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Analysis of Steric Repulsion Forces in Atomic Force Microscope
with Polyethylene Oxide in Aqueous Media
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We present a theoretical analysis for the use of long-range intermolecular steric repulsion forces for imaging by
atomic force microscope (AFM). Polyethylene oxide (PEO) is assumed to be terminally attaching to a spherical AFM
tip in aqueous media. Only two long-range intermolecular forces (van der Waals attraction and steric repulsion) are
considered. All calculated forces are near 107" N, which should not produce deformation of the soft protein surface.
Calculations are presented as a function of surface density and chain length of terminally attached PEO, and other
variables. Longer chain length and maximal surface density of terminally attached PEO to a smaller sized spherical
AFM tip (modified AFM system) is appropriate to obtain optimum images of proteins on the surface.

Introduction

The atomic force microscope (AFM) can be used to obtain
atomic scale images of observable surfaces' 3. The imaging
contrast originates from intermolecular forces between the
tip and the surface. The sample need not be a conductor
to be imaged. The surfaces to be imaged can also be in
an aqueous environment®, which enables one to realistically
image biological systems and monitor biological processes
in real time. Most AFM research is performed in an air
medial?*® using short-range intermolecular forces™. Long-
range intermolecular forces can reduce the risk of damage
of the soft protein surface. Long-range intermolecular forces
that have been utilized with the AFM are van der Waals
force® in air and van der Waals and electrostatic forces'
in aqueous media.

Polymers attached on solid surfaces immersed in a liquid
medium are protected against aggregation by steric stabiliza-
tion". There exist long-range steric repulsion forces be-
tween two surfaces bearing such adsorbed polymer layers.
These repulsive forces often exceed the long-range van der
Waals and electrostatic forces acting between the bare sur-
faces®. Polyethylene oxide (PEO) surfaces are becoming rec-
ognized as exhibiting strongly reduced protein adsorption*~%,
The protein-resistant character of PEO is generally recogni-
zed as a steric stabilization effect. The origin of these repul-
sive forces is attributed to two components®~2: the osmotic
and elastic components. The osmotic component arises from

the local increase in chain segment concentration upon com-
pression resulting in the development of an osmotic pres-
sure. The elastic component arises from the chain segments
that have a tendency to extend themselves upon compres-
sion.

PEO can be attached to AFM tips of different sizes. The
attached PEO can vary in molecular weight (chain length)
and in number of chains per unit surface area (surface den-
sity), the 2 major molecular factors in steric repulsion'®%.
In this paper we present a qualitative theoretical analysis
of the steric repulsion forces of PEQ attached to a spherical
AFM tip interacting with a soft protein sample surface as
a function of the surface density and chain length of PEO
with the variation of the sizes of tip and sample surface.

Modeling

The shape of the tip is pyramidal and terminates in a
point; the apex of the pyramid is approximated as a sphere®.
PEO is assumed to be a neutral homopolymer with linear
and flexible chains terminally attached to a spherical AFM
tip (Figure 1(a)). The surface is assumed to be a hypothetical
cylindrical protein adsorbed on mica. Although there can be
various cylindrical shapes on the surface, only one unique
cylindrical surface is considered (Figures 1(a)). It has a shape
of circle from a top view. The surface is treated as one
circle because that the assumed cylindrical surface is posi-
tioned under the PEO attached AFM tip and we consider
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Figure 1. (a) Our model geometry, consisting of a spherical
tip with terminally attached PEO chains and sample surface of
cylindrical shapes. (b) One circular surface is moved laterally
while the modified tip is fixed (scanning). The intermolecular
forces between them are calculated as a function of the degree
of lateral displacement of the circular surface, 7/2a; where r
is the distance from the original circular center to the displaced
circular center and a; is the radius of sample surface of assumed
circular shape. @, and D is the radius of assumed spherical tip
and the distance between the terminally attached PEO chains,
respectively.

only the long-range intermolecular forces between them
(Figure 1(b)). The attached PEO chains exhibit steric repuls-
ion force upon compression'®®.

