreases along
both surfaces with increasing distance from the edge.

Concave case

A similar procedure as in the case of a convex edge for a
concave edge (ie, corner) in the limit of very high curvature
(Figure 4B) gives the dependence of electric field along the
symmetry axis (¢ = 7/4):

E(p=7/4)=-2A4re, (7

and the surface charge densities at the two surfaces forming
the corner, ie, at ¢ = 0 and at @ = 7/2 in the close vicinity
of the corner:

o(r) = —24,£.5,r. (8)

This means that at an infinitely sharp corner (concave
edge), the surface charge density ois zero and then increases
with increasing distance from the corner along both surfaces.
This explains why the electric field strength increases along
the symmetry axis as a function of the distance from the
corner (Eq. (7)).

For finite values of the curvature radius of the convex
edge or the concave edge (corner), the above-described
effect of variation of o over the metal surface is expected
to be less pronounced (see next subsection), ie, the surface
charge density of the convex edge would not diverge and
would decrease in magnitude with the increasing curvature
radius. In contrast, the surface charge density and the electric
field strength would monotonously increase with increasing
curvature radius of the corner (concave edge).

Finite curvature

As shown in the previous two subsections, sharp titanium
edges mathematically represent a singularity. Yet, no physi-
cal object has perfect corners but some degree of roundness.
Therefore, in this subsection the sharp edges are modeled as
highly curved convex regions of different radius. The contact
of water with biological surfaces has a profound influence
on both the thermodynamics and kinetics at biointerfaces;
therefore it is a safe prediction that it will be a major topic
in biological surface science for a decade or more ahead."
Hence, we consider a titanium surface in contact with an
electrolyte solution where the orientational ordering of

water near the implant titanium surface is also taken into
account.*¥#!

Next, we calculated the electric field at the highly curved
edge of constant curvature radius R, which is a generalization
of the model presented in the previous subsections (see also
Figure 4). We solved numerically the Langevin—Bikerman
equation (Eq. (B.7)), given in Appendix B by using the
Comsol Multiphysics 3.5a Software program package
(Stockholm, Sweden), by taking into account the bound-
ary conditions Eq. (B.5) and Eq. (B.10) (see Appendix B).
However, unlike the planar case solved in Appendix B, to
avoid numerical problems the relative permittivity €, (r),
in general defined by Eq. (B.9) from Appendix B, was here
approximated by a step function with the value £ in the
region r

surf
corresponding value of o (given for the region far away from

=1 = (r + a), where £ was calculated for the

the edge) from Eq. (B.9) for planar geometry at x = 0 (see
Figure B.2). In the region r = (r + a) we assumed the bulk
value of permittivity, ie, 78.5.

In accordance with the results in the previous subsec-
tions (calculated in the limit of very high curvature of the
edge), it can be seen in Table 1 that the calculated surface
charge density at the top of the surface of the convex titanium
edge (o;op) in the direction of the symmetry axis ¢ = 37/4
(see also Figure 4A) increases with increasing curvature of
the edge 1/R, where R is the curvature radius. On the contrary,
in the concave case (corner) (see also Figure 4A), exactly
the opposite behavior is observed. This may explain why
the cells are most strongly bound along the sharp convex
edges or spikes of nanostructured titanium surfaces' where
the surface charge density and electric field strength are the
highest. Also this may offer a possible explanation for the
increased divalent cation-mediated fibronectin adhesion and
quadrupolar protein-mediated adhesion of an osteoblast on

Table | Comparison of the surface charge densities at the top of
a surface of the convex titanium edge (G, ) in the direction of the
symmetry axis ¢ = 37/4 (see also Figure 4A) and at the corner of
a concave surface (G__) in the direction of the symmetry axis ¢ =
7114 (see also Figure 4B) calculated for different values of the edge
(corner) curvature radius (R) as described in the text

R/nm 0,,,/(Asim?) o, /(As/m?)
1.0 -0.220 —0.179
2.0 -0.210 —-0.189
3.0 —-0.207 —-0.193
oo —-0.200 —-0.200

Notes: Based on the results presented in Figure B.2, we chose values a = 0.3 nm
and g = 54.481 for surface charge density o = —0.2 As/m? in the flat region far
away from the edge (corner). The values of other model parameters are: p, = 5D,
n/N, = 0.15 mol/L and n; /N, = 55 mol/L.*

ow A
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vertically aligned TiO, 15 nm nanotubes with respect to the
adhesion to a smooth titanium surface.'®'®

Clustering of integrin molecules
in nanorough titanium regions
with highly curved edges

Previous studies have been shown that decreasing the width
of the nanorough regions" or a reducing the degree of
nanostructuration of the titanium surface'®'® significantly
reduced the number of osteoblast cells adhering to the struc-
tured surface. Yet the underlying mechanism that drives the
adhesion of a cell membrane to nanorough titanium regions
is not fully clear.

In what follows, a dynamic model is constructed to
test the effects of the binding energy, aggregation energy,
and spontaneous curvature of membrane inclusions (eg,
integrins) on adhesion to nanorough titanium surfaces. In
our model, the key function of the membrane inclusions is
their capacity to stabilize and induce membrane protrusions,
while the negative adhesion energy drives the initial growth
of membrane protrusions.

Previous theoretical studies demonstrated that the
aggregation of membrane inclusions of positive intrinsic
curvature (ie, outward membrane bending) can be coupled
to membrane protrusive forces originating from the
adhesion to the extracellular matrix and from the polym-
erization of actin filaments.">*? This theory is based on
previous experimental data revealing that a large family of
curved membrane proteins, for example, those containing
Bin/Amphiphysin/Rvs (BAR) and IRSp53-Missing-In-
Metastasis (IMD) domains, can induce concave or convex
curvatures.* Furthermore, these curved proteins may form
membrane-bound complexes that include actin-nucleating
components,*** which have been observed to induce cel-
lular protrusions.*’*®

Above, it is suggested that due to an increased surface
charge density and increased electric field strength at sharp
edges and spikes of nanorough titanium surfaces, the cation-
mediated adhesion of fibronectin is increased (Figure 3B).
The increased fibronectin accumulation in the nanorough
regions of a titanium surface with an increased surface charge
density and increased electric field strength can facilitate the
adhesion and aggregation of integrin molecules and therefore
can induce the formation of focal adhesion complexes.*? In
the following, we present a simple equilibrium model of the
aggregation and adhesion of integrin molecules in order to
implicitly model nanorough titanium regions with highly
curved edges (Figure 5).

