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Abstract

Investigations on mechanical properties of biological cells especially cancer cells can considerably help recognizing
various types of cancers. In this paper, we have concentrated on finding mechanical properties of breast cancer cell (MCF-
7), elastic and viscoelastic, using atomic force microscopy. Initially, topography and apparent properties of the MCF-7 cell
are studied, then the results are analyzed and compared with the literature to ensure the validity. After accurate diagnosis of
MCEF-7 cells, force—indentation curves for thirty-one cells, each in three different points, are obtained and the elasticity
module of each point is calculated using Hertz and Dimitriadis theories. To ensure about the accuracy of experimental data,
some statistical analysis is done to extract distribution functions for elasticity module of each theory. Due to the importance
of adhesion force in the friction force, the purpose of this section is to determine adhesion changes in different points of the
cell. In the next step, spring and viscosity force gradients and consequently stiffness and viscosity in different indentation
depths are measured and finally appropriate creep function is extracted for viscoelastic behavior of MCF-7 using the
Kelvin—Voigt model.

Keywords Cancer - Atomic force microscopy - Mechanical properties - Elastic properties - Viscoelastic properties -
Elasticity module - Adhesion - Creep function

1 Introduction

Investigation of apparent properties and mechanical char-
acteristics of MCF-7 cell develops the insight to better
predicting its behavior and perhaps helps in more accu-
rately recognizing different cancers. There are numerous
devices utilized for measuring different properties of bio-
logical cells, one of which is an atomic force microscope
(AFM) [1]. The main advantage of AFM compared to other
methods is its applicability in obtaining other properties
such as adhesion distribution, friction, elasticity module,
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viscoelastic characteristics besides, topography simultane-
ously [2]. AFM operates well in hard surfaces measure-
ments but with softer surfaces such as cells or polymers, it
faces several problems. Weisenhorn et al. obtained force—
destination and force—indentation depth curves for elas-
tomers, rubber and living biological cells in contact and
concluded that the curves are parabolic. Then, elasticity
module was obtained according to Hertz theory and the
best force range in which the best clarity existed was
represented [3].

Vinckier and Semenza measured elasticity module of
biological materials using AFM. Using Hertz theory, they
extracted the elasticity module and then they tried to
measure this property of biological cells and soft matters
using AFM [4]. Ikai et al. reviewed nano-mechanical
methods using AFM. They obtained elasticity module
using Hertz theory and indentation data [5].

Park and Lee measured mechanical properties in three
different parts of a Muller cell. To do so, they put the AFM
tip in touch with three different parts of the cell and
obtained force—indentation depth curves [6].
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Adhesion force behavior can be attributed to Van der
Waals and capillary forces which exist between AFM tip
and the surface. There is no capillary force in dry or vac-
uum environments, otherwise, due to environment humid-
ity, there will be a capillary force which affects interaction
between the tip and the surface. Magnitude of the capillary
force depends on the tip—sample distance. The magnitude
and sign of the force inserted by cantilever are related to its
deviation and spring constant value [7].

Atomic force microscopy can be applied in recognition
of geometry and mechanical properties of biological cells
and their manipulation. Kasas et al. [8] studied mechanical
properties—such as elasticity module, poison’s ratio, and
adhesion—of biological cells such as virus, bacteria, yeast,
herbal cells and some mammalian cells by AFM. Li et al.
calculated mechanical properties of red blood cell and three
different types of cancer cells using AFM. Force—dis-
placement curves and they showed that the elasticity
module of healthy red blood cell as well as its diameter is
less than three types of cancer cells [9].

Lee et al. calculated breast cancer cells properties using
force—displacement curves obtained by AFM. Estimated
shapes of these group particles were spherical and ellipti-
cal. Results showed that elasticity module for breast cancer
cells is less than healthy ones [10]. Faria et al. tried
imaging and recognition of three different types of prostate
cancer cells properties. Cancer cells were cultivated in
different days to have a more accurate investigation and the
results of force—displacement experimental curve were
explained by Hertz spherical elastic theory to calculate the
properties [11]. Hui and Bany represented a contact model
for viscoelastic spheres. Their model was a developed
version of the JKR model. Their numerical simulation and
previous experimental results were compatible. Still
determining material energy level by this theory was hard
and an alternative method should specify adhesion prop-
erties [12].

