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ABSTRACT: Atomic force microscopy (AFM) is a promis-
ing tool to visualize biomolecules at the sub-nanometer scale.
Experimentally obtained AFM images have been compared
with the simulated ones; however, such conventional images
of biomolecules were usually computed by calculating
equidistance surface from given atomic positions, not by
calculating force. Here, we use a polymer model of a
chromosome, as a representative biomolecule, and the AFM
probe, and computed isoforce surfaces upon the fiber. The
oscillation of probes utilized in the dynamic mode of AFM
measurements was also implemented in the simulation. The
computed isoforce images were clearer than the conventional
equidistance ones, and a very similar images to isoforce ones
were obtained when the diameter of the probe was reduced to approximately 30% in the equidistance images. Thus, the probe
was found to approach very close to samples beyond the estimation of the equidistance surface, contributing clear AFM images.

1. INTRODUCTION

Atomic force microscopy (AFM) has been extensively utilized
to visualize molecules at the atomic scale.1 This technology
was originally designed to observe relatively hard materials2

but is now applied to soft materials such as biomolecules.
Especially, since the high-speed atomic force microscopy was
developed,3 various movies of biomolecular motions have been
filmed.4−8 Meanwhile, owing to the development of frequency
modulation AFM (FM-AFM) for liquid environment applica-
tions, molecules are resolved at the sub-nanometer scale even
in the liquid environment.9−12

Simulations of AFM images and comparison of them with
the measurements are essential for revealing what is really
resolved.5,7,11,13−29 For simple systems, sophisticated calcu-
lations such as density functional theory14−17,19,21 or classical
molecular dynamics simulation13,20 were employed to compute
simulated AFM images, in which constant frequency shift or
amplitude surfaces from samples were computed. These
simulated surfaces correspond to actual topographic images
by AFM measurements. On the other hand, for complicated
biomolecular systems, simulated AFM images were computed
by geometrically drawing equidistance surface from sam-
ples.5,7,11,18,22,23,27 However, predictions based on an equi-
distant surface differ from actual AFM topographic images.
Indeed, the shape of biomolecules in the simulated images
were usually unnaturally rounded,7,11,18,22−24,27 and the size of
molecules did not match to the actual AFM images unless the

size of the probe in simulation was smaller (about 2−50%)
than that used in experiments.5,22,23 In addition, the effect of
deformation of samples by the tip−sample interaction force is
not accounted for in the equidistance surface simulations. Even
though some of the previous equidistance surface simulations
successfully reproduced the experimentally obtained AFM
images of the biomolecules, a theoretical background to
support the validity of using such a small probe size should be
clarified.
In this paper, we developed a method to compute isoforce

surface around biomolecules with and without probe
oscillation. These two cases respectively correspond to static
and dynamic mode measurements.1 In this study, we consider
topographic images as isoforce surfaces to approximate both
FM-AFM and the amplitude modulation AFM images. Strictly
speaking, the isoforce surfaces are different from the constant
frequency shift or amplitude surfaces. However, they can be
more easily calculated and are good enough to reproduce the
experimentally obtained AFM images with a realistic probe size
by taking into account the sample deformation. Isoforce
surface images of chromosome, a representative biopolymer,
were simulated by employing a polymer model,30 and were
compared with conventional equidistance surface images. An
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analysis on the computed images of the dynamic mode
clarified why clear images were obtained in this mode even
with a relatively blunt tip.

2. METHODS

2.1. Chromosome Polymer Model. A polymer simu-
lation based on the bead−spring model mimicking 30 nm
chromatin fibers was employed. The system comprised of one
polymer consisting of 15873 beads, which corresponded to the
shortest chromosome (#21) in human.31 All the parameters of
the model were the same as those in previous work.31 In ref 31,
it was written that 120 000 τLJ (the Lennard-Jones time)
corresponds to 7 h in real time and τLJ = σ(m/ε)1/2, where σ
and ε are the Lennard-Jones parameters and m is the mass of
beads. Putting ε = kBT (kB is the Boltzmann constant and T is
the temperature) and σ = 30 nm, m was estimated to be
approximately 0.2 mg. Accordingly, m = 0.2 mg was used in
our study. Note that this is not an actual mass of the relevant
part of chromosome, but an effective mass of them accounting
also for viscosity. The Langevin equation of motion was solved
to evolve the time with a time step of 10 μs, which corresponds
to approximately 0.000048 τLJ. The temperature was set to 300
K.
A fractal form of the chromosome, representing the