The crucial parameters are the distance D between the
terminally attached PEO chains to the AFM tip, a measure
of the surface chain density, the degree of polymerization,
N, a measure of the chain length, the radius of circular sur-
face, a;, a measure of the size of adsorbed protein on mica,
and the radius of spherical tip, @), a measure of the AFM
tip size (Figure 1(b)). Only the “brush” case is considered™.

Method

Considered long-range intermolecular forces in aqueous
media for our modified AFM system are van der Waals and
steric repulsion (electrostatic forces are ignored because
of the attached neutral PEQ chains®®). The non-retarded
van der Waals force between the large spherical AFM tip
and one small circle surface across the terminally attached
PEO media is given as®:
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where A is the Hamaker constant®® between the AFM tip
and protein adsorbed circle surface across a medium (PEO
in water); a; is the radius of circular protein (ma;? is the
area); L is the separation distance between the spherical
AFM tip and circular protein surface. The long-range repul-
sive steric force of the PEO-modified tip under the effect
of circular protein is calculated as the steric repulsion force
per unit surface area™® multiplied by na.:

- A 3 2 2]
@)

where % is the Boltzman constant; T is the absolute tem-
perature; a is the monomer size of PEO (2.78 Ry, N is
the degree of polymerization; o is the surface density of
PEO (c=a%D?); L, is the theoretical equilibrium layer thick-
ness of terminally attached chains in a good solvent system,
Ly=(5/7-kyks)PaNc®; and the k; and k. are the osmotic
and elastic contribution of PEO chains and given as 0.004
and 003, respectively, which are discussed in our previous
paper?’.

We assume a minimum detectable force of 101 N#%,
thus minimizing sample damage. To obtain the AFM detect-
able real long-range force, the attractive van der Waals force
is added to the steric repulsion force. The individual and
combined force (F=F(VDW)+F(S)) calculations were per-
formed using N values from 50 to 150 and D values from
5 to 11 & for the variation of separation distances between
the spherical tip and one circular protein surface.

AFM scanning involves the lateral movement of the sam-
ple with respect to the tip*>®. If the separation distance
between two centers increases, the interaction force be-
tween them is decreased (Figure 1(b)) (contant “height” meth-
0d)*>®. The rate of the decrease of the force during a scan
can affect the cantilever deflection, and the “resolution” of
the image of one circular surface.

F(VDW):“Mzz ’

Results and Discussion

The larger steric repulsion forces are reduced by the at-
tractive van der Waals forces. The combined force must be
considered in the following text (the force means the com-
bined force if without any remark). The combined force is
also compared with the attractive van der Waals force (re-
sulting from our bare AFM tip without any attached polymer
chains). The increase of the forces above 10~"! N can damage
the protein surface®?. Maintaining the forces at about 107"
N is important in AFM measurements without the damage
of sample.

Separation distances between the tip and one circular sur-
face, maintaining a force of 107! N, are calculated as a func-
tion of the circular surface area for different surface density
and chain length of terminally attached PEO (Figure 2). To
have the merit of using the steric repulsion forces of the
modified AFM system compared with the unmodified ones,
the spearation distances with maintaining the combined force
at 107! N must be longer than those with the van der Waals
force of 10~ N (the tip must closely approach to the surface
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Figure 2. The separation distance, L, plotted against various
sizes of circular surfaces for 2 different D values (5 and 6 A)
at N=50, 3 different D values (5, 7, and 9 A) at N=100, and
4 different D values (5, 7, 9, and 11 &) at N=150, maintaining
a constant combined force of 107! N. The separation distances
with maintaining a constant absolute value of van der Waals force
of 10°" N are also inserted for comparison.

