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ABSTRACT

We study the correlation between cytoskeleton organization and stiffness of three epithelial
breast cancer cells lines with different degree of malignancy: MCF-10A (healthy), MCF-7
(tumorigenic/non-invasive) and MDA-MB231 (tumorigenic/invasive). Peak-force modulation
atomic force microscopy is used for high-resolution topography and stiffness imaging of actin
filaments within living cells. In healthy cells, local stiffness is maximum where filamentous
actin is organized as well-aligned stress fibers, resulting in apparent Young’s modulus values
up to one order of magnitude larger than in regions where these structures are not observed.
But these organized actin fibers are barely observed in tumorigenic cells. We further
investigate cytoskeleton conformation in the three cell lines by immunofluorescence confocal
microscopy. The combination of both techniques determines that actin stress fibers are
present at apical regions of healthy cells, while in tumorigenic cells they appear only at basal
regions, where they cannot contribute to stiffness as probed by atomic force microscopy.
These results substantiate that actin stress fibers provide a dominant contribution to stiffness
in healthy cells, while the elasticity of tumorigenic cells appears not predominantly
determined by these structures. We also discuss the effects of the high-frequency indentations
inherent to peak-force atomic force microscopy for the identification of mechanical cancer
biomarkers. Whereas conventional low loading rate indentations (1 Hz) result in slightly
differentiated average stiffness for each cell line, in high-frequency measurements (250 Hz)
healthy cells are clearly discernible from both tumorigenic cells with an enhanced stiffness

ratio; however, the two cancerous cell lines result undistinguishable.



The treatment of the living cell as a biophysical system is a very fertile paradigm in
understanding cell biology. In particular, many diseases have been found to be related with
alterations of the mechanical properties of cells.” Cancer is a paradigmatic case in this
respect: tumor cells with different degree of malignancy exhibit different stiffness, different
states of cytoskeletal tension and many other mechanical alterations. In consequence, the
comparative analysis of cell mechanics in normal vs. diseased cells represents a meaningful
approach towards both understanding the physical nature of cancer and exploring novel
diagnosis methods.®® A wide variety of experimental techniques have been developed in
order to assess cell mechanics at different length and time scales.’®** Among these, atomic
force microscopy (AFM) outstands for two particular capabilities: high resolution imaging
and quantitative characterization of cell mechanics.***® Cell stiffness, the resistance of the
cell to an externally induced deformation, is measured in AFM experiments by monitoring
the force exerted on a probe cantilever as its distance to the cell is reduced and a tip placed at
its end produces an indentation. A larger resistance to deformation results in a larger force,
measured as a larger deflection of the cantilever. One of the earliest applications of AFM for
quantitative cell mechanics was indeed a comparative study of cancer cells with different
degree of malignancy.® It was clear since these early experiments that differences between
normal and cancerous cells were evident in force-distance (FD) curves: the slope of the
curves acquired on cancerous cells, and hence their resistance to deformation, was
systematically smaller than that corresponding to normal cells. Experimental FD curves
acquired during cell indentations can be very accurately fitted to equations derived from
theoretical models that describe their elastic response in terms of an apparent Young’s
modulus, E. For several years, progressive advances have been made to improve the accuracy
and consistency of measurements and modeling of apparent Young’s modulus on living
cells.'” These include considering the effect of tip geometry,*® indentation depth,'® loading
rate,® prolonged poking,'” substrate stiffness®* and others.?” In parallel, many works have
been devoted to characterize the differences in apparent Young’s modulus between normal
and cancerous cells of different types, including actual samples from cancer patients.*"**%°
These works have revealed a consistently lower stiffness of cancer cells as compared to
healthy cells regardless of the cancer type, which has motivated an on-going research about
the suitability of cancer biomarkers based on mechanical cell properties.*>*! However, the
underlying causes for this reduced stiffness of cancer cells versus their normal counterparts,
as well as its cause-effect relationship with other conformational changes observed during

cancer growth and metastasis, remain not fully elucidated. Human breast epithelial cells



represent an exemplary case regarding this issue. Is has been proposed that the lower stiffness
of breast cancer cells is related to a reduction in the presence of well-organized filamentous
actin (F-actin) stress fibers, a key constituent of the cytoskeleton system which greatly
determines mechanical cell elasticity.*> The cytoskeleton is a dynamic structure that
continuously reorganizes its architecture into specific functional arrangements. Actin is
organized in two main structures, bundles or networks, which play different roles within
cells. Stress fibers are long contractile actin bundles found in non-muscle cells cross-linked
into closely packed parallel arrays. On the other hand, the cell cortex under the membrane is
mainly composed of networks of loosely cross-linked F-actin, with similar physical
properties to those of semisolid gels. The reduction of the presence of actin stress fibers
observed in breast cancer cells is expected to result in a weaker cytoskeletal structure, thus
providing malignant transformed adherent cells with a high potency to migrate similar to that
of motile cells.®® However, a direct correlation between the differences in F-actin
organization in living healthy and tumor cells and their differences in stiffness has not been

observed yet.