Equilibrium model

The basic assumption of our model is that integrin molecules
which adhere on the nanostructured (nanorough) regions
(region 1) of a titanium surface with an increased surface
charge density and an increased density of bound fibronectins
are in equilibrium with those integrin molecules in regions
with a lower surface charge density (and lower electric field
strength) and a lower area density of bound fibronectin mole-
cules (region 2) (Figure 5).

The Helmbholtz free energy of integrin molecules in the
first (i = 1) and second region (i = 2) can be derived within
lattice statistics from the corresponding canonical partition
function F, = —kT InQ, (see also):***

cQN? N.
F,==N,w, — ~ + kTN, In| —
2M, M,

i

N.
+kT(Mi—N,.)ln[l——’),i:1,2, 9)
M.
where

- mexp@f W)/ kT)exp(cNQ /2M kT).

(10)

Here —w, is the negative binding energy of a single integrin

9

molecule in the i-th region (w, > 0), Q, is the direct-
interaction (attraction) Bragg-Williams constant (€2, > 0),
c is the number of the nearest neighbor integrin molecules,
kT is the thermal energy, N, is the number of integrin mole-
cules in the i-th region and M, is the number of lattice sites
in the i-th region. It is then assumed that M. >> N, and, as a
result, the chances of interaction between integrin molecules
is small and Q. becomes zero. It is also assumed that w, > w,.
The system free energy I, = I, + I, is:
F w

Mtl:T =—dgn, k]l" +¢n Inn +¢(1-n)In(1-n)

w
—&n, k_;,+¢2”2 Inn, +¢,(1-n,)In(1-n,)
(11

and minimization with respect to 7, yields:

(1=n)(n, —Pn,) -4, (12)
n(1—n, +®n,)
where n, = N /M and n, = N,/M, are the relative densities
of integrin molecules in region 1 with strong adhesion
and region 2 with weak adhesion, respectively, ¢, = M/M,
M=M +M, ®=¢/¢p,=M/M, Aw=w, —w, and

B, =exp (*%‘” ). In the above minimization procedure, the
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region 1 region 1
MMQMMMM region 2 MMQMMMM region 2

Titanium surface

Figure 5 Schematic figure of two regions of a titanium surface: nanorough region
| with high affinity for integrin molecules, and a smooth region 2 with low affinity
for integrin molecules.

conservation equation for the total number of bound integrin
molecules N =N, + N, was taken into account in the form:

(13)

On, +n, =n, ,

where n,= N/M,. Using the definition B=® + 8 +n —n,
the solution of Eq. (12) is given in the form:

_ B—(B*-4Mny(1-4,)/ M,)"?

" (14)
2M,(1-8,)/ M,

Eq. (14) predicts an increase of n, with increasing Aw. In
the limit of very large Aw (when 8 — 0), ie, in the limit
of very strong binding in the nanorough region 1, Eq. (14)
predicts the complete accumulation of integrin molecules in
region 1: n, — N/M,.

Dynamic model

To shed light on the dynamics of membrane growth on
nanorough titanium surfaces (eg, TiO, nanotubes), we con-
structed a model based on the Helfrich free energy, which
also included the binding energy of integrin molecules to the
titanium surface, as well as the nearest-neighbor attractive
interaction energies between integrin molecules. The differ-
ence from the equilibrium model is that in the dynamic model
we take into account the direct-interaction Bragg—Williams
term and membrane bending energy. Unlike the equilibrium
model, the nonhomogeneous lateral distribution of integrins
of explicitly modeled. The intrinsic shape of the integrin
molecules is taken into account in the spontaneous curvature
of the Helfrich expression for membrane bending energy.

The model described below is an extension of previous
theoretical models.!>*>435! The basic equations of motion
of the membrane contour and the time dependence of the
nonhomogeneous lateral density of integrin molecules are
derived in Appendix A.

The shapes explored in this model describe a segment of
the cell (osteoblast) outer contour, where the membrane is
initially flat (Figure 6). This modeled membrane geometry is
under the constraint of translational symmetry. Moreover, we
assume that the membrane curvature along the perpendicular
direction of the contour is roughly constant, and thus enters

our calculation as a modified membrane tension. We take
into account only a segment of the osteoblast cell contour
(Figure 6). The nanorough and smooth titanium surfaces are
both modeled as flat surfaces, while the influence of their
surface topography on the osteoblast binding is implicitly
taken into account by considering different binding energy
potentials. For the sake of simplicity we assume that the initial
protein bridging forces (Figure 2B), as well as the cation-
mediated adhesion of integrins (Figure 3B), are much stronger
in nanorough regions than in smooth titanium regions (ie,
w, >>w,, w, =0, see also previous section) and the binding of
integrins is possible only in nanorough regions (Figure 6).

The titanium surface is modeled as a flat contour to which
the osteoblast membrane may adhere (Figure 6). It is assumed
that once part of the membrane adheres to the titanium sur-
face, this part of the membrane (ie, the contour coordinates)
can no longer be detached from the titanium surface. This
trapping prevents further membrane evolution throughout the
simulation, and originates in strong electrostatic interactions
of'the titanium surface with the cell membrane and in the bind-
ing of membrane integrins to the titanium surface-attached
fibronectin molecules (Figure 7). We assume that in our model
the overall number of integrin molecules in the membrane is
conserved, and that they are allowed to move laterally along
the osteoblast membrane. The maximum possible number
of integrin molecules in the membrane segment is obtained
from the total area divided by the cross-sectional area of the
extracellular region of an integrin molecule.