Cartagena and Raman investigated local viscoelastic
properties of living cells using dynamic and quasi-static
models based on AFM. Using AFM quasi-static force—in-
dentation depth curves is the usual method for extracting
elastic properties. In this work, the force gradient and
losses on fibroblast cells in buffer solutions were recon-
structed using Lorentz force excited cantilevers. Finally,
stiffness and viscosity were locally measured and their
difference—difference between the spring force and vis-
cosity property of material—was obtained [13].

Zhai and McKenna modeled the viscoelastic contact
problem of Nano-sphere and polyester surface in indenta-
tion tests. Illustrating limitations of the analysis have just
been done by one load—indentation curve, they represented
that this method does not determine total range of polymer
viscoelastic ~ response. They also showed that
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accomplishing one successive test including multiple
loading rates or indentation rates which cover two or more
degrees develops viscoelastic properties to a great extent
[14].

Mechanical coupling between cells is a complicated
process important for different biological processes. Bio-
chemical therapies effects on cell-cell adhesion and indi-
vidual cell mechanics have been investigated by AFM. A
tipless cantilever was used to connect the cells. Cell—cell
adhesion parameters such as maximum separation force
and work of adhesion were extracted from the force—dis-
placement curves [15]. Puech et al. [16] measured adhesion
properties of zebra fish single cells for different substrates
and concluded the extracellular connections effects on
intracellular signaling.

In this paper, theories of elasticity module, adhesion
force and viscoelastic characteristics measurements are
initially studied. In the next step, sample preparation
method, cell topography, experimental method, results and
finally analysis and verification of each property introduced
in the theory section have been presented.

2 Methods
2.1 Biological cell elasticity module

To extract necessary equations in order to calculate the cell
elasticity module, force—indentation depth equations of
contact model should be rewritten in terms of the elasticity
module. Two bodies in contact are spheres with radii of R,
and R,. Effective radius between two particles would be
defined as:

1 1 1
R R R (1)
If the elasticity modules of two particles are E| and E,
then the effective elasticity module will be shown as

below:

1 (1=v)  (1-v)
E E11+ E22 @)

where v is the poison’s ratio. If the elasticity modules of
two particles are E; and E,, the effective elasticity module
for circular geometry will be as follows [17]:

F
= ]

Hertz

E (3)
Finally, by having AFM tip data and cell poison’s ratio,
cell elasticity module can be calculated using Eq. (2).
There is a problem in using Hertz contact model since it
does not consider sample’s thickness and adhesion to the
substrate. Dimitriadis et al. proposed an equation for
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obtaining the elasticity module of the thin layers of soft
matters utilizing AFM. In the case of indentation of the
body 1 by the body 2, the elasticity module of the body 1
can be obtained by Eq. 4 [18]:

l[l_z_“ 4

8 (4 4m* \ 5 16x( 5 37 N\ 1\
- (oc SR ﬁ)x t (oc t—5 B
(4)

In which y = /R0/h. h is the sample’s thickness. o and f3
coefficients are dependent on adhesion of sample to sub-
strate. For an adhesive sample (bonded):

3— 2\12
= —0.347 5
fx T, (5)
5-— 2V2
= 0.056 6
p e (6)

and for a non-adhesive sample:

1.2876 — 1.4678 1.344242
o= — V2 + Vz (7)

l—Vz

0.6387 — 1.0277v, + 1.5164v3
1— 1%

B = (3)
Poison’s ratio is usually considered about 0.5 for biological
cells.

2.2 Adhesion force between cell and tip

In AFM device, the tip—sample interaction is used to
measure surface adhesion force. Adhesion force magnitude
between particles equals the force needed to separate them.
In AFM, a sharp tip connected to the cantilever sweeps the
sample surface. Engaged forces between tip and sample
surface lead to deflection or deviation of cantilever and
during sweeping, a detector measures the cantilever
deflection. Finally, by converting deflection to force unit,
engaged forces between tip and surface can be calculated.

