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Abstract Atomic force microscopy is a common tech-
nique used to determine the elastic properties of living
cells. It furnishes the relative Young’s modulus, which is
typically determined for indentation depths within the
range 300-500 nm. Here, we present the results of depth-
sensing analysis of the mechanical properties of living
fibroblasts measured under physiological conditions. Dis-
tributions of the Young’s moduli were obtained for all
studied cells and for every cell. The results show that for
small indentation depths, histograms of the relative values
of the Young’s modulus described the regions rich in the
network of actin filaments. For large indentation depths,
the overall stiffness of a whole cell was obtained, which
was accompanied by a decrease of the modulus value. In
conclusion, the results enable us to describe the non-
homogeneity of the cell cytoskeleton, particularly, its
contribution linked to actin filaments located beneath the
cell membrane. Preliminary results showing a potential
application to improve the detection of cancerous cells,
have been presented for melanoma cell lines.
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Abbreviations

AFM Atomic force microscopy

MEM  Minimum essential medium

EDTA  Ethylenediaminetetraacetic acid

PBS Phosphate-buffered saline

FWHH Full width of the distribution taken at half height
Introduction

Mechanical forces are important in the regulation of a
variety of biological processes at the molecular and cellular
levels, for example gene expression, adhesion, or migra-
tion, that are essential to the maintenance of tissue
homeostasis (Zhu et al. 2000; Liu et al. 2009; DeMali et al.
2003). It has been reported that eukaryotic cells respond to
external mechanical stimuli by adjusting their biochemical
and biomechanical properties (Lekka et al. 1999, 2001,
Schrot et al. 2005; Pesen and Hoh 2005). Therefore, thor-
ough understanding of cell mechanics is important to
advances in cell biology, medicine, and tissue engineering.

The development of such techniques as atomic force
microscopy (AFM; Seo and Jhe 2008) has enabled bio-
mechanical measurements at the single cell level, very
frequently under liquid conditions imitating the natural
environment. The AFM measurement is accomplished by
indenting the cell by using a cantilever (i.e. a delicate
spring) as a probe, and by recording its deflection during
the process. By comparing the deflections, recorded on a
stiff surface (usually a glass coverslip on which cells are
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cultured) and on a cell, force versus indentation curves can
be obtained. This relationship is a basis for determination
of the relative Young’s modulus of the cell. Its value,
describing cell stiffness, is a very local feature which is
usually used for comparison of the elastic properties of the
cell, for example to distinguish cancerous cells (Lekka
et al. 1999). Such studies have clearly shown much smaller
Young’s modulus (i.e. larger deformability) for cancerous
bladder cells (~ 1 kPa) than for reference cells (~ 10 kPa).
Similar results were obtained when other reference and
cancerous cells were investigated (Guck et al. 2005;
Remmerbach et al. 2009; Li et al. 2008).

The contribution of structural components of the cell
cytoskeleton to AFM-determined mechanical properties has
been discussed in several studies. These have demonstrated
the importance of both structural and cytoskeleton-associated
proteins. Such measurements were performed for different
cells types. Complete and comparative studies of cytoskeleton
integrity have been already presented by Wu et al. (1998) and
Rotsch and Radmacher (2000). The results have shown that
actin filaments are mostly responsible for the mechanical
properties of cells, because disruption of the microtubules had
no effect when measured using AFM. Another reason for this
is that the magnitude of the indentation depth is usually chosen
to be less than 500 nm.

In our work, we present the results of depth-sensing studies
of the mechanical properties of living cells (fibroblasts, can-
cerous melanoma cells, and erythrocytes) measured under
physiological conditions. Fibroblasts represented cells with a
highly organized internal structure. The results were com-
pared with two other samples with simpler and relatively
homogenous cell interior, i.e. erythrocytes and fibroblasts
with depolymerized actin filaments. The relative Young’s
modulus, determined for indentation depths ranging from 200
to 1400 nm, revealed a depth-dependent relationship attrib-
uted to differences between the interior organization of the
cells. Comparison between these two limits showed that for
small indentation depth (~200 nm) heterogeneity of the
distribution of actin filaments was observed whereas for large
indentations (1400 nm) an averaging effect was present. On
the basis of these results, comparison of two melanoma cell
lines, i.e. from a primary cancer site (WM35) and from a
highly metastatic site (A375), was performed to show the
potential use of the proposed analysis to improve the detection
of cancerous cells.