Equations of motion

Our model investigates the coupling between the adhesion
of osteoblast cells to the extracellular matrix, the interaction
between integrin molecules, and their spontaneous curvature.
A free energy expression similar to the one explored for the
equilibrium model (Eq. (10)) is employed to derive the equa-
tions of motion of an osteoblast membrane contour and the
integrin density distributions. The membrane free energy in
our dynamic model is:

1 — Q
F =I(EK(H—Hn)2 +o,+oh —wnsn—nsc—n2

15)
+ kTnnin(n)+ kTn (1-n)(1- n)) dA,

where the first term gives the bending energy due to the mis-
match between the membrane curvature and the membrane
spontaneous curvature due to embedded integrin molecules,
K is the bending modulus, H is the local membrane mean
curvature, A is the intrinsic mean curvature due to embed-
ded integrins and 7 is the area fraction density of integrins
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Figure 6 Effects of nanorough and smooth titanium regions on membrane growth. The modeled membrane segment that belongs to an osteoblast cell is a nearly straight
membrane contour with embedded integrin molecules (Al). Nanorough titanium regions are separated by smooth titanium regions (A2). The implicit effect of the smooth
and nanorough regions is incorporated into the free energy by having a zero integrin binding potential above the smooth titanium regions and nonzero integrin binding
potential above the nanorough titanium regions. In addition, it was assumed that the integrin binding potential in the |0 nm thick layer above the nanorough titanium regions

for simplicity was constant, ie,

wn =001l gs? Time dynamics of the membrane shape (h(x)) and integrin density (n) for the adhesion of an osteoblast membrane to the

implicitly modelled nanorough regions (A3). Note the coalescence of membrane protrusions over time, and the steady state (bottom panel) adhesion in a small number of

patches to the titanium surface.

(relative density). The second term (o, ) is the Lagrange
multiplier (having the units of membrane surface tension)
for the conservation constraint of the total membrane area.
The third term gives the energy due to the force of the
cytoskeleton inside the osteoblasts, where @ is the restoring
cytoskeleton spring constant. The fourth term is the negative
binding potential of integrin molecules (w > 0). The results of
the equilibrium model show that for a large integrin binding
potential w, the attraction of integrin molecules towards the
nanorough region increases (Eq. (14)), causing the depletion
of integrins from a nearby smooth region. For simplicity, in
the dynamic model it is assumed that the binding energy
comes into effect only for those membrane parts above
nanorough titanium regions. We consider only the cases
where the osteoblast membrane is at a short distance from the
titanium surface. In addition, all membrane integrins above

nanorough titanium surface regions are assumed to have the
same nonzero w. The fifth term in Eq. (15) describes the direct
interaction Bragg—Williams term between neighboring inte-
grin molecules. The sixth and seventh terms are the entropic
energies, which take into account the finite areas of integrin
molecules. Here d4 =d ds is an infinitesimal membrane area
element, d is the length of the membrane in the direction
perpendicular to the membrane contour,

a 2 a 2 1/2
ds=||=| +[ 2| | du
du du
is the infinitesimal length of the membrane along the contour
in the x — y plane, where « runs from 0 to 1, n is the relative

density of integrin molecules (with values between 0 and 1), Q2
is the direct-interaction Bragg—Williams constant (€2 > 0), c is
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Proteins with a

distribution

quadrupolar charge

Nanorough region

Smooth region

Figure 7 The protein mediated adhesion of an osteoblast to the nanorough region of a titanium surface is facilitated due to the increased surface charge density and electric

field strength at highly curved convex edges and spicules.

the number of the nearest neighbor integrin molecules, / = A(s)
describes the magnitudes of small deformations from the flat
membrane and = 1/a, is the saturation area density of integrin
molecules, where a is the cross-section area of a single integrin
molecule. The local mean curvature is given by

_d’yox dxdy

T o' ds  9st Os

The spontaneous curvature of the membrane C, = Hn 1s
assumed to be proportional to the intrinsic mean curvature
of the integrin molecule 7 .

In the following the free energy is normalized with
respect to d, so F/d — F, and as a result the free energy
is considered to vary along the membrane contour and not
in the direction perpendicular to the membrane contour.
We next derive the equations of motion of the membrane
contour by differentiation of the free energy (Eq. (15)) with
respect to the membrane coordinate'® and integrin concen-
tration. To take into account the drag due to viscous forces,
we assume for simplicity only local frictional forces, with
coeffcient &. For the nearly flat osteoblast membrane, the
equation of motion of the membrane is given by

M:_ﬁF(s)

, (16)
ot oh

g
where ¢ is time. Note that the force JF(s)/0h equals the
membrane shape velocity times the friction coeffcient, but
opposite in direction. Since the relative change in the y (ie,
vertical, y = A(s)) direction is considerably greater than the

change along the x (ie, horizontal) direction, we consider
only changes along the vertical y direction.

The details of the membrane contour forces and fluxes
derived from the derivation of the free energy, as well as the
list of parameter values incorporated in our model, are given
in Appendix A.

Strong binding to nanorough regions

While numerous experimental studies have shown that the
nanorough regions of a titanium surface implant facilitate
the binding of osteoblast cells, the underlying mechanisms
are not fully understood. Here it is proposed that nanorough
regions cause an increase of electric field strength and an
aggregation of charge (as shown above) which enhances the
binding of fibronectin and consequently integrin molecules
to the titanium implant surface. To investigate the effect of
having a distribution of nanorough regions, the effects of
increased binding strength are incorporated into the free
energy equation using a negative binding energy term, —-wn n
(Eq. (15)). The same average binding potential energy w is
taken into account for all integrins above the nanorough
titanium surface.

Our system is driven dynamically by two mechanisms.
The first is the instability that leads to the initial growth of
membrane protrusions is driven by the interplay between a
positive membrane surface tension and a negative binding
potential and a direct-interaction energy. The second is the
curvature-dependent flow of membrane-embedded integrins
into favorable curved membrane regions, thereby reducing
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the free energy of the system. The above dynamics drive
a positive feedback loop in which the influx of integrins
towards regions of favorable curvature increases the positive
membrane curvature, which then further attracts integrins
(see also Eq. (15)).