Correlating cell stiffness with cytoskeletal conformations in living cells requires the ability
to obtain high resolution apparent Young’s modulus images of cell regions where specific
cytoskeletal structures can be identified. In fact, high resolution imaging of cytoskeletal
constituents with stiffness contrast of living cells can be expected to provide very meaningful
comparisons between different regions of the cells, thus helping to understand the origin of
the differences in stiffness among normal and cancer cells, and opening new ways to
correlate differences in mechanical properties with other dissimilarities. But this kind of
experiments have remained elusive for cell characterization methods so far. Apparent
Young’s modulus maps of cells can be obtained by so-called FD curve-based AFM imaging
methods.®*** These methods are based on the acquisition of an array of FD curves over a cell.
Each of these curves contains information about the local cell stiffness at each image pixel.
Until only a few years ago, the most extended FD imaging method, usually referred to as

force-volume mode,?*?°

consisted on the acquisition of a small array of low loading rate FD
curves (typically 1 Hz). This implied very poor resolution (normally a few tens of pixels per
scan line for a scan size of tens of micrometers, resulting in a lateral resolution of a few
micrometers) and long image acquisition times (several tens of minutes). Such a low
resolution was a limiting issue in order to identify cytoskeletal structures and to measure the

corresponding local stiffness. A significant breakthrough for the acquisition of high



resolution stiffness images at high speed has been recently accomplished with the merge of
FD curve-based imaging with dynamic modes. Dynamic AFM modes are based on AC
actuation on the cantilever, so that any distance-dependent characteristic magnitude of the
resulting motion can be employed as feedback parameter. The most extended dynamic AFM
modes, amplitude modulation (AM) and frequency modulation (FM), rely respectively on
controlling either the amplitude or resonance frequency of the probe, which oscillates at or
very close to its resonance frequency.® But direct apparent Young’s modulus imaging from
real-time acquired FD curves results impractical in AM and FM modes, although recent
works have made important progress to develop AM mode based methods that can provide
high resolution stiffness imaging by other approaches.**** A more recently developed
dynamic AFM mode provides a straightforward approach to high resolution and fast
acquisition FD curve-based imaging. As it is shown in Figure 1, this mode uses the maximum
repulsive force registered during each actuation cycle as the feedback parameter, so that it
can be referred to as peak-force modulation (PFM) mode.”® In PFM-AFM, the probe is
actuated well below resonance, at frequencies in the 0.1 to 1 kHz range, and the AFM
controller registers the cantilever deflection along the whole actuation cycle. A topography
image is built from the voltage applied to the Z piezo scanner so that the peak value of the
force for each actuation cycle is kept constant along XY scanning. High resolution apparent
Young’s modulus imaging is straightforward in PEM-AFM because the instrument registers a
large array of complete FD curves, one for each image pixel, and a real-time fitting to any
theoretical equation of choice is performed. The resulting stiffness map is displayed
simultaneously to the topography image. The high actuation frequency used for curve
acquisition in PFM-AFM enables high resolution imaging (up to thousands of pixels per line
for a scan size of tens of micrometers, resulting in a lateral resolution of tens of nanometers)
combined with fast acquisition times (a few minutes per image). Apparent Young’s modulus
imaging based on PFM-AFM s currently implemented as a standard feature in several
commercially available instruments under different denominations. This AFM operation
mode offers an unprecedented potential for high-resolution, label-free, topography and
stiffness contrast imaging of cytoskeletal structures within living cells. However, optimizing
image acquisition and quantitative measurements on living cells in liquid media is not a

trivial issue, and only a few works have been reported so far.***°
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Figure 1. Schematic representation of the operation of peak-force modulation AFM for imaging living

cells in liquid media. (a) The peak values of the periodic force (F.) resulting on the tip as a
consequence of sinusoidal actuation on the cantilever (at frequency f,_ with amplitude A_) are used
for feedback control. (b) Real-time measurements of the force vs. the tip-sample distance are
converted into force-indentation curves that are fitted to the Sneddon equation for a conical indenter,

so that the resulting values of the apparent Young’s modulus E are displayed as an image. (c) The

probe and the operating conditions are chosen so that the tip height (h_ ) and the amplitude (A_) are

TIP:

larger that the maximum cell height (h ).

In this work we show the application of PFM-AFM for imaging cytoskeleton structures
within living breast cancer cells corresponding to cell lines with different degree of
malignancy: MCF-10A (healthy), MCF-7 (tumorigenic, non-invasive) and MDA-MB-231
(tumorigenic, invasive). In particular, we show the capability of PFM-AFM for high-
resolution mapping of the local stiffness of cell regions where organized F-actin structures
are identified, and then compare the results with areas where these structures are not
observed. Furthermore, we compare the presence of F-actin structures in PFM-AFM images
from all three cell lines, and correlate the results with the complementary characterization of
the cytoskeleton arrangement by immunofluorescence confocal microscopy. We observe
significant differences between healthy and tumor cells in the conformation of the F-actin
cytoskeleton structures, which contribution to cell stiffness is discussed in consideration of

the PFM-AFM apparent Young’s modulus imaging results. Finally, we discuss the effects on



the observed cell stiffness of the high frequency probe actuation characteristic of PFM-AFM,
which we find to have an impact on both absolute values and ratios among the apparent
Young’s modulus of the three cell lines. This has implications on the use of local stiffness
measurements by high frequency indentations for the identification of cancer biomarkers

based on the mechanical elasticity of cells.