Materials and methods
Cell lines

Healthy human fibroblasts (human skin fibroblasts CCL110;
LGC Promochem) were grown in Eagle’s medium (MEM;
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Sigma-Aldrich) supplemented with 5% fetal calf serum, 1%
penicillin and streptomycin, and 1% L-glutamine. Two human
cell lines, WM35 (primary cutaneous melanoma cell line from
the radial growth phase) and A375 (a metastatic melanoma
cell line), were grown in culture medium RPMI 1640 (pH 7.4)
containing 10% fetal calf serum.

All cells were cultured in plastic Petri dishes then
trypsinized using trypsin—-EDTA solution (0.05%; Sigma)
and spread on glass coverslips (Knittel, 15 mm x 15 mm).
Cells were kept at 37°C in an atmosphere of 95% air/5%
CO, and high humidity (>98%). They were taken for AFM
measurements 3-5 days later.

Cytochalasin D

Cytochalasin D (Sigma) was dissolved in 10 mM phos-
phate-buffered saline (PBS, MP Biomedicals, pH 7.4,
containing 150 mM NaCl, 27 mM KClI, Sigma) at a final
concentration of 5 pg/ml. Fibroblasts were cultured on
glass coverslips as for AFM measurements. After
2-3 days, they were washed with PBS and incubated with
cytochalasin D for 10 min in the incubator. After incuba-
tion cells were washed with PBS and immediately mea-
sured by AFM in MEM buffer.

Erythrocytes deposition

Glass coverslips (Menzel-Gldser, 22 x 22 mmz) were
cleaned with acetone then immersed in 0.01% w/v poly-L-
lysine solution (Sigma) for 5 min. This increased the
number of amino groups causing better adhesion of cells to
the glass substrate. The glass coverslips were then dried in
a clean atmosphere for 24 h at room temperature.

A drop (~200 pl) of heparinized blood was deposited
on a pretreated glass coverslip and incubated for 45 min at
room temperature. The coverslip was then washed with
PBS to remove unbound or loosely bound erythrocytes.
Such prepared samples of blood cells were immediately
measured by AFM in PBS.

Fluorescence microscopy

Cells, cultured on glass coverslips (Marienfeld; radius
25 mm), were washed with PBS, and a 2% solution of
paraformaldehyde (Fluka) was added for 30 min to fix
them. After removing the fixative, cells were incubated
with a 0.2% solution of Triton X-100 at 4°C for 5 min,
followed by rinsing with PBS. The coverslips were then
incubated with Alexa-Fluor 488 conjugated with phalloidin
(1:100; PBS solution; Molecular Probes) for 30 min,
washed again with PBS, and closed.

All fluorescence measurements were performed using an
Olympus IX71 microscope equipped with a 100-W
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mercury lamp (uniformly illuminating the whole sample
area), and a U-MWIG2 filter (Aeyix = 530-550 nm,
Aemit > 580 nm), and an objective (UPlanApo) at magni-
fication 600x. For image recording, an XCI10 digital
camera was used. This camera provides a 1,376 x 1,032
pixel (1.4 million) image with a 2/3 in. optical format.
Images were recorded using the program Cell A.

Atomic force microscopy

Measurements of cell elastic properties were performed
using a home-built device described elsewhere (Lekka
et al. 1999), which for the same cantilever type enables
recording of large indentation depths up to 2000 nm. The
cell topography was recorded by use of a commercial
microscope (model XE-120; Park Systems). To control the
position of the AFM tip and to locate a cell, an optical
microscope was used.