In the following numerical simulation it was assumed that
the osteoblast membrane was initially positioned 10 nm above
a flat titanium surface, where the total length of the membrane
was 25 um. Furthermore, a random perturbation of small
amplitude < 1% in integrin density was added around the
initial density of the integrin molecules. The condition for
instability was satisfied only over the nanorough regions at
which initial membrane growth was observed (Figure 6). Along
the simulation, larger membrane protrusions were formed by
the coalescence of smaller membrane protrusions (Figure 6).
The large membrane protrusions eventually adhered to the
titanium surface, trapping the adhering membrane regions by
the end of the simulation (Figure 6).

To evaluate the effect of a negative binding term, the
same simulation as above was run with a larger value for
the binding potential w. The results revealed that the time
for and the amounts of membrane adhesion to the titanium
surface were different. In particular, it was shown that the
time scale for the coalescence of membrane protrusions and
membrane growth is shorter, and as a result, more membrane
regions adhered to the titanium surface, which is due to the
increased instability of the model system.!54243

Discussion and conclusions

To understand the role of proteins (such as fibronectins, vit-
ronectins, and laminins) involved in osteoblast adhesion on
the surface of a titanium implant is of crucial importance.*¢
Our basic assumption that the attraction between a negatively
charged titanium surface and a negatively charged osteoblast
is mediated by charged proteins with a distinctive quadrupolar
internal charge distribution'> may be supported by experi-
mental results. These showed that osteoblasts are flattened so
closely onto the positively charged substrata that the ventral
cell membrane was not distinguishable under the transmission
electron microscope, while on negatively charged substrata
the ventral cell membrane was readily visible only with
focal contacts with the substrata.’® This indicates that the
osteoblasts are strongly bound to the positively charged
substrate due to direct electrostatic binding of a negatively
charged glycocalyx of an osteoblast membrane to the positive
substrate, while the binding of an osteoblast to a negatively
charged substrate is mediated by proteins with a distinctive
quadrupolar internal charge distribution (Figure 2).

In accordance, it was observed that the protein popula-
tions desorbed from a positively charged substrate also differ
from the populations described from a negatively charged
substrate, indicating that protein adsorption is dependent on
the charge of the substratum.® This is not at all surprising as
proteins consist of many charged subunits. However, as the
majority of proteins at physiological pH carry a net nega-
tive charge, a greater number of proteins would have been
expected to adsorb to positive substrata.’ But in fact it was
observed that fewer proteins were desorbed from a positive
surface than from a negative surface’® which supports our
model of binding of proteins with a distinctive quadrupolar
internal charge distribution (like proteins with positively
charged terminal groups) to a negatively charged substrate
(titanium) (Figure 2). Note that a nonzero quadrupolar inter-
nal charge distribution of the protein does not exclude the
possibility that the protein carries net zero or negative total
charge (see also).?’%

In order to assess the influence of geometrically structured
titanium profiles on the surface charge density and electric
field at the implant surface, we concentrated on estimation of
the electric field at their most convex part. We showed that the
surface charge density and electric field strength on the sharp
convex metallic surface regions are highly increased.

Based on this result we suggest that nanorough regions,
due to their many highly curved nanoscale protrusions and/or
edges, have increased surface charge density and electric field
strength. The increased surface charge density and electric
field strength of such nanorough regions promote divalent
cation-mediated adsorption of fibronectin to a negatively
charged titanium surface” and quadrupolar protein medi-
ated adhesion of osteoblasts to a negatively charged titanium
surface,'>?"?® both leading to a more efficient adhesion of
osteoblasts to a titanium nanorough surface (Figure 7). In
accordance with our model that predicts stronger binding
of osteoblasts to highly curved nanoscale protrusions and/
or edges, it was experimentally observed that focal con-
tacts on smooth surfaces were distributed uniformly over
the whole membrane surface in contact with the substrate.*
However, on rough surfaces, focal contacts were visible only
at the extremities of the cell extensions where cell membranes
were in contact with the substrate.**

In the present study, lattice statistics of the equilibrium
state was employed to demonstrate that in the limit of a
large binding potential for integrins in a nanorough region
(Eq. (14)) there is a strong attraction of integrin molecules
towards the nanorough region, and their depletion from
nearby smooth regions. Experimentally, a nanorough region
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could be obtained using various experimental procedures,
eg, by the construction of vertically aligned TiO, nanotubes.
The results of the presented theoretical consideration in
equilibrium conditions explain the strong attraction of
integrin molecules to the sharp edges of a titanium sur-
face, for example, to the edges of a TiO, nanotube surface
(Figure 1).

In accordance with our theoretical predictions, it has been
shown recently that a decrease in width of nanorough regions
(of dimension from 80 um and 48 um to 22 um) resulted
in significant reductions in the number of osteoblast cells
adhering to the structured surface.' It was hypothesized that
osteoblasts recognize different surface roughnesses through
the interaction of proteins in the extracellular matrix, a sup-
position which is confirmed in the present work. In another
study, it was shown that osteoblasts are responsive to small
nanopatterns of length scale below 100 nm in groove width
and depth, as detected by the deposition of minerals (eg,
hydroxypatite) along these nanosize patterns.’? As already
mentioned above, the nanorough surfaces of vertically
aligned TiO, nanotubes (Figure 1) facilitate the adhesion
of osteoblasts and other cells with respect to adhesion to a
smooth titanium surface.!*!8

To gain more understanding of this behavior, the equi-
librium free energy model was extended to explore the
dynamics of integrin molecules on a nearly flat membrane
segment of a cell (eg, an osteoblast) growing on the surface
of implicitly smooth and nanorough titanium regions. The
system free energy was constructed to derive the membrane
shape dynamics and integrin density distributions while tak-
ing into account certain biophysical considerations. Namely,
it was assumed that an integrin molecule has a positive
(outward bending) intrinsic curvature, since the extracel-
lular part of the integrin molecule is greater in size than its
intramembrane part. Secondly, the aggregation of integrin
molecules allows close-range interactions thereby reducing
the free energy of the system when clusters of integrins
are formed during their attachment to the titanium surface.
Finally, in the dynamic model the nanorough and smooth
regions are implicitly modeled by strong and weak regimes
of integrin binding.