Reliable results of adhesion force obtained through
AFM cantilever bending need precise calibration of spring
constant [19]. As mentioned before, obtained piezo posi-
tion-bending curve is basically applied voltage to piezo in
terms of cantilever position and it should be converted to
adhesion force—destination curve. To convert piezo voltage
to the adhesion force, calculating the voltage—destination
curve slope in repulsive force region would be required
[20]. Assuming that in repulsive forces region the sample
will have no plastic deformation; piezo voltage conversion
factor n can be converted to adhesion force as following.

SR

where k is cantilever spring constant which can be found in
manufacturer catalog. In the case of inaccessibility, this
magnitude should be extracted experimentally. Unfortu-
nately, it is very complicated and no standard method has
been represented already. There are different methods for
estimating cantilever spring constant such as added mass,
thermal noise, cantilever geometry based on theoretical
methods, material properties and reference cantilever.
Reference cantilever advantages are its cantilever force
constant direct measurement in vacuum or air capability
and its destructiveness. In this method, the bending of the
cantilever with unknown spring constant ks in compres-
sion to a cantilever with spring constant of k.. and known
elastic properties is used. If reference cantilever bending
magnitude at the fixed end is dyo and at the free end iS ey,
then k. can be obtained as follows [19]:

5t0t - 5 test

ktest = kref -
Otest *+ COS O

(10)
where o is the angle between two cantilevers. To collide
and have precise approaching to free end of a cantilever, its
bending should be measured and assessed regularly

(Fig. 1).
2.3 Viscoelastic characteristics of biological cell

Conventionally, elastic properties of biological cells are
extracted using AFM force—indentation depth quasi-static
curves. Obtaining viscoelastic properties can increase
precision in cell mechanics.

Assuming that resultant frequency from cantilever
Lorentz force is near the first frequency response, the
equation of motion of single degree of freedom governing
the tip ¢g(z) when oscillates far from the particle surface
will be [13]:

Cantilever
under test

Reference k
Cantilver

Fig. 1 Bending of the cantilever with unknown spring constant in
different distances from the free end of cantilever
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where g, is the cantilever resonance frequency (rad/s),
QOrar 1s the quality factor far from the surface, wq, is the
cantilever driving frequency (rad/s), F,g is the magnitude
of the magnetic excitation force, k., is calibrated can-
tilever spring constant and ¢ is the tip velocity.

Solving the steady-state vibration response equation
q(t) = Ay sin(wg,t — ¢,), it is shown that when @y, is tuned
to the peak amplitude of the resonance curve far from the
surface; we have [13]:

/ 1
Wdr — _ —
d/a)far - 1 2Qr2‘ar7 Alfar -

tg(¢1far) =V 4Q%ar -2

where Ajg, is the oscillation amplitude and ¢, is the
phase lag far from the sample surface. When the drive is
tuned at the resonance peak amplitude far from the sample,
we should have [13]

kcantAlfar 1
Fiae = ——/ 1 ——- 13
e Qfar 4Q%ar ( )

When the cantilever is approaching the sample, it interacts
with soft cell surface so the motion equation would be:

F, mag Qfar

keant /1 — 4Q1?, (12)

Finag sin(oat) + Fyp(Z + q,9)

kcant

St ————q+q=
wrzwar Wnear Onear

(14)

where F, is the tip-sample interaction force, Z is the
distance between tip and particle with rigid cantilever
assumption and mye,, 1S the cantilever resonance frequency
near the sample. The cantilever motion while interacting
with the sample is dominated by zeroth and first harmonics,
which results in the following tip motion [13]:

q(t) = Ao + Ay sin(wgt — ¢y) (15)

To convert these two harmonics, observables into local
viscoelastic properties, we first interpret tip indentation into
sample as follows [13]:

3(t) =Z+q=27+A0 +A sin(wgt — $,) (16)

During the living cells imaging, oscillation amplitude of tip
A; is much smaller compared to indentation Ap; so
0o = Z + Ay. In fact, this part of indentation depth can be
related to quasi-static force in elasticity module measure-
ment. This means that indentation depth has been com-
posed of two parts, quasi-static indentation dy and dynamic
indentation (denamic =A sin(wdrt — ¢1), o= 50+5dynamic-
Interaction forces are defined as follows:
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Flp _ F:;mifstatic (50) T Fg))’namic (5 _ 50) (]7)

