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A novel method to calculate the mechanical properties
of cancer cells based on atomic force microscopy
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Purpose: Mechanical properties, as the inherent characteristics of cells, play a critical role in many essential physiological processes,
including cell differentiation, migration, and growth. The mechanical properties of cells are one of the criteria that help to determine
whether the tissue contains lesions at the single cell level, and it is very important for the early prevention and accurate diagnosis of
diseases. Atomic force microscopy (AFM) makes it possible to measure the mechanical properties at single cell level in physiological
state. This paper presents a novel method to calculate the mechanical properties of cancer cells more accurately through Atomic force
microscopy. Methods: A new induced equation of Hertz’s model, called differential Hertz’s model, has been proposed to calculate the
mechanical properties of cancer cells. Moreover, the substrate effect has also been effectively reduced through comparing the calculated
mechanical properties of cell at different cell surface areas. Results: The results indicate that the method utilized to calculate the me-
chanical properties of cells can effectively eliminate the errors in calculation, caused by the thermal drift of AFM system and the sub-
strate effect, and thus improve the calculation accuracy. Conclusion: The mechanical properties calculated by our method in this study

are closer to the actual value. Thus, this method shows potential for use in establishing a standard library of Young’s modulus.
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1. Introduction

The cell is a basic unit of structure, function and
biology of all known living organisms, it also contains
all life information and general features of life. The
in-depth study of the structures and activities of cells
is important in all life sciences, because the structures
and activities of cells affect many physiological proc-
esses including growth, differentiation, development,
death and tumor growth [1], [2]. Investigation of the
change of mechanical properties of cells is a good
way of studying the structures and activities of cells
[3]. These mechanical properties can be measured
easily through atomic force microscopy (AFM) or
other tools, which make the research on structures and
activities of cells more convenient and intuitional. In
addition, the inherent mechanical properties of cells

make it possible to perceive external mechanical
stimulation and transform the stimulation into chemi-
cal signals to regulate the physiological activities [4].
And the transmission mechanism would be damaged
if cells’ structure or mechanical properties change [5],
which causes some tissues to for lesions [6]. So,
studies on the mechanical properties of cells can con-
tribute to the understanding of the physiological
mechanisms, and this allows earlier prevention of
diseases [7].

The emergence of the AFM technique [8] makes it
possible to observe the ultrastructure of surface of
living cells. In AFM, a sharp tip over the sample sur-
face is raster-scan to study sample topography prop-
erties. The technique can be used to study physical
activities of living cells at nano-scale, as it can be
operated in a homologous physiological environment
at a nano-spatial resolution level [9]. Previously, some
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relevant studies on measuring mechanical properties
of cells utilizing AFM have been carried out and
many results have been achieved. Mechanical proper-
ties of the living rat liver macrophages have been
measured by AFM in physiological buffer to investi-
gate the contribution of cytoskeleton to the mechani-
cal properties of cells [10]. In addition, the mechanical
properties of L929 cells have also been measured and
the results have provided evidence of the existence of
mechanical coupling between the cell membrane and
the cytoskeleton [11]. Moreover, the mechanical
properties of cancerous cells and normal cells have
also been measured, and the results showed that the
cancerous cells can be distinguished from the normal
ones by analyzing the differences of their mechanical
properties acquired by AFM [12], [13]. However, in
all of these studies, the application of the AFM tech-
nique involved the use of a small and sharp tip, which
was harmful to the cells. Moreover, the measured
mechanical properties of cells only represented partial
points on the cells. In order to measure mechanical
properties of the entire cell, a spherical tip was fabri-
cated through connecting a microsphere to the AFM
tip [14], [15]. The method increased the contacting
area between the probe of AFM and the cells, which
reduced the damage caused to the cells. However, the
mechanical properties measured using the spherical
probe still contains only several scatter points or a very
small region and are not representative of the me-
chanical properties of the entire cell.

In this paper, a novel approach has been proposed
to measure the mechanical properties of cells based on
a new induced equation of Hertz’s model, called dif-
ferential Hertz’s model, which can help to obtain the
mechanical properties at almost covering all area of
the cell surface. In addition, considering the thermal
drift of AFM system and the substrate effect, which
impacted the accuracy of re-imaging sample surface,
a new method to eliminate the thermal drift and sub-
strate effect was proposed, respectively.