The results of our dynamic simulations demonstrate
that due to initially stronger electrostatic interactions, the
advantage of a nanorough titanium surface over a smooth
titanium surface is crucial for the clustering of integrins in
the process of adhesion of the osteoblast membrane to the
nanorough titanium surface regions (Figure 6). In fact, the
growth and adhesion of the cell membrane is mainly within

the boundaries of the nanorough regions. The results of our
dynamic model show that the membrane does not fully adhere
to the titanium surface, which is due to the aggregation of
integrin molecules in local membrane regions above the
nanorough titanium regions. The amount of membrane adhe-
sion was shown to depend on the binding potential w and
nearest neighbor direct interaction energy between integrin
molecules.

Recent experimental data revealed that the growth and
differentiation of osteoblast cells on small diameter (~15 nm)
vertically aligned TiO, nanotubes (Figure 1) is substan-
tially greater than on large diameter (100 nm) nanotube
surfaces.'®!8 It has been proposed that the observed aggrega-
tion of integrin molecules forming focal adhesion is enhanced
on small diameter nanotubes because the extracellular part
of the integrin molecule is of a similar size, enabling cross-
binding over the edges of neighboring nanotubes and over
the hollow interiors of vertically oriented TiO, nanotubes
(Figure 1). In the light of the results of the present study,
we suggest that enhanced growth of a cell membrane on
a nanotube surface is also facilitated by the interaction of
integrin molecules during the formation of a point of focal
adhesion (Figure 6). Moreover, the fact that small diameter
nanotubes present on average more surface edges (with
increased surface charge density and electric field strength)
per unit area, the binding affnity of a small diameter nanotube
surface is expected to be increased in accordance with the
results presented in the present paper.

Many different proteins play a role in the interactions
between the implant surface and the osteoblast. In addition
to fibronectin (considered in this work), human osteoblasts
also adhere to vitronectin® and weakly to laminin.> The
structure of vitronectin, an integrin binding protein, was
predicted through a combination of computational methods
and experimental approaches.>*** Vitronectin is composed of
three main structural domains, the N-terminal somatomedin
B domain, the central domain, and the C-terminal domain.
Like fibronectin, vitronectin also contains an Arg-Gly-Asp
(RGD) sequence close to the somatomedin B domain which
is responsible for integrin binding and cell adhesion.**
The highly positively charged group of vitronectin near the
C-terminal group on the other side of the molecule (largely
uninterrupted by negative charges) is the binding site for the
negatively charged molecules of heparin.*¢>*>* It can therefore
be anticipated that the heparin binding site of vitronectin
(positively charged) may be predominantly (electrostatically)
bound along the sharp convex edges or spikes of nanorough
titanium surfaces where the magnitude of the negative surface
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charge density of the titanium surface is the highest. On the
other hand, the vitronectin RGD binding site on the other
side of the vitronectin molecule may bind to the integrin
molecule, resulting in facilitation of osteoblast adhesion at
sharp convex edges or spikes of nanorough titanium surfaces
(in addition to the fibronectin—integrin mediated osteoblast
adhesion already described).

In conclusion, the nanostructuring of implant surfaces
provides a powerful mechanism to encourage and direct
cell adhesion to the implant surface.® Based on the results
presented in this work, we suggest that nanorough titanium
implant regions, due to their many highly curved nanoscale
protrusions and/or edges, have locally an increased surface
charge density and electric field strength. The increased
surface charge density and electric field strength of such
nanorough regions promote divalent cation-mediated adsorp-
tion of fibronectin to a negatively charged titanium surface
(Figure 3B)?? and quadrupolar protein-mediated adhesion of
osteoblasts to a negatively charged titanium surface (Figure 2),
both leading to more effcient adhesion and spreading of
osteoblasts to a nanorough titanium surface (Figure 7). The
suggested mechanism of increased binding of osteoblasts
along the sharp convex edges or spikes of nanorough tita-
nium surfaces due to the locally increased magnitude of the
negative surface charge density is also valid for other metals
(besides titanium) since the accumulation of negative charge
at convex edges and spikes also takes place in the case of
other metal surfaces.

Acknowledgment

This work was supported by DFG for the project A3 in
Research Training Group 1505/1 “welisa’ and ARRS grants
J3-9219-0381, P2-0232-1538. The authors are grateful for
help to Nir Gov from Weizmann Institute of Science.

Disclosure
The authors have no conflicts of interest to disclose in this
work.

References

1. Lithen E, Lange R, Becker P, Rychly J, Beck U, Nebe B. The influence
of surface roughness of titanium on 1-f and 3-f3 integrin adhesion and
the organization of fibronectin in human osteoblastic cells. Biomaterials.
2004;26:2423-2440.

2. Nebe B, Liithen F, Lange R, Beck U. Interface interactions of osteoblasts
with structured titanium and the correlation between physicochemical
characteristics and cell biological parameters. Macromol Biosci. 2007,
7:567-578.

3. Anselme K. Osteoblast adhesion on biomaterials. Biomaterials. 2000,
21:667—681.

11.
12.

13.

20.

21.

22.

23.

24.

25.

26.

. Anselme K. Bigerelle M, Noel B, et al. Qualitative and quantitative

study of human osteoblast adhesion on materials with various surface
roughness. J Biomed Mater Res. 2000;49:155-166.

. Shelton RM, Rasmussen AC, Davies JE. Protein adsorption at the

interface between charged polymer substrata and migrating osteoblasts.
Biomaterials. 1998;9:24-29.

. Stevens MM, George JH. Exploring and engineering the cell surface

interface. Science. 2005;310:1135-1138.

. Rowley JA, Madlambayan G, Mooney DJ. Alginate hydrogels as syn-

thetic extracellular matrix materials. Biomaterials. 1999;20:45-53.

. Hersel U, Dahmen C, Kessler H. RGD modified polymers: bio-

materials for stimulated cell adhesion and beyond. Biomaterials.
2003;24:4385-4415.

. Hubbell JA. Biomaterials in tissue engineering. Nature Biotehnology.

1995;13:565-576.

. Mrksich M, Whitesides GM. Using self-assembled monolayers to

understand the interactions of man-made surfaces with proteins and
cells. Annu Rev Biophys Biomed Struct. 1996;25:55-78.