The part of force related to zeroth harmonic, F fgmi‘sm‘ic, isa
function of d¢ and similarly interaction force related to the
first harmonic or dynamic indentation, F&,y”amic
tion of dgynamic = 0 — do. Dynamic force itself is composed
of two parts:

, is a func-

denamic

tp :Ffp+FS) (18)

where F, is related to sample springiness and Ff‘p belongs
to cell viscosity:

s __ zdynamic ) d __dynamic [ ¢ )
Flp - ksample (5dynamw)7 Ftp - csample <5dynamw) (19)

dynamic
sample

dynamic

where k and Csample

are force interpretation of Kel-
vin—Voigt element parameters. For soft cantilevers reso-
nance frequencies and Q factors near the sample (Wpear and
Ohnear) are different with measured magnitudes far from
surface (wg,y and Qp,y), due to hydrodynamic coupling
between the cantilever and sample. Consequently, oscilla-
tion amplitude and phase lag near the surface differ from
their magnitude far from the sample. The quantities near
and far from the sample are related by [13]:

. R
1— ( Ddr )Z_A“ar V ! 405,

= cOS( ¢ pe;
Alneaerar ( nedr)7

Alfar\/ 1 - 4;2

far .
= sin(¢
Alneaerar ( lnear)

Finally, substituting (16) in (17) force parameters of Kel-
vin—Voigt will be:

Wnear (20)
Wdr

Ohear@near

i KeantA 1t keantA 1t
d 411 f: 41 1f:
i — (Kot cos( ) - e s, )
1
X\ =70
4Qfar
d i kcantAlfar . kcantAlfar .
szrl:;)[lrélc = ( QfarAl Sln(d)l) - MSln(d)lnear)
X 41 !
4Q%ar

@)

Forces and displacements are equivalents of stresses and
strains; thereby, stress parameters of Kelvin—Voigt can be
obtained for force parameters. Egmple iS the stress equiva-

dynamic . dynamic __ .
lent of kg and the stress equivalent of ¢y, .~ will be

the viscosity coefficient #gmye. S0, finding stresses and
strains equivalent to dynamic interaction forces are
important here upon which stress parameters of Kelvin—
Voigt will be extracted.
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As mentioned before, indentation depth and tip—sample
interaction force are composed of two parts. The first part
is related to quasi-static force and the second one is related
to first harmonic and dynamic force. That part of force and
indentation depth which belongs to first harmonic is
important here. Stress and strain are defined as follows:

dynamic
_ 5dynamic o Ftp 22
gdynamic - 5—7 O'dynamic - 5 ( )
Ry — dynamic T gynamic

where Ry is the sample radius and dgynamic is the contact
surface radius. Indentation causes indentation depth and
contact radius, which can be related by Eq. (23) according
to Hertz viscoelastic theory, developed in previous

sections:
2
a
A 23)

where R is the effective radius defined as above. Since
0 = 0o + Odynamic, the contact radius can be divided into

two parts too, a2

=aj+ aflynamic. According to continuum
mechanics for Kelvin—Voigt model, the relations between
stress and strain in model branches, spring and viscosity

branches, and total applied stress and strain will be:

€dynamic = € = &;  Odynamic = 0d 1 Oy (24)

where ¢ and ¢q are related to springiness and viscosity,
respectively, o and o4 are related to stresses of springiness
and viscosity. Strain—stress relations for springiness branch
and viscosity branch are 6, = Egmpieés and o4 = nsampleéd’
respectively.