In our studies, two types of silicon nitride cantilever,
MLCT-AUHW and MSNL (Veeco), were used as probes.
Both types of cantilever were characterized by a spring
constant of 0.01 N/m. Fibroblasts and melanoma cells were
measured with the MLCT-AUHW cantilever, and eryth-
rocytes with the MSNL type. The shape of the AFM tip is a
four-sided pyramid with height varying from 2.5 to 8 um.
Both tip types have a small radius of curvature (2 and
50 nm for MNSL and MLCT, respectively) compared with
the size of indentations used in our studies (from 200 to
1400 nm). Thus, independently of the cantilever type used,
penetration of the AFM tip into the cell never exceeded
half of its height (Fig. 1a). The typical cell height was in
the range 3.0-3.5 pm.

Before the measurement, each coverslip with cells was
washed three times with PBS. Fibroblasts were measured
in MEM buffer, melanoma cells in RPMI buffer, and
erythrocytes in PBS. All measurements were performed at
room temperature.

Data acquisition

Force curves were collected from randomly chosen cells (a
fibroblast, a melanoma cancerous cell, or an erythrocyte)
located by use of an optical microscope only. No imaging
was performed before elasticity measurements. The scan
size was then set to a square of 12.6 x 12.6 um?
(256 x 256 pixels). On each chosen region (around the cell
center) a grid of 12 x 12 points (with a distance between
points of 49.2 nm) was created. On average, 144 curves for
each single cell were automatically saved. The loading
force was set in such a manner that the maximum inden-
tation depth reached 1400 nm, i.e. between 3 and 4 nN.
Above this value, the effect of a hard substrate was
observed.
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Fig. 1 a Depth-sensing analysis furnishes information about the heter-
ogeneity of the structure of the cell interior. b The Young’s modulus is
determined by subtraction of curves recorded on hard (in our case glass
coverslip) and soft (fibroblasts) surfaces. ¢ Comparison between fits
obtained for models assuming either parabolic or conical shape of the
AFM tip (lines correspond to the fit performed for indentations of 200,
800, and 1400 nm; black points are experimental data)

Cell topography was recorded at a scan rate between 1.0
and 1.5 Hz and a set point in the range 0.3-0.5 nN. Scan
size of 70 x 70 um (256 x 256 pixels) was chosen to
visualize whole fibroblasts whereas their fragments were
recorded as images of 30 x 30 pm? (256 x 256 pixels).

Cell stiffness
Cell stiffness is determined on the basis of the force versus
indentation curve that is usually obtained by subtraction of

cantilever deflections measured on stiff and compliant
surfaces at a given, relative sample position (Fig. 1b).
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When a stiff material (not easily deformable, for example
silicon or glass) is investigated, the deflection reflects the
position of the sample. This is represented by a straight
sloped line which is usually used as a reference line that is
needed for the force calibration. For compliant samples, for
example cells, cantilever deflections are much smaller and
the resulting force curve is non-linear in character. The
difference between these curves determines the deforma-
tion of the sample surface. Depending on the magnitude of
the indentation depth, distinct properties can be studied,
revealing the heterogeneity of the structure of the cell
interior (Fig. 1a).

The force versus indentation curve describes the
mechanical response to the applied load, which is charac-
teristic for each material. The relative Young’s modulus
value, characterizing the cell stiffness, can be evaluated in
the framework of Hertz contact mechanics, taking into
account an infinitely stiff indenter with a selected geometry
of the AFM tip (i.e. spherical, parabolic, conical, or flat-
ended) and a flat, deformable substrate (Sneddon 1965).
Usually, the AFM probe tip is a four-sided pyramid that
can be modeled either by a cone or by parabola. Thus, two
formula are usually used to describe the relationship
between the loading force and the resulting indentation
depth:

e for a conical tip:

2

—_— . ceo. 2
7 - tan(at) Eetr -0 ()

F(0) =
e and for a parabolic tip:

4 2
F(5)=§'\/1_?'Eeff'5% (2)

where F is the loading force, « the open angle (35° and
22.5° for MLCT and MNSL cantilevers, respectively),
R the radius of curvature of the AFM tip, E.¢ the reduced
Young’s modulus, and J the indentation depth. The
reduced Young’s modulus is given by:

1 _ 1 - lulzlp + 1 - lugample (3)
Eeff Etip Esample '

When Egmpie < Eyjp (as is true for living cells) then:

Eﬂ m|
sample (4)

Eefr = 1

- lugample

where gample and i are the Poisson ratios, related to the
compressibility of the sample material, ranging from 0 to
0.5. The Poisson ratio for cells is difficult to determine,
therefore, all calculations must assume its value. Very
often this value is set to be equal 0.5, because cells can be
treated as the incompressible material. The final Young’s
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modulus of a cell was calculated taking into account all
values determined for the whole set of force versus
indentation curves recorded for a single cell.