Kasemo B. Biological surface science. Surf'Sci. 2002;500:656-677.
Bobyn JD, Pilliar RM, Cameron HU, Weatherly GC, Kent GM.
The effect of porous surface configuration on the tensile strength of
fixation of implants by bone ingrowth. Clin Orthop Relat Res. 1980;
149:291-298.

Bobyn JD, Wilson GJ, MacGregor DC, Pilliar RM, Weatherly GC.
Effect of pore size on the peel strength of attachment of fibrous tis-
sue to porous-surfaced implants. J Biomed Mater Res. 1982;16:
571-584.

. Matschegewski C, Stachlke S, Loeffer R, et al. Cell architecture-cell

function dependencies on titanium arrays with regular geometry. Bio-
materials. 2010;31:5729-5740.

. Kabaso D, Gongadze E, Perutkova §, et al. Mechanics and electrostatics

of the interactions between osteoblasts and titanium surface. Comput
Meth Biomech Biomed Eng. 2011;14:469-482.

. Park J, Bauer S, von der Mark K, Schmuki P. Nanosize and vital-

ity: TiO, vanotube diameter directs cell fate. Nano Lett. 2007;7:
1686-1691.

. Park J, Bauer S, Schmuki P, von der Mark K. Narrow window in nano-

scale dependent activation of endothelial cell growth and differentiation
on TiO, nanotube surfaces. Nano Lett. 2009;9:3157-3164.

. Park J, Bauer S, Schlegel KA, Neukam FW, Mark KV, Schmuki P. TiO,

nanotube surfaces: 15 nm — an optimal length scale of surface topo-
graphy for cell adhesion and differentiation. Small. 2009;5:666—671.

. Puckett S, Pareta R, Webster TJ. Nano rough micron patterned titanium

for directing osteoblast morphology and adhesion. /nt J Nanomedicine.
2008;3:229-241.

Popat KC, Daniels RH, Dubrow RS, Hardev V, Desai TA. Nanostruc-
tured surfaces for bone biotemplating applications. J Orthop Res.
2006;24:619-627.

Popat KC, Chatvanichkul KI, Barnes GL, Latempa TJ, Grimes
CA, Desai TA. Differentiation of marrow stromal cells cultured
on nanoporous alumina aurfaces. J Biomed Mater Res A. 2007;80:
955-964.

Heath MD, Henderson B, Perkin S. Ton-specific effects on the interaction
between fibronectin and negatively charged mica surfaces. Langmuir.
2010;26:5304-5308.

Walboomers FF, Jansen JA. Cell and tissue behaviour on micro-grooved
surface. Odontology. 2001;89:2—11.

Monsees TK, Barth K, Tippelt S, et al. Surface patterning on adhesion,
differentiation, and orientation of osteoblast-like cells. Cell Tiss Org.
2005;180:81-95.

Smeets R, Kolk A, Gerressen M, et al. A new biphasic osteoinductive
calcium composite material with a negative zeta potential for bone
augmentation. Head Face Med. 2009;5:13.

Smith 10, Baumann MJ, McCabe LR. Electrostatic interactions as a
predictor for osteoblast attachment to biomaterials. J Biomed Mater
Res A.2004;70:436-441.

submit your manuscript

1812

Dove

International Journal of Nanomedicine 201 1:6


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Adhesion of cells to a nanorough implant surface

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Urbanija J, Bohinc K, Bellen A, et al. Attraction between negatively
charged surfaces mediated by spherical counterions with quadrupolar
charge distribution. J Chem Phys. 2008;129:105101.

Urbnanija J, Tom$i¢ N, Lokar M, et al. Coalescence of phospholipid
membranes as a possible origin of anticoagulant effect of serum proteins.
Chem Phys Lipids. 2007;150:49-57.

Teng NC, Nakamura S, Takagi Y, Yamashita Y, Ohgaki M, Yamashita K.
A new approach to enhancement of bone formation by electrically
polarized hydroxyapatite. J Dent Res. 2000;80:1925-1929.

Oghaki M, Kizuki T, Katsura M, Yamashita K. Manipulation of selective
cell adhesion and growth by surface charges of electrically polarized
hydroxyapatite. J Biomed Mater Res. 2001;57:366-373.

Nelea V, Kaartinen MT. Periodic beaded-filament assembly of fibronectin
on negatively charged surface. J Struct Biol. 2010;170:50-59.
Cooper GM. Cell: A Molecular Approach, 2nd ed. Sunderland, MA:
ASM Press; 2000.

Bouafsoun A, Helali S, Mebarek S, et al. Electrical probing of
endothelial cell behaviour on a fibronectin/polystyrene/thiol/gold
electrode by Faradaic electrochemical impedance spectroscopy (EIS).
Bioelectrochemistry. 2007;70:401-407.

Zelko J, Igli¢ A, Kralj-Igli¢ V, Kumar PBS. Effects of counterion size
on the attraction between similarly charged surfaces. J Chem Phys.
2010;133:204901.

Frank M, Sodin-Semrl S, Rozman B, Poto¢nik M, Kralj-Iglic V. Effects
of low-molecular-weight heparin on adhesion and vesiculation of
phospholipid membranes — a possible mechanism for the treatment of
hypercoagulability in antiphospholipid syndrome. Ann N Y Acad Sci.
2009;1173:874-886.

Rapuano BE, MacDonald DE. Surface oxide net charge of a titanium
alloy: modulation of fibronectin-activated attachment and spreading of
osteogenic cells. Coll Surf B.2011;82:95-103.

Jackson ID. Classical Electrodynamics J. New York: Wiley; 2007.
Lamperski S, Outhwaite CW. Volume term in the inhomogeneous
Poisson-Boltzmann theory for high surface charge. Langmuir.
2002;18:3423-3424.

Igli¢ A, Gongadze E, Bohinc K. Excluded volume effect and orienta-
tional ordering near charged surface in solution of ions and Langevin
dipoles. Bioelectrochemistry. 2010;79:223-227.