2. Materials and methods

2.1. Atomic force microcopy

The AFM consists of a cantilever with a sharp tip
at the end, scanners, position sensitivity detector
(PSD), controller and others, as shown in Fig. 1.
When the tip approaches to a sample surface, forces
between the tip and the sample surface lead to a de-

flection of the cantilever according Hooke’s law,
where the forces include mechanical contact force,
van der Waals’ force, etc. Simultaneously, the deflec-
tion results in a change of PSD signals, which are
generated through a reflected laser spot from the top
of the cantilever. So, when the AFM tip raster scans
the sample surface, the sample topographic properties
are acquired through converting the PSD signals into
desired signals via controller.
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Fig. 1. The schematic diagram of AFM
2.2. Differential Hertz’s model

One of the common methods to analyze the me-
chanical properties of cells is to calculate Young’s
modulus of cells, which is the essential characteristic
of cells. And the widely used method to calculate
Young’s modulus is the Hertz’s model, which ap-
proximates the sample as an isotropic and linear elas-
tic solid occupying an infinitely extending half space
[16]-[18]. Hertz’s model is formulated as follows.

For a spherical tip

_4_E
3 (1-0%)

\/Eéq/z’ (1)

where F denotes the applied loading force to cause
the deformation (o) of the cell, £ is Young’s modulus,
v is Poisson’s ratio of the sample, and R is the radius
of the sphere tip. Equation (1) is such that " with re-
spect to o, due to the parameters of £, v and R are all
constants, so, Young’s modulus can be calculated
when the loading force F' and 6 are measured directly
utilizing AFM. Furthermore, there is an assumption
for Hertz’s model that the tip is not deformation and
no extra force exists between the tip and the cell.
Moreover, the cell is regarded as an isotropic sphere,
so that Poisson’s ratio is set at 0.5, and the deforma-
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tion of the cell must be set too small to satisfy better
the limitation condition of Hertz’s model [19].

The deformation of the cell is determined by the
deformation of the cantilever (d) and the displacement
of piezo (z) in the vertical orientation, as shown in
Fig. 2, and the relationship is formulated as follows

z=d+6. )

For the applied loading force F and deformation of
cantilever d, there is the following equation based on
Hooke’s law, where k denotes the elasticity coefficient

F=kd. 3)

Cantilever

Tip

Cell

Fig. 2. The sketch of deformation when the tip
is applied onto the cell surface

In the traditional methods used to -calculate
Young’s modulus utilizing Hertz’s model, the vital
problem is to find the contact point from the dis-
placement z and the force F' curves, where the contact
point is position where the tip is first exposed to the
cell surface. This would lead to an inevitable error
because the point was determined through visual ob-
servation [20].

Therefore, in order to measure the mechanical
properties of the entire cell, a differential Hertz’s
model has been proposed. Assuming that F; and F,
are the applied loading forces into the deformation of
cell &, and & in the same desired area of cell surface,
respectively. And the corresponding displacements of
piezo are z; and z,, respectively. At first, equation (1)
is transformed to the following equation

2
REIR SIS
5{4—&/} } . (4)

Then, the differential Hertz’s model is formulated
as the following equation

3 (1-20? % 2 2
51—52{2%} (Fﬁ —FfJ. (5)

So, Young’s modulus can be calculated by the
following equation

ST
3(1-0%)| F? -F}
E= (6)
4JR | 6 -6,

Here, the force F can be measured using AFM
based on equation (7), and the displacement of piezo
can also be measured directly. Thus, the method used
to calculate Young’s modulus can help to avoid the
error of finding contact point. And then Young’s
modulus of the cell can be calculated as the averages
of E.

F=k-Sc-D. 7)

Here, Sc denotes the cantilever sensitivity (m/V)
and D is the deflection (V) of applied loading force
measured by AFM directly.