The force—indentation curves, obtained for all studied
cell types, were analyzed assuming that the shape of the
AFM probe is a cone. The choice of the model was dictated
by chi-squared values describing the goodness of the fit.
They were smaller for the model with a conically shaped
AFM tip than when a parabolic shape was assumed
(Fig. 1c). The figure presents the idea of the Young’s
modulus determination at different indentation depths.
After choosing the contact point position, the fit was per-
formed at different indentation depths (lines denote the
corresponding fit).

Results
Actin filaments organization

Actin filaments are the first cytoskeletal structures indented
by the AFM tip. They are composed of G-actin subunits
forming a thin, polar thread with diameter of approxi-
mately 7 nm. The G-actin subunits can be added to both
(+) and (—) ends, but it is known that elongation of the (4)
end is faster. The whole structure is highly dynamic and
exists as a continuous balance between actin monomers
polymerization and depolymerization. Although actin fila-
ments are dispersed throughout the entire cell, they are
concentrated mainly in the cortex layer beneath the plasma
membrane. Therefore, our studies began with examination
of the organization of actin filaments in fibroblasts. This
was achieved by use of both atomic force and fluorescent
microscopes. The images of surface topography showed
actin filaments lying beneath the cell membrane (Fig. 2).
They are organized into two groups:

1 stress fibers visible at lower magnifications (larger

scans); and
2 short actin filaments.

The organization of actin filaments, constituting the cell
cytoskeleton, was also observed by use of a fluorescent
microscope. Actin filaments were stained using Alexa-
Fluor 488 phalloidin of F-actin. Similarly to the AFM
images, the stress fibers were also visible (Fig. 3a) in living
fibroblasts.

The organization of actin filaments was disturbed after
incubation for 10 min at 37°C with the actin-destabilizing
agent cytochalasin D (5 pg/ml) (Fig. 3b). Stress fibers
disaggregate after such treatment, and this was manifested
in the lack of the long and thick structures observed for
untreated cells. Moreover, because phalloidin binds to
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Fig. 2 Typical surface
topography (“error mode”) of
the fibroblasts recorded for: a a
scan size of 70 x 70 pum? and
the set point at 0.33 nN; b a
scan size of 30 x 30 umz and
the set point at 0.5 nN

Fig. 3 Fluorescence images of
the actin cytoskeleton of
fibroblasts before (a) and after
(b) treatment with cytochalasin
D (5 pg/ml for 10 min at 37°C,
magnification x600)

F-actin and not to G-actin, the fluorescence image obtained
indicates that stress fibers were cut into short filaments.

Fibroblasts stiffness

Taking into account the heterogeneity of the fibroblasts
structure, the elastic properties were analyzed using both
constant and variable values of the indentation depths.
Three types of sample (living fibroblasts, fibroblasts
treated with cytochalasin D, and erythrocytes, each
possessing distinct organization of cytoskeleton) were
analyzed.

Constant indentation depth

In our studies, the relative Young’s modulus was calculated
for two constant indentation depths, 200 and 1400 nm,
because these are border limits in the presented depth-
dependent analysis. Figure 4 shows histograms with dis-
tinct character of the Young’s modulus distribution,
depending on the chosen indentation depths. At small
indentations the histograms created were wide, irrespective
of the chosen individual cell. The widest distribution was
obtained for living fibroblasts (n = 132 force curves)
where the width of the distribution was above 2.5 kPa

(taken as the full width taken at half height, FWHH,
Fig. 4a). The fibroblasts treated with cytochalasin D
(n = 56 force curves) and erythrocytes (n = 134 force
curves) furnished histograms almost half as wide as that for
living cells (FWHH = 1.5 kPa, and FWHH = 1.4 kPa,
respectively).