chromosome in the interphase, was made in accordance with
the previous papers.32,33 First, a starting configuration of the
polymer was produced by the self-avoiding random walk in
three-dimensional (3D) space.32 Then, the following potential,
previously developed, was applied to each bead in the polymer
to make a compact form of chromosome33

U s k T e R R s
compact pack B

( )/0= −

where spack, R, R0, and s are the scaling factor to pack the
polymer, the distance of beads from the center of the polymer,
0.7Rmax (Rmax, the maximum of R), and R0/6, respectively.

33

Here, spack was 3. Within 200 000 steps of simulation, a fractal
form was generated. The resultant structure of the compact
chromosome had a diameter of ∼0.92 μm.
2.2. Model for AFM Probe. An AFM probe was modeled

by the same polymer model as the chromosome assuming the
probe has a diameter of 30 nm. A probe is comprised of 100
beads linearly lined with a separation of 28.8 nm (at which
distance the energy is in its minimum in this model). Hence,
the length of the probe is 2.88 μm. The geometry of the beads
in probe was fixed in the simulation, since the AFM probe was
assumed to be much more rigid than the chromosome.
The interaction between the chromosome and probe was

described by the same interaction with that between beads that
are not adjacent in the chromosome as a first approximation;
that is, the repulsive Lennard-Jones potential
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where rij is the distance between the beads in chromosome and
those in the probe, and i runs all the beads in chromosome and
j runs all the beads in probe. The σp is rprobe + rsample. The value
of rprobe was set to be equal to rsample (that is, rprobe = rsample = 15
nm) unless otherwise noted.

The other choice of Uattract (usual Lennard-Jones potential)
was also examined.
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,
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2.3. Scanning Motion of the Probe and the Way to
Compute the Topography. A tip of the probe was initially
positioned apart from the center of the chromosome by 0.6 μm
(z0). The center of the chromosome was positioned to the
origin (see Figure 1). All the beads in the probe were moved in

the z-direction to simulate the scanning motion in the AFM
measurements according to the following equation (Movie S1)

z v t z A tsinscan 0 ω= − + +

where z, vscan, t, A, and ω are the z-coordinate of the tip, the
scanning velocity, time, the amplitude of the oscillation, and
the frequency of the oscillation, respectively. The third term in
the equation accounts for the vibration of probe. The
amplitude or frequency modulation was not considered here,
but the force between probe and sample was directly calculated
from the derivative of Uprobe. The scanning or approaching
velocity (vscan) of the probe was set to 10 μm/s, which is of the
same order as experiments. A was 15 nm, corresponding to the
radius of the beads in the chromosome. ω was set to 1 MHz,
using the simulation time step of 0.1 μs for the probe. To set
the time steps for the chromosome and probe differently, the
RESPA algorithm was employed.34

Topographies were generated by recording z-coordinates (or
heights; H) of the probe tip during scanning, while changing
the initial x- and y-positions of the probe by 10 nm; hence, the
resolution in both directions was 10 nm. The recorded surface
of H(x, y) gives the topography that corresponds to the
experimentally obtained AFM measurement images. Scanned
area was 1 μm × 1 μm, so the number of pixels in an image was
101 × 101. The minimum resolution of the z-direction is
determined by the product of the scanning velocity and the
time step for the probe; here, the resolution is 10 μm/s × 0.1
μs = 0.01 Å.
In this paper, three kinds of recording were examined. First,

conventional equidistant images of biomolecules were
generated by recording the z-coordinates when the tip of the
probe gets close to the beads of the chromosome within σp,
which draws the equidistance surface from the polymer. In this
simulation, the motion of the chromosome was fixed, in
accordance with the previous computation of AFM images of
biomolecules. Second, images corresponding to the dynamic