of sample to detect the van der Waals force of 1071 N,
and then the tip can damage the surface®). It can be achiev-
ed by the increase of surface density and chain length of
PEO attached to the AFM tip. The distance between the
terminally attached PEO chains, D, above 5 & must be con-
sidered because the surface density of crystalline PEO is
0.361°%%2% The distances, D, longer than 6 & for N=50,
9 A for N=100, and 11 K for N=150 produce a combined
force lower than the absolute value of van der Waals force
in our studied range of circular surface size, meaning the
loss of steric repulsion concept under the assumption of only
two long-range forces (steric and van der Waals). The dis-
tance between the terminally attached chains must be shor-
ter (higher density) than the above critical values to have
the combined force detectable at 107! N. The separation
distances between the modified AFM tip and the sample
surface increase with increase of observable protein surface
size and the extent is greater at longer chain length of PEO.
Maintaining forces of 107! N at longer separation distances
can be obtained by higher surface density and longer chain
length of PEO. This is desirable for AFM measurements
because operation of AFM at shorter separation distances
between the AFM tip and the circular surface can induce
abrupt attraction of the tip to the substrate (the tip adheres
strongly to the substrate end can be withdrawn only with
difficulty), and can deform and distort the adsorbed protein
surface®®3! The higher surface density of attached PEO
is very difficult to obtain experimentally'?®23, Longer chains
with experimentally obtainable higher surface density of PEO
must be attached to the AFM tip to get the larger steric
repulsion forces at longer separation distances.

As the scan is made, the larger spherical tip with PEO
is fixed and the smaller circular surface is moved laterally
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Figure 3. (a) The combined force F, and (b), its relative value,
F/F,, plotted against the lateral displacement of one circle, 7/2a,,
for 3 different separation distances (L=20, 22, and 24 &) at
N=100 and D=5 13., 3 different chain lengths (N=100, 120, and
140) at L=20 A and D=5 A, and 3 different surface density
(D=5,6,and 7 A) at L=20 A and N=100 as the scan is made.
a, and a, are fixed at 100 & and 10 ‘& respectively. F, the force
between tip and one circular surface at any lateral movement
of the surface (during scanning) divided by, Fo, the starting force
between tip and assumed center circular surface just under the
tip (before scanning), ie, F/F,, gives the relative value of the
combined force.

under it, exhibiting gradually declining long-range intermole-
cular forces between them (Figure 1(b)). The combined long-
range intermolecular forces are calculated as a function of
the lateral movement of the circular surface from the tip,
represented as r/2a; where r is the distance from the origi-
nal circular center to the displaced circular center and a,
is the radius of assumed single circular surface. First, we
examine the effect of variation of the separation distance
between the constant sizes of tip and circular surface, and
the degree of polymerization and the surface density of at-
tached PEO, to the combined intermolecular force (Figure
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Figure 4. The relative value, F/F,, plotted against 7/2a, for 4
different sizes of assumed circular surface (@;=7, 8, 9, and 10
&) at a,;=100 & and 4 different sizes of assumed spherical tip
(@1=100, 120, 140, and 160 &) at ;=10 A. L, N, and D are
fixed at 20 &, 100, and 5 A, respectively.

3(a)). The force is gradually decreased as the scan is made
for all of our examined cases. To compare the extent of
decreasing force for the lateral movement of the circular
surface, the calculated force is expressed as a relative value,
which affects the degree of cantilever deflection and gives
a rough estimate of the “resolution” of surface image (Figure
3(b)). The difference of slopes is slight. The interested one
is that the increase of chain length and surface density of
PEO induces a larger increase of the force (Figure 3(a)),
but the relative force has no profound difference (Figure
3(b)). Thus “resolution” is not affected, but the force is
easier to detect by AFM. If the un-modified AFM cannot
detect the smaller intermolecular force at some longer sep-
aration distance because of instrumental limitations, one
must increase the detectable force by decrease of separation
distance. The AFM can detect the larger force, but the closer
approach of two surfaces (tip and sample surface) can induce
attraction between them, perhaps deforming the surface®¥,
All of these problems are alleviated with the modified AFM,
obtained by increasing chain length and surface density of
the attached PEQ, allowing longer separation distances to
be used.