At indentation depth equal to 1400 nm, the Young’s
modulus histograms showed much narrower distributions
for all samples with FWHH within the range of
0.6-0.8 kPa (Fig. 4b; n = 98, 55, and 118 force curves
were analyzed for fibroblasts, fibroblasts treated with
cytochalasin D, and erythrocytes, respectively).

The effect was observed for all studied cells as it is
presented in the distributions created for cell populations,
taking into account all measured fibroblasts (Fig. 4c, 50
fibroblasts, 9 fibroblasts treated with cytochalasin D, and
12 erythrocytes were analyzed).

Similarly, the histograms obtained for a whole popula-
tion of fibroblasts treated with cytochalasin D, and of
erythrocytes were narrower. Also, at large indentations, the
distribution of the Young’s modulus for all cell populations
were again narrower than those obtained for small inden-
tations (Fig. 4d).

Furthermore, the increase of the indentation depth
lowered the mean of the modulus irrespective of the
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Fig. 4 Histograms of the
relative values of the Young’s
modulus obtained for living
fibroblasts (black columns),
fibroblasts treated with
cytochalasin D (grey columns),
and erythrocytes (white-spare
columns). Typical modulus
distributions of a single cell
obtained for indentation depths:
200 nm (a) and 1400 nm (b).
Distributions for cell 0 2 4 6
populations obtained E [kPa]
analogously (¢, d for 200 and
1400 nm, respectively). The
force versus indentation curves
were fitted assuming that the
AFM tip can be represented as a
cone. Bin size = 0.5 kPa,

n denotes either the number of
force curves or cells taken for
the analysis
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measured sample type. The most significant drop was
observed for living fibroblasts whereas for cells treated
with cytochalasin D and erythrocytes the Young’s modulus
dropped by a factor of 2 (Table 1).

Variable indentation depth

In our analysis, the data were calculated assuming the
conical shape of the probing AFM tip. Figure 5a shows a
randomly chosen single representative of all sample types
(living fibroblasts, cytochalasin D-treated cells, and eryth-
rocytes), where the Young’s modulus was normalized for
indentation equal to 200 nm (i.e. the corresponding
Young’s moduli were divided by the modulus value cal-
culated for indentation equal to 200 nm).

This was done to obtain a value, independent of the
initial Young’s modulus, that was different both for each
cell and for each location on a same cell (Lekka and Lai-
dler 2009). The relationship between Young’s modulus and
indentation depth decreased most for living fibroblasts

4 6 8 10
E [kPa]

(black dots) whereas the weakest relationship was obtained
for fibroblasts treated with cytochalasin D (stars). Eryth-
rocytes were placed between them (black squares).

Then, the ratio R between the modulus values was cal-
culated for the two limits of indentation depth 200 nm and
1200 nm. The R was introduced to quantify the observed
effect (and to characterize the extent of disruption of actin
filaments). Its value quantifies the degree of change as a
function of indentation depth in relation to that obtained for
200 nm. Next, the Gauss function was fitted to each his-
togram of R-values, corresponding to the studied cell types,
to obtain the center position of the distribution (Fig. 5b,
lines not shown). The mean values & standard deviations
for all analyzed cell types are presented in Fig. Sc.
Depending on the cell type, erythrocytes and fibroblasts,
two distinct values of R are observed, as was confirmed by
Student’s r-test. Treatment of the fibroblasts with the
cytochalasin D resulted in a slight increase of R accompa-
nied by a large standard deviation, indicating large diver-
sity in the elastic properties of a cell. Student’s z-test

Table 1 Young’s modulus for living fibroblasts, fibroblasts treated with cytochalasin D, and erythrocytes, all determined for 200 and 1400 nm

indentation depths

(indentation depth = 200 nm) (kPa)

E400
(indentation = 1400 nm) (kPa)