Figure 1. Simulation system and the definition of coordinate. There is
one polymer composed of 15 873 beads (mimicking #21 chromosome
in the interphase in a human) and one probe composed of 100 beads
in the system. The chromosomal fiber is colored from red (one end)
to blue (the other end). Only a part of probe was shown for clarity.
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(or AC) mode of the AFM measurements were obtained by
recording the heights when the averaged forces along the z-
coordinate acting on all the beads in the probe within the 10 μs
exceed a setpoint, in which the sampling rate was set to be 100
kHz (Movie S2). Here, a setpoint of 100 pN, a typical value for
the AFM measurements of biological molecules,35 was
employed. Lastly, AFM images of static (or DC) mode were
computed by setting the amplitude (A) to zero, which removes
the third term. The way to calculate AFM images in the static
mode is similar to that of previous studies.36 While computing
the AFM images in dynamic and static modes, the
chromosome was free to move.
All the codes to simulate AFM images were developed by

ourselves. Using single core of CPU at a supercomputer of the
Institute for Molecular Science in Japan (Intel Xeon Gold
2.4GHz), computing time to obtain a height information at
one position was ∼0.1 s (equidistance estimation), ∼65 s (in
the static mode), and ∼135 s (in the dynamic mode). All the
snapshots and movies were produced using the Visual
Molecular Dynamics package.37

3. RESULTS

The simulation system has a single fiber mimicking #21
chromosome, the shortest chromosome in a human, and one

probe (Figure 1). The chromosome was constrained in a
sphere to mimic its structure in the interphase.38 The probe
was scanned in the z-direction at each xy-position to approach
the chromosome (Movie S1). This corresponds to the
scanning motion in the AFM measurements.
Three kinds of AFM image were computed (Figure 2a,b).

First, in accordance with the conventional geometrically
estimated AFM images of biomolecules,5,7,11,18,22,23,27 an
equidistant surface from the chromosome was drawn (top
right in Figure 2a). In this image, many bumps were seen,
whose shapes are mostly rounded. These rounded shapes were,
as mentioned, typically seen in the computed AFM images of
biomolecules.7,11,18,22−24,27 Because of this roundness, the
overall view is somehow blurred; thus, it is difficult to
distinguish fibers except for some fiberlike structures in the
magnified view (arrowheads in the top right of Figure 2b).
Two kinds of isoforce surface-simulating static and dynamic

modes were computed. In the static mode, heights (or z-
coordinates) of the tip were recorded when the instantaneous
force that the probe feels exceeds a certain force (the so-called
setpoint). The setpoint was set to be 100 pN, a typical value
for biomolecular measurements.35 In the dynamic mode, the
detected force was defined as the time averaged force of the
instantaneous forces in the sampling time (in this case, 10 μs;

Figure 2. Simulated model and computed AFM images. (a) Whole views. Top left is a top view of Figure 1. In the computed AFM images, the
height difference from the surface of a sphere having a diameter of 0.92 μm was plotted to clearly see the concavity and convexity of the surface.
The equidistance surface was shifted by −20 nm to adjust its contrast with those of the isoforce surfaces. Scanned areas were 1 μm × 1 μm with 101
× 101 pixels. The radius of the probe (rprobe) was 15 nm. (b) Magnified views of squares in (a). Scanned areas were 0.4 μm × 0.4 μm. (c)
Equidistance surface images when the radius of the probe was reduced. (d) Isoforce surface images in the static and dynamic modes when the
probe size was reduced to half. The images in static and dynamic modes were shifted by +10 and +20 nm to adjust their contrasts, respectively. The
enlarged views are indicated as insets. The polymer model corresponding to the relevant region is also shown.
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being equivalent to 10 cycles of oscillation and 100 time steps
of numerical integration) (Movie S2). In these simulations, the
sample (here chromosome) was free to move to account for its
deformation by the tip−sample interaction force in the AFM
measurements unlike the previous equidistance surface
simulations. Computed isoforce surfaces in both static and
dynamic modes were sharper than the equidistance surface
(bottoms in Figure 2a). Although these two isoforce surface
images look similar, there is a difference when the probe size
was reduced, as shown later. In contrast to the equidistance
surface image, the fibers of the chromosome were resolved in
the isoforce surface images. In the magnified views (bottoms in
Figure 2b), fibers are observed whose shapes were close to
those in the simulation model (top left in Figure 2b).
In the previous papers, it was shown that the most similar