A larger circular surface decreases the intermolecular
force more steeply and can give a finer circle image (Figure
4), which may be a naturally occurring consequence. AFM
tip size has also to be decreased at a fixed chain length
and surface density of PEO to obtain a finer surface image
7¢., the smaller the tip size, the better the “resolution” (Fig-
ure 4).

Modified AFM tips to permit detectable force at relatively
longer separation distances and with minimal sample surface
deformation require the following conditions: longer chain
length and maximal surface density of terminally attached
PEO to the smallest possible AFM tip. The surface density
is more important than chain length in maximizing the steric
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repulsion’®%,

Conclusion

This study is based on the assumption of PEO chains ter-
minally attached to a spherical AFM tip in aqueous media,
interacting with one finite circular “protein” surface (i.e., mo-
dified AFM system). Only two long-range intermolecular
forces between the two surfaces are assumed: van der Waals
attraction and steric repulsion. To obtain an estimate of the
total force detected by the AFM, the two individual forces
are combined. The combined forces are calculated as a func-
tion of surface density and chain length of PEQ, as well
as other variables, and compared with the absolute values
of the van der Waals force to obtain the use of long-range
steric repulsion force. To get the AFM detectable combined
force of 107! N at relatively longer separation distance, an
increase in surface density and chain length of PEO is neces-
sary. The best conditions for N=50, N=100, and N=150
require the chains on the surface to be less than 6, 9, and
14 apart, respectively. The intermolecular forces between
the spherical AFM tip and one circular protein surface de-
crease with an increase in separation distance. The longer
separation distances, while maintaining forces of 107! N
(which minimally deform the “protein” surface and are more
desirable for AFM), can be obtained by higher surface den-
sity and longer chain length of PEQ. The variation of surface
density and chain length of PEO affects the magnitude of
the steric repulsion force, but does not significantly affect
the “resolution”. “Resolution” is improved by the decrease
of tip size.
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In a recent paper' we reported molecular dynamics (MD) simulation of Na* ions in a rigid dehydrated zeolite-A
framework at several temperatures using a simple Lennard-Jones potential plus Coulomb potential with Ewald summa-
tion to investigate the structure and dynamics of Na* ions. In this paper the same technique is applied to study
the structre and dynamics of cations in dehydrated Ca®*-exchanged zeolite-A systems, Cas-A and CaNa,-A. At 298.15
K the calculated positions of Ca®* and Na* ions are in poor agreement with those determined by X-ray diffraction
experiments, but this is reasonably explained by large repulsive interactions between cations. A simple harmonic
oscillation of Ca** ions in dehydrated Cas-A zeolite and simultaneous random motions for the the same kinds of
cations in dehydrated CaNas;-A zeolite due to a positional symmetry are observed in their velocity auto-correlation
functions and mean square displacements. MD simulations of the fictitious Cag-A zeolite confirm our result for the

behavior of Ca®* ions in dehydrated Cas-A zeolite.

Introduction

In a previous paper (referred to Ref. 1 throughout this
paper), we discussed a molecular dynamics (MD) simulation
study of 12 Na* ions in rigid dehydrated zeolite-A frame-
work. This study was carried out by the use of Ewald sum-
mation technique for the long-ranged character of Coulomb
interaction. Qur attention was mainly confined to the deter-
mination of a best-fitted set of interatomic potential parame-

ters which include Lennard-Jones potential parameters and
electrostatic charges of Na* ions and framework atoms. The
next attention was given in the investigation of dynamic be-
havior of Na* ions at 298.15 K and 600.0 K using the pre-
viously determined interatomic potential parameters. Con-
tinuing that study here, we discuss new results in dehydrat-
ed, fully and partially, Ca’*-exchanged zeolite-A. We have
also extended our earlier techniques of MD simulation and
Ewald summation to this study of dehydrated Cas-A and