Sample Exo

Living fibroblasts (n = 50) 4.85 + 2.03
Fibroblasts treated with cytochalasin D (n = 9) 2.48 £+ 1.49
Erythrocytes (n = 12) 1.38 £ 0.12

1.66 + 0.86
0.83 £ 0.45
0.57 £ 0.19

All values are presented as mean =+ standard deviation (n denotes the number of measured cells)
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Fig. 5 a Typical dependence of the relative Young’s modulus as a
function of the indentation depth determined for living fibroblasts
(black dots), erythrocytes (black squares), and fibroblasts treated with
cytochalasin D (stars). b Distributions of R (defined as the ratio of

showed a non-significant difference between cytochalasin
D-treated fibroblasts and two other cell populations (at the
P = 0.05 level). This can be explained by the different rate
of the actin depolymerization process induced by cyto-
chalasin D. Large variations indicate that cytochalasin D
acts in both a depth and location-dependent fashion. At the
same level (P = 0.05), the difference between the eryth-
rocytes and fibroblasts was significant, showing that R can
be used to distinguish between cell types.

Depth-sensing analysis for cancerous cells

Correct choice of indentation depth can be essential for such
AFM applications as identification of pathologically changed
cells occurring, for example, in cases of cancer. The proposed
depth-sensing analysis was performed for two human mela-
nomas: WM35 (primary cutaneous melanoma cell line from
the radial growth phase) and A375 (metastatic melanoma) cell
lines. The main difference between these cell lines is that
WM35 cells are non-metastatic whereas A375 cells are highly
invasive. Therefore, distinct organization of cell cytoskeleton
was expected (Yamaguchi and Condeelis 2007). A represen-
tative relationship between Young’s modulus and indentation
depth is presented in Fig. 6.

85
Cc 04
+ Erythrocytes
Fibroblasts
0,3 +Cyto D
o
Fibroblasts
021 +
0.1

E1200 to Epp) obtained for erythrocytes (black columns), living
fibroblasts (white columns), and fibroblasts treated with cytochalasin
D (grey columns). ¢ Mean values of R determined for given cell
sample types. Errors are standard deviations

15— Melanoma cells lines
v WM35 (non-metastatic)
o A375 (metastatic)

E [kPa]

3.07+ 0.56 kPa

0.76 £+ 0.37 kPa

T T T 1
0 400 800 1200 1600

Indentation depth [nm]

Fig. 6 Typical dependence of the relative Young’s modulus as a
function of the indentation depth determined for two melanoma cell
lines: WM35 (non-metastatic cancer cells from a primary tumor site)
and A375 (highly metastatic cells). Each data point represents a mean
calculated for a whole cell (i.e. from ~ 140 locations recorded on a
single cell). Error bars denote standard deviations

The cone approximation of the AFM tip was used to fit
the data. However, the analysis was performed for these
cells only, for which the fit using the parabolic approxi-
mation showed the sample-induced effect. The results
clearly show that identification of cancerous cells on the
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basis of elastic properties is possible for indentations larger
than 500 nm.

Discussion

Many previous studies have shown that mechanical prop-
erties reflect the organization of the cell cytoskeleton
(Canadas et al. 2002; Discher et al. 2009; Suresh 2007).
The magnitude of its alteration can be described quantita-
tively by using the relative value of the Young’s modulus,
which can be obtained from AFM elasticity measurements.
In such experiments, the modulus is calculated for inden-
tation depths set within the range 300-500 nm (Li et al.
2008; Cross et al. 2008; Cuerrier et al. 2009).

When a constant indentation depth is chosen for the
analysis, one can assume that the mechanical response
comes from the same layer of the studied material. Thus,
the direct comparison of different samples is fully justified
(Lekka et al. 1999). Actually, the mechanical properties of
a cell’s surface are different from those of deeper parts of a
cell. Small indentation depths essentially point to the
region rich in actin filaments. The choice of larger values
probes cell regions rich in two remaining cytoskeleton
elements (i.e. microtubules and intermediate filaments).
Thus, by use of such complementary measurements, the
overall stiffness of the whole cell can be obtained.