images to the experimentally measured AFM images were
obtained when the probe size was reduced to 2−50%.5,22,23
One hundred different equidistance surface images were
computed while changing probe size from 1 to 100%. It was
found that the most similar image with the isoforce surface in
the static mode was obtained when the radius of the probe
(rprobe) was reduced to 36% (rprobe = 5.4 nm) and that in
dynamic mode this was observed when rprobe was 4.2 nm
(28%) (see the quantitative estimation of difference between
images; Figure S1). The resultant equidistance surfaces (rprobe
= 5.4 nm (36%) and 4.2 nm (28%)) are indicated in Figure 2c.
These images were different from the original equidistance
surface (rprobe = 15 nm; top right in Figure 2a) but similar to
the isoforce surface images. As a result, fibers were resolved in
these images. This means that it is important to reduce the tip
radius to approximately 30% of that actually used in the AFM
measurements to gain the best fit of computed AFM images
with the corresponding AFM measurements, rationalizing the
use of reduced tip size while simulating the AFM images.5,22,23

More importantly, these results signify that the probe
approaches closer to the sample than expected from the
probe size in the AFM measurements, as though the probe had
smaller size than its real size.
Also, it is widely considered that higher-resolution images

are provided when a smaller sized or sharpened tip is used.
Isoforce surfaces in the static and dynamic modes were
computed when rprobe was reduced by half, i.e., rprobe = 7.5 nm
(Figure 2d). Two images in both modes were of higher
resolution than those of the original tip size: further, fibers are
clearly seen. At this probe size, the image in the dynamic mode
is slightly finer than that in the static mode. Especially, fibers in
the inset (arrowheads) were not separated in the view of static
mode, but they were discriminated in the dynamic mode
image. Thus, our results show that the simulated AFM images
in the dynamic mode are sharper than those in the static mode.
One may think that the flexibility of the sample increased the

resolution; for example, the separated view of the two fibers
(right inset in Figure 2d) is considered to be a result of a
displacement of these fibers to make a cleft between them
while the oscillating probe approaches. To clarify whether this
is correct or not, isoforce surfaces in the static and dynamic
modes while completely fixing fibers were computed (Figure
S2). The obtained images were almost the same as the original
images in the case where the fibers were free to move
irrespective of the scanning mode and probe size, except for a
slight height difference (∼1 nm). Accordingly, the flexibility
has little effect on the increase of resolution because of the
much slower motion of chromosomal fiber compared to the

approaching probe (Movie S1).39 Moreover, to investigate the
influence of attractive force between probe and sample, AMF
images with the probe−sample attraction were also simulated
using Uattract (Figure S3). The resultant topographies were
somewhat blurred but mostly similar to those obtained using
the repulsive Lennard-Jones potential (Figure S3). This means
that the attraction term has little effect on the topographic
images.
In the line profiles, the difference among the equidistance

and isoforce surfaces was clearly confirmed (Figure 3). The

line profile of the equidistance curve (magenta in Figure 3)
effectively follows the radius (rsample + rprobe) of a circle (or
sphere for three-dimensional (3D) space), such that the line is
rounded in the 2D line profile, and results in round bumps in
the equidistance surface in 3D space (top right in Figure 2a).
By contrast, the isoforce curves (black lines in Figure 3 for