Gongadze E, Bohinc K, van Rienen U, Kralj-Igli¢ V, Igli¢ A. Spatial variation
of permittivity near a charged membrane in contact with electrolyte solution.
In: Igli¢ A, editor. Advances in Planar Lipid Bilayers and Liposomes, vol.
11, Amsterdam, the Netherlands: Elsevier; 2010:101-126.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

Gongadze E, van Rienen U, Kralj-Igli¢ V, Igli¢ A. Langevin Poisson-
Boltzmann equation: point-like ions and water dipoles near charged
membrane surface. Gen Physiol Biophys. 2011;30:130-137.

Veksler A, Gov NS. Phase transitions of the coupled membrane-
cytoskeleton modify cellular shape. Biophys J. 2007;93:3798-3810.
Kabaso D, Lokar M, Kralj-Iglic V, Verani¢, Igli¢ A. Temperature and
cholera toxin B are factors that influence formation of membrane
nanotubes in RT4 and T24 urothelial cancer cell lines. Int J Nanomed.
2011;6:495-509.

Scita G, Confalonieri S, Lappalainen P, Suetsugu S. IRsp53: crossing
the road of membrane and actin dynamics in the formation of membrane
protrusions. Trends in Cell Biol. 2008;18:52—60.

Takenawa T, Suetsugu S. The wasp-wave protein network: connecting the
membrane to the cytoskeleton. Nat Rev Mol Cell Biol. 2007;8:37-48.
Takano K, Toyooka K, Suetsugu S. Efc/f-bar proteins and the n-wasp-wip
complex induce membrane curvature-dependent actin polymerization.
EMBO J.2008;27:2817-2828.

Yang C, Hoelzle M, Disanza A, Scita G, Svitkina T. Coordination of
membrane and actin cytoskeleton dynamics during filopodia protrusion.
PLoS ONE. 2009;4:¢5678.

Suetsugu S. The proposed functions of membrane curvatures mediated
by the bar domain superfamily proteins. J Biochem. 2010;148:1-12.
Hill TL. An Introduction to Statististical Thermodynamics. New York:
Dover Publications; 1986.

Igli¢ A, Kralj-Igli¢ V. Budding of liposomes — role of intrinsic shape
of membrane constituents. In: Leitmannova Liu A, editor. Advances in
Planar Lipid Bilayers and Liposomes, vol. 4. Amsterdam, the Nether-
lands: Elsevier; 2006:253-279.

Kabaso D, Shlomovitz R, Auth T, Lew LV, Gov NS. Curling and local
shape changes of red blood cell membranes driven by cytoskeletal
reorganization. Biophys J. 2010;99:808-816.

Lamers E, Walboomers XF, Domanski M, et al. The influence of nano-
scale grooved substrates on osteoblast behavior and extracellular matrix
deposition. Biomaterials. 2010;31:3307-3316.

Schar CR, Blouse GE, Minor KH, Peterson CB. A deletion mutant
of vitronectin lacking the Somatomedin B domain exhibits residual
plasminogen activator inhibitor-1-binding activity. J Biol Chem.
2008;283:10297-10309.

Xu D, Baburaj K, Peterson CB, Xu'Y. Model for the three-dimensional
structure of vitronectin: predictions for the multi-domain protein from
threading and docking. Proteins. 2001;44:312-320.

International Journal of Nanomedicine 201 1:6

submit your manuscript

1813

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Gongadze et al

Dove

Appendices

Appendix A: dynamic model

of the osteoblast membrane

In this Appendix we give further details of the dynamic model
employed to test the effects of integrin mediated adhesion
of osteoblasts to nanorough and smooth titanium surfaces.
The differentiation of the free energy (Eq. (15)) is projected
to give the forces normal to the membrane contour. We now
list the forces derived from the differentiation of the free

energy:
2 rrv72 1 27172 1 3
curvature:k _V H+HV n+_n H H+_H b
2 2 (A.1)
F;cnsion = O-/H s (AZ)
Fbinding = _Wn.gnH > (A3)
F;pring = _2¢x y H (A4)
F;mmpy =kTn[nln(n)+(1-n)In(1-n)]H , (A.5)
F;nterac!ion = —CQ}'lSnzH/Z 5 (A6)
where F/__is the force due to the curvature energy mis-

match between the membrane curvature and the spontaneous

curvature of the integrins, F is the membrane tension

tension

force, F ., 18 the force due to binding of integrin mole-

cules, F’ arises from

spring
the entropy of the integrins in the membrane, which acts to

is the spring restoring force, F' entropy

expand the length of the contour, and F, is the force

interaction

due to the direct interaction between neighboring integrin
molecules. The nonlinear term H 32 in F

curvature

is neglected
in the following.

We now calculate the dynamics of the integrin density,
using the following conservation equation:

n dds

%)
ds ot

on - A ( o”Fj
. v I
ot n, on
where A is the mobility of filaments and J is the total
current of integrins on the membrane, which includes the

following terms:

kAH
attraction = nVH, (AS)
n
kAH’
Jdispersion = nVn 5 (A9)
n
Jimeraction = ACQI’[V}’[ 5 (A 10)
Jdiffusion = _DV}’l ) (Al l)

where J

attraction

is the attractive flux resulting from the interaction

between the integrins through the membrane curvature,

Jioension 18 the dispersion flux due to membrane resistance to
1spersion

integrin aggregation due to their membrane bending effects,

I, rermation 18 the flux due to the direct interaction between inte-

grins, and J . . is the usual thermal diffusion flux which
depends on the diffusion coeffcient, D = AkT. The last term
in Eq. (A.7) arises from the covariant derivative of the density
with time on a contour whose length evolves with time. In
this term ds is the infinitesimal contour (line) element. This
term ensures that the total number of integrins is conserved
as the contour length changes. Note that the fluxes due to
entropy were not taken into account due to their relatively
small magnitude.

The results in the present study were calculated using
numerical simulations of the dynamics of the model system
beyond the linear limit. The differential equations explained
above were solved using an explicit Euler method in Matlab.
We checked for the convergence of our one-dimensional
simulations in space and time. A variation of the Monge rep-
resentation /(s) was employed to simplify the numerics, such
that the curvature force was kept only up to linear order. For
simplicity, the boundary conditions on the nearly flat mem-
brane were taken to be periodic. The following is the list of
parameter values incorporated in our numerical simulations:

£=125gs",D=0.002 gm’s™', A= D/kT,n, =100 4m™,
@, =0.0008 gum?>s™, k=100 kT, H =104m™",

0, =0.001gs?,w=1.1-10", gum’s™, c =4,
Q=1.75-10" gum’s™.