Our main finding was that the elasticity moduli calcu-
lated for large indentation depths became smaller, accom-
panied by narrow distributions, whereas for small
indentations depths the distribution was much broader.
This could be explained by the fact that for small depths
structures formed by actin filaments (short filaments and
stress fibers) dominate in the determined stiffness. Thus,
the heterogeneity of the stiffness distributions reveals the
distinct and irregular organization of actin filaments lying
beneath the cell membrane within a range of indentation up
to 200 nm. To determine whether larger Young’s modulus
distribution observed for small indentation depths can be
correlated with significant differences in cytoskeleton
organization, we used fluorescence and atomic force
microscopes to explore the cytoskeleton arrangements in
the studied samples. On the basis of these images we
observed different features of actin organization, which
confirms the results obtained from AFM measurements.

Moreover, treatment of the cells with cytochalasin D, a
cytoskeletal agent with the ability to bind to actin fila-
ments and block their polymerization (Haidle and Myers
2004), resulted in changes in actin cytoskeleton mor-
phology. As has been shown in a few earlier AFM
experiments (Wakatsuki et al. 2001; Weichsel et al. 2010)
cytochalasin D treatment results in loss of actin filaments
that dramatically affects the cell’s mechanical stability,
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reflected as a lower Young’s modulus. The smaller num-
ber of stress fibers present in cells treated with cytocha-
lasin D can explain why such cells are softer than
untreated, living fibroblasts.

Another important finding is that the mechanical response
of fibroblasts treated with cytochalasin D is not homogenous;
this is reflected as a large width in the histogram of R. Dis-
ruption of the actin filaments should lead to more homogenous
distribution of the cell cytoskeleton as in the case of erythro-
cytes, which can be approximated by a 2D bilayer—a cyto-
skeleton viscoelastic membrane that encloses homogeneous
hemoglobin (Safran et al. 2005). Therefore, narrow histo-
grams obtained for erythrocytes are not surprising and these
cells can be used as a reference.

Application of the depth-sensing analysis to two mela-
noma cell lines revealed potential for improved detection
of metastatic cells. The preliminary results presented
showed it was possible to distinguish between non-malig-
nant and metastatic cells by use of indentation depths
greater than ~500 nm. This is probably connected with
cancer-related changes observed already in two other
structural components of the cell cytoskeleton, i.e. micro-
tubules and intermediate filaments (Zhou and Giannakakou
2005). Lack of a significant difference observed for smaller
indentation depths (less than 500 nm) can be explained
either by similar organization of actin filaments in both
melanomas or remodeling induced by the extracellular
matrix strongly affecting cell rigidity (Goetz et al. 2011).

Conclusions

The heterogeneous structure inside cells was a driving force
for studies of their elastic properties as a function of inden-
tation depths. The most important findings were a decrease of
the Young’s modulus as indentation depth increases, irre-
spective of the cell type studied (fibroblast, melanoma cells,
and erythrocytes). Smaller modulus values were accompanied
by reduction of the distribution width. The observed hetero-
geneity in Young’s modulus present at small indentations
depths can be interpreted on the basis of several phenomena
including non-homogenous distribution of cytoskeleton den-
sity, remodeling of actin organization induced by extracellular
matrix, removal of a limited number of filaments composing
the network, or even disruption of cytoskeletal filaments
induced by AFM indentations. In this region, very local AFM
measurements of the cell’s mechanical properties detect
small/minute changes in the organization of the actin network.
Narrower distributions obtained for large indentation depths
show the overall Young’s modulus reflecting the mechanical
resistance of a whole cell.

The proposed approach of data analysis will enable
consideration of the cell as a complex multilayered
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structure, rather than a homogenous object, a clear dis-
tinction between superficial and deeper effects is possible,
thus giving valuable indications about the components of
the cytoskeleton, as affected by the action of a chemical,
mechanical, or any physiological process.

The potential usefulness of the proposed analysis was
demonstrated for melanoma cells, which were distin-
guished on the basis of mechanical properties determined
for larger indentations.
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