Since strain in two branches is equal, it can be con-
cluded that contact radius due to each stress in branches is
equal; so, if agynamic, as and aq are, respectively, contact
radius of dynamic indentation, springiness force and vis-
cosity force; this equation will be established as
Adynamic = @s = aq. Finally, the equation for obtaining
Kelvin—Voigt stress parameters will be:

dynamic
o ksample <Rs — 5dynamic>
)

Esaml - ~
sample
R

dynamic 2
n o Csample Rs - 5dynamic
sample — = :
P nR

0 dynamic

0 dynamic

3 Results
3.1 Sample preparation
MCF-7 breast cancer cells were prepared in SID breast

cancer institute. The cells were cultivated in DMEM bio-
logical environment 2 days before the test. During the

cultivation process, cultivation environment was kept in an
incubator at 37 °C in a 5% CO, atmosphere to ensure their
growth. Then, three thousand cells were separated and
diluted in a volume of 2 ml of PBS along with 4% FBS.
With use of a dropper precise volume of the solution was
separated, in which an estimated number of 15-30 cells
were existed. The droplet was put on a mica surface and
was washed two times with PBS solution along with 4%
FBS in 10 min to ensure minimum contamination. A spe-
cial cap was put on a sample to prevent dusting. After
15 min, the sample was ready.

3.2 Imaging and cell topography

By locating the sample on its special position, the probe
starts processing and identifying surface properties. Pro-
cessed images are transferred to the computer connected to
atomic force microscopy by the probe. Images are saved
and recorded using the AFM software of the microscope
manufacturer. The cell plane imaging position can be
changed using atomic force microscopy utilities to com-
plete a sweep of the surface by the probe. Figure 2 shows
the images of three MCF-7 cells.

Geltmeier et al. [21] reported the MCF-7 cell volume in
3375-16,873 pum> range. Considering spherical geometry
for these cells, their radius will be in the range of
9.3-15.9 um. Taking a careful look at cells in Fig. 2,
specified that the these three cells and other ones are in this
range, so it can be said that recognized particles as MCF-7
are correctly identified.

3.3 Elasticity module

In this section, the experiment involves obtaining force—
indentation curve for MCF-7 cancer cell. Force—indenta-
tion depth curves for cancer cell were obtained. Consid-
ering spherical geometry, the elasticity module can be
calculated.

Force—indentation depth curves for three different points
of eleven cells were obtained here. Then, elasticity moduli
of each cell in three specified point were obtained using
Hertz (Eq. 3) and Dimitriadis (Eq. 4) formulas. Figure 2
shows cell 1 and indentation points by AFM tip. Number I
points are selected from top cells, number II from cell
center and number III are selected from the cell edges in
which cell thickness is decreasing. The goal was to obtain
change rate of elasticity module in different points of the
cell in order to extract elasticity module for every section
using existing theory and assumption of known poison’s
ratio and also comparing the results to determine the dif-
ference between different points.

MCEF-7 cells are considered spherical and with poison’s
ratio of 0.5. Also atomic force microscopy probe has the
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Fig. 2 Three indented MCF-7 cells. a Three MCF-7 cells for indentation, b indentation points in each cell, ¢ number 3 cell surface profile,

d number 2 cell surface profile, e number 1 cell surface profile

Table 1 Elasticity module (kPa) and adhesion force (uN)

Cell #1 Average

Hight (um) Hertz (kPa) Dimitriadis (kPa) Adhesion (nN) Hight (um) Hertz (kPa) Dimitriadis (kPa) Adhesion (nN)
Point 1 5.64 1.51 1.15 137 5.24 1.58 1.06 142.3
Point I 8.11 1.31 0.98 58 7.71 1.37 0.9 83.3
Point IIT  4.93 1.83 1.35 161 4.49 1.81 1.39 207

spherical geometry and poison’s ratio of 0.27. To obtain
elasticity module in elastic case, Hertz (Eq. 3) and Dimi-
triadis (Eq. 4) formulas have been used. The results are
summarized in Table 1.