static mode, and red for dynamic mode) were rugged and
zigzag. Hence, they are qualitatively different from the
equidistance curve. This zigzag or indented curve contributes
not only to increase the resolution in the height direction but
also to a separated view of the fibers. The isoforce curves in
both modes run closer to the beads than the equidistant curve.
Again, this means that the probes come close to the samples in
the actual AFM measurements, which is in accordance with the
motivation of the FM-AFM.1 In addition, at some points, we
can see that the isoforce curves deeply intrude into the
chromosome (red arrows, Figure 3b,c). A remarkable example
is shown in Figure 3c: the equidistance curve runs over two
leftmost beads of chromosome, while the isoforce curves
indent and make a cleft between them. It shows that the
equidistance curve cannot separate these two beads, while the
isoforce curves can really resolve them. Thus, these intrusions
are responsible for the fine resolution.
Finally, it is important to quantitatively clarify to what extent

the probe can approach the sample. Conventional simulated
AFM images of biomolecules are, as noted, based on
equidistance surfaces. On this surface, the force in our model
is only 3.3 pN. Generally, the force on the equidistance surface
is given by 24ε/σ, where ε and σ are the usual parameters in a
Lennard-Jones potential. For example, 24ε/σ is 81.8 pN for the
SPC/E water model and 42.2 pN for sp2 carbon atom in the
AMBER force field.40,41 Note that the z-component of force is

Figure 3. Line profiles of equidistance and isoforce surfaces along a
cross section cutting the chromosome at the center. (a) A whole
picture. (b) Enlarged view of (a). (c) Enlarged view of (b). Blue dots
show the positions of beads constituting chromosome within a slab of
15 nm from the cross section. Red arrows indicate the positions where
the isoforce curves intrude into the sample. Magenta and blue circles
in bottom right show the radius of the probe (rprobe) and the beads in
the sample (rsample), respectively. Here, rprobe = rsample = 15 nm.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b10263
J. Phys. Chem. C 2020, 124, 2213−2218

2216

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10263/suppl_file/jp9b10263_si_002.mov
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10263/suppl_file/jp9b10263_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10263/suppl_file/jp9b10263_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10263/suppl_file/jp9b10263_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10263/suppl_file/jp9b10263_si_001.mov
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10263/suppl_file/jp9b10263_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10263/suppl_file/jp9b10263_si_003.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b10263


always smaller than these values. The force values are thus
smaller than the usual setpoint (100 pN); accordingly, the
probe approaches toward the sample beyond the equidistance
surface against the repulsive force from the sample even in the
static mode because of setpoint.42

In the dynamic mode, the probe is oscillating and the
detection force is a time average of the instantaneous force
between the probe and sample (Movie S2). Thus, the tip−
sample repulsion is weakened by the broad distribution of the
tip in oscillation: strong repulsion when the tip approaches the
sample is averaged by the weak (or nearly zero) repulsion
when the tip is far from the sample in its oscillation cycle. Even
though the detecting force is below 100 pN, the instantaneous
force is close to 500 pN (Movie S2). It approaches
approximately 790 pN when the motion of sample was fixed
(hence, the probe stopped at slightly higher positions in Figure
S2). Accordingly, the oscillating probe can approach closer to
samples than in the static mode, and the deformation of
sample allows the probe to get even closer. This demonstrates
why the isoforce curve in the dynamic mode runs closer to the
sample compared to that in the static mode (Figure 3). As a
result, the probe gets closer to the sample in the AFM
measurements beyond the simple expectation from the
equidistance surface.

4. CONCLUSIONS

We computed the isoforce surface in both the static and
dynamic modes of polymers modeling a chromosome and
AFM probe. It was found that the isoforce surface was clearer
than the equidistance surface (conventional simulated AFM
images of biomolecules) due to deep indentation; the tip can
closely approach the sample beyond the equidistance surface
against the tip−sample repulsion.42 In previous studies, an
unrealistically small probe size was assumed in the equidistance
surface simulation to reproduce the resolution of the real AFM
images.5,22,23 Here, we have provided a theoretical explanation
of why such a small probe size was necessary and how it can
improve the similarity between equidistance surface images
and real AFM images. We have also demonstrated that this
problem can be solved using an isoforce surface simulation. In
addition, we clarified the approximately 3-fold difference
between the probe sizes used in the real experiments and
equidistance surface simulation. This quantitative under-
standing may allow us to estimate the size of the
experimentally used probe by comparison between the AFM
images obtained in experiments and simulation.
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