In other words, the procedures for calculating
Young’s modulus utilizing AFM based on the differ-
ential Hertz’s model are briefly described as follows.
Firstly, the same region of the sample surface is im-
aged twice with different deflections caused by the
applied loading force; simultaneously, the deflections
and height images are recorded. Secondly, a suitable
area of sample surface is selected in two images and
the corresponding deflections and height information
are determined. Finally, Young’s modulus is calcu-
lated based on the differential Hertz’s model using the
deflection and height information.

2.3. Method of eliminating thermal drift
of the AFM system

There inevitably exists an uncertainty error caused
by the thermal drift of the AFM system, which affects
the precision of calculating Young’s modulus in our
study. This leads to an absence of no complete overlap
for two sample topography images acquired by scan-
ning twice via AFM at different loading forces.
Moreover, the deviation of the tip position during
acquiring an image also contributes negatively. So,
how to eliminate the error caused by the thermal drift
is very important to improve the calculation accuracy.
The vital step to eliminate the thermal drift error is
calibration. In this paper, a method of calibrating error
caused by the thermal drift of AFM system has been
proposed and the procedure is described as follows.

Firstly, the same region of the sample is repeatedly
imaged at a fixed time interval (f) with a fixed deflec-
tion.

Secondly, the same feature points in all images are
selected, respectively, and the coordinates (absolute
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coordinate system) are calculated in corresponding
image, as shown in Fig. 3.
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Fig. 3. The method of calibration of thermal drift.
“a” denotes the first image and “b” denotes the second image,
and circles are the feature points

YV 4

Finally, assuming that the coordinates of the fea-
ture points in both images are (x;, y;) and (x, ),
where i =1, 2, ..., n, respectively, the calibration of the
thermal drift was performed using the following
equation

) RS

At the X axis: cx; =—Z(x,- -Xx/), (®)
noa

Atthe Yaxis: ¢y, = lZ:(y, -y). (8)
ng

Equations (8) and (9) are used to calculate the er-
ror caused by the thermal drift of the AFM system at
adjacent time points in the horizontal and the vertical
orientations, respectively. Then, the relationship
curve between the error of the thermal drift and the
time can be established using the errors at the fixed
interval calculated based on equations (8) and (9).
The slope of the curve is the thermal drift error at
unit time.

To realize the complete overlap of both morphol-
ogy images, the second image should compensate the
thermal drift error with the calibration, which will
guarantee the accuracy of calculating Young’s
modulus using the differential Hertz’s model.

2.4. Cell culture

The cells used in our study were human embryonic
kidney 293 (HEK293) cells, which is a specific cell
line originally derived from human embryonic kidney
cells grown in tissue culture. And the HEK293 cells
were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM, Thermo Scientific) with 1% penicil-
lin/streptomycin (Thermo Scientific) and 10% fetal

bovine serum (ExCell Bio) solution at 5% ambient
CO2 at 37 °C in a 60 mm culture flask for 24 hours.

3. Results

The prerequisite for the measurement of Young’s
modules of cells using the differential Hertz’s model
is to acquire the sample surface morphology of the
same region twice at different loading forces. How-
ever, a complete overlap of the measurement region is
difficult to obtain when performing the scanning
twice, due to the uncertainty error caused by the ther-
mal drift of the AFM system. In addition, the thermal
drift is a cumulative error, that is, it is proportional to
time. In addition, the error significantly affected the
accuracy of the calculated Young’s modulus. There-
fore, in order to eliminate the error, the thermal drift
error was calibrated firstly.

To calibrate the thermal drift error, the desired
sample surface was repeatedly scanned with the same
scanning parameters of the AFM system (Dimension
3100 AFM, Veeco Inc.) at a certain time. In this
experiment, the area was scanned four times at the
time period of 5 minutes and the scanning parame-
ters were set as follows: scale 50 um, rate 1 Hz, lines
512 at room temperature. Then, 8 feature points
were selected in each topographic image, as shown in
Fig. 4a—d. The relative deviation of each feature point
in two adjacent topographies was calculated, and av-
erages of all the distance of all feature points were
also calculated. The results of the relationship between
the drift distance and the time are shown in Fig. 5. Based
on the results, it is asserted that the thermal drift is in
direct proportion to the time and the calibration of
the thermal drift errors in the horizontal and vertical
orientations were calculated as cx = 0.084 pm/min
and ¢y = 0.087 um/min, respectively.