According to Table 1, cell elasticity module at edges
(number III points in Fig. 2) with less thickness is high and
this property for the points with more thickness (number II
points at each cell in Fig. 2) is low in comparison with
other parts. Finally, the points of thickness between these
two magnitudes (number I points at each cell in Fig. 2)
have the elasticity module between these two points;
depending on the thickness, their module will be near the
point where the thickness is closer to the specified point.
This result is analogous to the result obtained by Park and
Lee in which their AFM probe was spherical. As shown in
Fig. 2, the AFM tip was in touch with three different parts
of the cell and force—indentation depth curves for every
three parts were obtained by them. Considering AFM probe
as a rigid sphere and cell as an elastic body and with
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assumption of known poison’s ratio, they used Hertz theory
to calculate elasticity module for all three parts. They
concluded that the elasticity modules of cell beginning and
end with less thickness are larger than other parts [1]. It can
be explained by the fact that, with the less existence of
intracellular liquid in the less thickness region, the mem-
brane (which has similar behavior to solid materials) will
play an important role and be more effective and conse-
quently the elasticity module will be more in comparison
with other regions (with larger thickness and more intra-
cellular liquid. It can be said that since point III is thinner
than other groups (points I and II), the obtained module for
point III is more than two other points and point I has larger
module in comparison with II.

In addition, obtained magnitudes in Table 1 should be
noted. Geltmeier et al. [21] reported elasticity module of
MCEF-7 cell membrane to be about 1.125 kPa. Comparing
obtained magnitudes for points II in each cell confirms that
the obtained results are close to the reported magnitudes. In
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Fig. 3 (left) Distribution functions and (right) elasticity module-thickness diagrams for a Hertz and b Dimitrias theories

all three cells, the indentations have the similar patterns
and, thus, the curves of cell II were represented and the full
results were collected in Table 1 to avoid iteration. Also it
can be said that the results can be confirmed by repeata-
bility and following a similar pattern in three cells and their
corresponding points.

Comparing elasticity modules’ results of two different
theories of Hertz and Dimitrias showed that measured
magnitudes by Hertz theory for all three points and all cells
and their averages are higher than Dimitras’s results. This
is because of the considering sample’s thickness and its
adhesion to the substrate in measurement of the elasticity
modules by Dimitrias theory. To evaluate results statisti-
cally, extracted data were analyzed to obtain distribution
functions (Fig. 3).

Figure 3 shows distribution functions and elasticity
module-thickness diagrams of Hertz and Dimitrias

theories. Elasticity module-thickness diagrams show that
how thickness can affect elasticity module in these theo-
ries. Each circle is related to a special point of cells. The
thickness of the cell at the indentation point is inversely
related to elasticity module for both models. The points of
the third group with the least thickness have the highest
elasticity and vice versa. The normal function fitted for
distribution function can help verifying experimental
results. The area under the normal function in a special
interval shows the possibility of occurrence. Since exper-
imental data extracted from these tests are distributed over
the curve with no or little dispersion, it can be concluded
the average elasticity module obtained from these data is
reliable. According to Geltmier et al., the MCF-10A cell’s
elasticity module is about 1.1 which is less than the mag-
nitude obtained here for MCF-7 cell, so it can be said that

@ Springer
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Fig. 4 Adhesion force—distance curve for cell #3 at different points

cancerous cells are stiffer than healthy cells based on
comparison done between their elasticity module.

3.4 Adhesion

Atomic force microscopy can measure interaction forces
between cantilever and its substrate using force spec-
troscopy. Piezo voltage—distance curves for different ele-
ven cells were obtained. The points of adhesion force
measurement are the points shown in Fig. 2. In this section,
the goal was obtaining adhesion force changes rate in
different points of cells to make a comparison to specify
adhesion difference from point to point on a cell. The
MCEF-7 cell is considered spherical. During the tests,
humidity was about 28% and the tip was approaching the
sample surface and getting away at the speed of 261.4 nm/
s. Table 1 shows the summarized results.

Since the process of tip approaching to sample and its
returning in adhesion force-distance curves are the same,
just the curves for third cell are shown in Fig. 4.

According to Table 1 and Fig. 4, it can be said that
generally the maximum adhesion magnitudes are at points
III, T and II, respectively. This result is similar to what
obtained for elasticity module measurements. Result
repeatability and following the same pattern confirm the
results accuracy.

3.5 Viscoelastic characteristics (Kelvin-Voigt
parameters)

Following assumptions should be met while doing tests and
considered when during applying the theory:

1. The cantilever is moved directly with no oscillation or
sample driving, so the cantilever has well-defined
transfer function.