Appendix B: Langevin-Bikerman model
of a charged metallic surface in contact
with an electrolyte, considering the
finite size of molecules and orientational

ordering of water

The contact between a charged titanium surface and an
electrolyte solution implies a particular ion distribution near
the charged surface, ie, the electrical double layer (EDL).>¢
The distribution of ions in the EDL can be described within the
Poisson-Boltzmann (PB) theory'’'* by expressing the competi-
tion between electrostatic interactions and the entropy of ions in
the solution. Due to the electrostatic forces between the charged
surface and the ions in solution, counterions are accumulated
close to the charged surface, while coions are depleted from
this region (Figure B.1). As already shown, the properties of the
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Figure B.l Schematic figure of an electrical double layer near a negatively charged
planar membrane surface. The water molecules in the vicinity of the charged surface
are predominantly oriented towards the surface.

EDL may also be influenced by ordering of water molecules
in the region of the electric double layer.®!!-!3

Most of the PB-based models of the EDL'7#!¢!7 agsume
that the relative permittivity in the electrolyte is constant. In
the absence of explicit consideration of the orientational order-
ing of water molecules, the assumption of constant permittiv-
ity is largely a consequence of the constant number of water
molecules in PB theory. But actually, close to the charged
surface the orientation of water molecules (Figure B.1) may
result in a spatial variation of permittivity.'*'®*° Consider-
ing this effect, the EDL mean-field theory was modified by
orientational ordering of water molecules where the water
molecules were described as Langevin dipoles,” *!81°2! which
may be considered to be a very rough treatment of the relative
properties of the solvent.?>* Taking into account the finite
volume of ions and water orientation,'= the electric potential
can be determined from the Langevin-Bikerman (LB) equa-
tion with an excluded volume derived for a monovalent salt
electrolyte solution in contact with a charged surface:>*

2e,nyn, sinh(e,ds)

VA= B
_wv.{nw} B.1)
& H(¢,E)
where
F(pES) = Lip, EAHSIPED )
poEﬂ
L(PoEﬁ') = [COth(poEﬂ) -1 /(P()Eﬁ)] s (B'3)

H(g, E) = 2n, cosh(e, @) + "‘gﬁsmh( P Ef). (B4)

Po

Here e, is the elementary charge, p, is the dipole moment
of water (or a small cluster of water molecules), &, is the per-
mittivity of free space, @ is the electric potential, £ =/V@/ is
the magnitude of electric field strength, n is the unit normal
vector in the direction of V¢, = 1/kT, kT is the thermal
energy and n, = n_— 2n, is the number densities of water
molecules in the bulk, z_is the number density of lattice sites’
and n the bulk number density of monovalent salt anions and
cations. The above differential equation has two boundary
conditions. The first states that the electric field is zero far
away from the charged surface:

V(r — o) = 0. (B.5)

The second boundary condition at the charged surface
demands the electro-neutrality of the whole system and is
obtained by integrating Eq. (B.1) (see):*?

n.p, F(p,E
V¢ |r=r == z n—n TowTs P (po ﬁ) |r=rsurf ’
H(¢,E)

surf
€0 €0

(B.6)

where o1is the surface charge density. The above LB Eq. (B.1)
for finite sized ions can be rewritten in the form:*

V ‘ [gogl(r)VﬂI')] = _Ioﬁ‘ee(r)’

where P (r) is the macroscopic (net) volume charge density

(B.7)

of co-ions and counter-ions:*

sinh(e, #0)

, (B.8)
H(¢,E)

Plice (r) =—2¢, n,n,
and ¢ is the relative permittivity of the electrolyte solution
in contact with the charged surface:*

2, F(nED) (B9)

e(r)=1+ny,n, .
‘90 EH(¢)E)

In the above Eq. (B.9) we assume n, << n_and therefore
n = n, . The cavity and reaction fields are not taken into
account.?*

The second boundary condition (Eq. (B.6)) can be
rewritten as:*

__on (B.10)
EE, (X = Your)

Vd(r =

r.vurf ) ==

where £ (r) is defined by Eq. (B.9). The above expression for
£ (Eq. (B.9)) is consistent with the definition of the relative
permittivity in the form € = 1 + [P|/gE,>* where P is the
polarization vector.

In this work Eq. (B.7) was solved numerically using the
Finite Element Method (FEM) within the Comsol Multiphysics
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Figure B.2 Effective relative permittivity £ as a function of the distance from the
planar charged surface x calculated within the presented Langevin PB theory with
excluded volume for three values of the surface charge density: o = -0.1 As/m?
(dotted line), —0.2 As/m? (dashed line) and —0.4 As/m? (full line). Eqs.(B.7)—(B.10)
were solved numerically for planar geometry using the Finite Element Method as
described in the text. The dipole moment of water p, was taken as 4.794 D, the
bulk concentration of salt n//N, = 0.15 mol/L and the bulk concentration of water
n, /N, =55 mol/L.

3.5a Software program package (Stockholm, Sweden). The
space dependence of £ (r) (Eq. (B.9)) in Eq. (B.7) is taken into
account in an iterative procedure where the initial value of € (r)
is a constant equal to the permittivity of the bulk solution.
Figure B.2 shows a substantial decrease of £ in the vicin-
ity of a charged planar surface. The predicted decrease of
the permittivity relative to its bulk value is the consequence
of the orientational ordering of water dipoles in the vicinity
of the charged surface and the depletion of water dipoles at
the charged surface due to accumulation of counterions, as
shown schematically in Figure B.1. The profound decrease
of £ near the charged surface at higher values of the surface
charge density/o/(Figure B.2) according to Eq. (B.10) strongly
increases the electric field strength at the charged surface
E=-Vo(r=r_
blasts to the negatively charged metal surface.

) and therefore also the attraction of osteo-
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