(a) (by (c) (dy

Fig. 4. The calibration of thermal drift.

(a)—(d) are the sample surface morphology of the same region
at every 5 minutes. The blue circles denote the feature points.
The numberi j(i=1,2,3,4,5,6,7,8,/=1,2,3,4)
indicates feature points at corresponding picture,
where i denotes the number of feature
while j is the corresponding picture acquired
in different time period. The bar is 5 um
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Fig. 5. The curve of thermal drift error versus the time
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Moreover, the selected area should be as far away
from the substrate as possible to reduce the substrate
effect on the results. The relationship between the
sizes of the selected area and the calculated Young’s
modulus is shown in Fig. 7. From Fig. 7, we con-
cluded that when the length of selected area, which
was the size of the box in Fig. 6, was in a smaller
region, then the calculated Young’s modulus showed
more instability, because of the smaller samples used
to be calculated; while when it was in a larger region,
then the effect from substrate was larger, so that the
calculated Young’s modulus was increasing with

(b)

Fig. 6. The sample topographies for calculating Young’s modulus. The boxes denote the area selected to calculate Young’s modulus

To calculate Young’s modulus using the differential
Hertz’ model, two images should be acquired at different
loading forces at firstly, as shown in Fig. 6. A rectangu-
lar area with the center of the highest point of the cell
was then selected to calculate Young’s modulus. Here, it
needs to be noted that the position of the second box
must be compensated with the thermal drift error.
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Fig. 7. The curves of Young’s modulus
calculated by differential Hertz’s model
and regular Hertz’s model versus the length of selected area

length. Therefore, a moderate length that allows Young’s
modulus to be stably calculated was chosen, and
Young’s modulus of the HEK-293 cell was calculated
as 0.7045 £ 0.0011 KPa by the differential Hertz’s model.
While Young’s model calculated by regular Hertz’s
model showed more instability and gradually increased
with length because of the existence of substrate effect,
and Young’s model is 0.8997 + 0.1673 KPa. Young’s
modulus calculated by the Hertz’s model is larger than
that calculated by this new model, because the latter
method reducing the error caused by the substrate
effect. And the calculate error was also larger due to
the effects of finding contact points and the thermal
drift.

4. Discussion

The mechanical properties of cells play an impor-
tant role in physiological processes, and they are re-
garded as an indicator of cellular states that can be
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used for the early prevention and diagnosis of diseases
at a single cell level. The prerequisite condition for
achieving these goals is to guarantee accuracy in the
calculation of the mechanical properties acquired us-
ing AFM. The most important factors that hinder the
accuracy of measurement of the mechanical properties
of cells include the thermal drift error, the substrate
effect error and contact point error. In detail, the
thermal drift error is caused by the non-linear creep of
piezoceramics of the AFM system and the experi-
mental environment; the substrate effect error is
caused by the interaction between the substrates in the
culture dish and the cell, and it is in direct proportion
to the height and the deformation of cells whose prop-
erties are to be measured; and the contact point error
is inevitably produced in the procedure of finding the
contact point through visual observation.

In this study, we successfully managed to improve
the accuracy of measurement of the mechanical prop-
erties of cells by eliminating these errors. For the
thermal drift error, the error is firstly calibrated and
then reduced effectively by compensating the calibra-
tion. To reduce the influence of the error caused by
the substrate effect, we calculated Young’s modulus at
different regions on the cell surface and summarized
the relationship curve between the calculated Young’s
modulus and the size of regions. We then averaged the
calculated Young’s modulus corresponding to the
range of the smallest fluctuation of the curve, because
the smaller region will show instability and the larger
region is affected obviously by the substrate effect. In
addition, for the last one, a differential Hertz’s model
was built to avoid the error caused by finding the
contact point based on visual observations. The model
can be used to accurately calculate Young’s model of
a large cell surface area, which can be more accurately
represented to Young’s model of the entire cell.

However, in order to utilize Young’s modulus for
the disease diagnosis, more data items of Young’s
modulus for different cells are necessary, which can
be obtained in future studies.
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