2. The tip is in constant contact with sample and
oscillation amplitude in comparison with pure inden-
tation of tip in the sample is small.
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3. Special mode of cantilever oscillating far from the

sample in comparison with the time compressing the
sample is constant.

4. It should be identified that hydrodynamic correction on

living cell in comparison with the fix is different.

Cantilever resonance frequency must be obtained after
sample preparation and before the test. Since the resonance
frequency slightly changes due to possible contaminations,
this operation should be done before every test. Then, the
probe driving frequency was chosen near the resonance
curve peak and engaged in the cell. Cell topography was
extracted at the same time with obtaining multi-harmonic
data. Free amplitudes far from the sample (Aig,) are
between 10 and 20 nm. Phase lag far from the sample
tuned at ¢, which, using the second term of Eq. (13),
will be representative of low quality factor of
¢ = 5 — 13. This change in amplitude and phase near to
far from the cell in liquids which results from film
hydrodynamic pressure between cantilever and cell surface
is expected to be more but due to air environment of testing
this effect is considerably reduced. Therefore, as expected,
by approaching the tip to cell, oscillation amplitude and
phase lag are slightly reduced (Table 2; Fig. 5).

These tests were repeated for 8 cells in three groups to
ensure about results’ repeatability. The first and second
groups included 3 cells and the third one had 2 cells. Cells
in each group were in similar size approximately, i.e., the
average size of the first group was about 22.6, the second
one about 19.3 and the third one 20.4 um. Tests were done
on different cells because repeating several tests on one
cells could cause cell damage. Magnitudes in table are
presented as average.

It can be observed that measured Kelvin—Voigt param-
eters are heavily dependent on indentation depth, as
increased depth results in magnitude growth. Closer view
implied that small drive frequency (to be more precise the
quality factor far from the sample Qg is lower) leads to
larger Kelvin—Voigt parameters. This is the cause of high
Kelvin—Voigt parameters for second cell despite smaller
quality factor Q,, in comparison with other two cells. The
quality factors of first and third cells are close but since the
first cell has a lower quality factor Q,,, its Kelvin—Voigt
parameters will be higher (Fig. 5). The same trend can be
seen in the quality factor O, and measured phase differ-
ence ¢, equation, i.e., the lower the quality factor far from
the sample, the bigger the measured ¢,.

With closer look at Fig. 5 and Table 2, one could con-
clude that oscillation amplitude A; is not as effective as the
quality factor. According to repeatability of the test results,
it could be mentioned that the obtained results are correct
and accurate. On the other hand, for verification, results
can be compared to Cartagena and Raman work where
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Table 2 Cantilever probe driving properties and frequency response
Gl‘Ollp Wdr (HZ X 105) Wfar (HZ) Oar Alfar (nm) Alnear (nm) ¢1far (O) ¢l near (O)
#1 2.7837 278,993 10.626 17.32 17.26 87.30 86.85
#2 2.7645 278,960 5.283 14.66 14.64 95.45 93.96
#3 2.8757 278,995 12.860 11.21 11.18 87.77 86.43
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Fig. 5 Kelvin—Voigt force parameters comparison for first cell of first group. a Cell number 1 parameters of Eq. (15), b Kelvin—Voigt parameters
obtained for first cell, ¢ viscosity coefficient of three cells, d Spring constant of three cells

local viscoelastic characteristics of fibroblast cells have
been extracted [13]. This comparison shows that obtained
trend in measurable harmonic parameters and after that
Kelvin—Voigt parameters for MCF-7 cell is similar to the
fibroblast cell results of Cartagena and Raman.

In the case of viscoelastic models for cell, Kelvin—Voigt
stress parameters used for more accurate representing the
cell creep function are employed more than force param-
eters. After obtaining Kelvin—Voigt force parameters using
Eq. (25), their stress equivalents can be calculated. Since
the trend of the Esample and #gympie are, respectively, similar

dynamic dynamic
t ksample and Csample 4

details here; instead, after calculation of Kelvin—Voigt

it is unnecessary to go through

stress parameters in different indentation depths for each
cell, the time constant (rsample = Ngample / Esample) for each
cell in different indentation depths will be calculated.
Then, using Cgample(?) = (I/Esample) (1 — e_’/fmmpk)
(which obtained from continuum mechanics and explained
in previous sections), creep function magnitudes for dif-
ferent depths were calculated. Since working with different
magnitudes of Egmple and tgmple for different depths is
quite difficult, calculation of a single Egmple and Tsampie for
each cell has been attempted. These magnitudes should be
selected with how the theoretical creep function matches
the calculated creep function magnitudes for that cell.

@ Springer
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Fig. 6 Theoritical and experimental creep function for first and second cells from first group of cells. a Cell 1, b cell 2

Since for this creep function there are so many values for
Egample and Tgample, it is more simple (explicit) to designate a
more familiar magnitude to one of these parameters. In the
second part of this report, elasticity module was measured
in which the average elasticity module of MCF-7 cell for
center points of cell represented about 1.377 kPa. So with
assumption of this magnitude for cell, the time constant for
each cell will be found. Figure 6 shows the experimental
and theoretical creep function curve for first and second
cells.

Average of time constants for first, second and third
groups is 1.1, 1.05 and 1.25 s, respectively. Theoretical and
experimental curves adaptation and repeatability of this
magnitude confirm the results.

4 Conclusions and discussion

Identification of apparent properties and mechanical char-
acteristics of biological cells especially cancer cells can
increase the accuracy of their behavior prediction and these
properties would considerably help in recognizing different
types of cancers. Breast cancer is one of the most common
cancers among women in which the cell is MCF-7. Atomic
force microscopy is one of the most powerful tools in
imaging and identifying the mechanical properties of

@ Springer

unknown Nano-particles. In this paper, the topography was
investigated and mechanical properties of MCF-7 cell such
as elasticity module, adhesion force, and finally vis-
coelastic characteristics were extracted resulting in order to
obtain the creep function. First, the topography and
apparent properties of this cell were investigated and as a
validation, the results were compared with the existing
results of previous researches.

After accurate recognition of MCF-7 cells, the elasticity
module was measured. In this step, the goal was obtaining
the rate of elasticity moduli changes in different points of
the cell. Force—indentation depth curves for three different
points on eleven different cells were obtained. Then, using
Hertz and Dimitriadis theories, the elasticity moduli of
three different points on the surface of each cell were
extracted. Number I points were selected on top of each
cell, number II points in the center of cells and number III
points at the edges in which the cell thickness is decreas-
ing. Results showed that the maximum and minimum
magnitudes of elasticity moduli are related to the points on
the edges with smaller thickness (points III) and the points
with larger thickness (points II), respectively. Elasticity
module on the edges with smaller thickness (points III) is
higher than other points and the points with larger thick-
ness have lower module in comparison with other sites of
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cells. Finally, points of thickness in between (points I) have
elasticity module between these two magnitudes.

Adhesion force is one of the important factors in friction
force development; thereby, the next test was adhesion
obtaining between the cell and the tip. The largest mag-
nitude of adhesion has been measured at points III, I and II,
respectively. This result is the same as results obtained for
the elasticity module. Eventually, by comparing the results
of tests and predicted adhesion forces by contact theories, it
has been demonstrated that the equations of contact theo-
ries were coincided with experimental results.

The usual method for extracting cell elastic properties is
AFM force—indentation depth curves. Obtaining vis-
coelastic characteristics can increase the accuracy of cell
mechanics. Viscoelastic characteristics were obtained from
dynamic methods. In this paper, spring force and viscosity
gradient and as a result stiffness and viscosity mechanical
properties in different indentation depths were measured.
Kelvin—Voigt model was used as a cell mechanics model.
After obtaining force parameters of Kelvin—Voigt, stiffness
and viscosity, their equivalents in stress—strain equations
were obtained. With the calculation of stress parameters of
Kelvin—Voigt at different indentation depths for each cell,
time constants of each cell in different indentation depths
were calculated. Then, creep function magnitude for dif-
ferent depths was calculated and it has been tried to extract
a suitable and unique creep function for each cell which is
compatible with the theoretical creep function. Finally,
suitable creep function for MCF-7 cell was found which
represented its viscoelastic behavior.
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