RESULTS AND DISCUSSION

Measurement of Apparent Young’s Modulus

Figure 2 shows an example of the FD curves obtained while imaging MCF-10A cells. The
software used includes a function that removes in real time the hysteresis effect caused by
hydrodynamic damping with the liquid media (see methods). As a result, approach and retract
curves typically overlap, as the example in fig. 2(a). Tip-surface indentation is calculated as
the difference between the z-piezo position and the cantilever deflection. We find that the
slope of the resulting force-indentation curves is best fitted to a quadratic behavior, which
justifies the use of the Sneddon equation (conical indenter) for extracting values of the

apparent Young’s modulus:

F=3Ltana-52 (D
m(1—v2)
where F is the force, E is the apparent Young’s modulus, v is the Poisson’s ratio (we assume
v=0.5 for all cases), « is the tip half angle and & is the indentation. The fact that this equation
provides good fitting to the experimental curves is itself a remarkable result, because the
actuation frequency used in PFM-AFM is more than 100 times larger than the loading rate
used in typical FD curve-based indentation experiments. Is such conditions, a large
contribution of viscoelastic tip-cell interaction can be expected, and this might influence the
functional behavior of force vs. indentation.>® Regardless of the cell line, we find that the high
actuation frequency used does not perturb the Sneddon-like quadratic behavior of the curves,
which motivates to continue using the apparent Young’s modulus as given by the Sneddon

equation as a measure of the resistance to deformation of the cells in PFM-AFM experiments.
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Figure 2. Representative example of experimental curves obtained on living cells by PFM-AFM. (a)
Force vs. z-piezo position curves on a MCF-10A cell. (b) Resulting force-indentation curves showing
a quadratic behavior consistent with a conical indentation as given by the Sneddon equation.

A key issue for generating consistent images of apparent Young’s modulus is considering
the effect of indentation depth. We have addressed this point by checking the resulting values
for E at different indentation depths. A valid range is established by determining the values
for which E is independent of the indentation depth. This procedure has been successfully
applied in previously reported works for the same MCF-10A and MCF-7 cell lines
considered here.® An example for a MCF-10A cell is shown in Figure 3, where average
values for E are represented versus the average relative cell deformation produced. The
relative cell deformation is defined as the percentage of indentation depth relative to the cell
height as given by the topography data. Figure 3 shows that similar results are obtained for
lower peripheral membrane regions and for higher apical areas of the cells. For small
indentations (resulting in relative deformations below 5-7%), an irregular tip-sample contact
with a not well-defined geometry can be expected. As a result, the obtained values for E are
not constant and show a region of monotonic increase. As the indentation increases, the plots
show a plateau where E is approximately constant for indentations in the range from 7% to
12%. For even larger indentations, a noticeable increase of E in observed in both areas for the

three cell lines. Several effects might contribute to this increase,? but a dominant effect of
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Figure 3. Observed behavior of the measured apparent Young’s modulus E as a function of the
indentation depth, normalized to the cell height. Regardless of the region of the cell, and for all the
three cell lines considered, we find a plateau region where E is approximately independent of the

indentation. In all cases, a relative deformation of around 10% ensures a consistent determination of E.

substrate induced stiffening is always expected.?! The plateau region where E is independent
of indentation sets a valid range for obtaining meaningful images and for a consistent
comparison of stiffness among the cell lines. In general, we find that a relative deformation of
around 10% ensures a consistent estimation of E regardless of the cell line. In our
experiments, this value corresponds to an indentation force of 0.3-0.5 nN. Since the peak-
force setpoint is set at 0.7-1 nN, the determination of E for such reduced values of the force is
made by setting an upper force fitting boundary of around 50% of the setpoint in the force-
indentation curves. The lower limit is set at 10% to prevent the effect of sporadic irregular

behaviors at the contact point.

Comparative Analysis of PFM Mode AFM Images from Different Cell-Lines

The panels of figures 4 and 5 present a comparison by columns of representative images
from each of the cell lines considered in this work (further images are provided in figures S3,
S4 and S5 of the supplementary information). A total of 69 image acquisitions have been
analyzed in this study. The images correspond to topography (first row) and apparent
Young’s modulus (second row). The topography image of healthy MCF-10A cells in fig. 4(a)
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shows two adjacent cells with lobular shape, around 20 micrometers wide and 30
micrometers long, with a maximum height at the central nuclear region of around 6
micrometers. The most prominent feature observed in MCF-10A images is the appearance of
two different kinds of filamentous structures. In some areas, such as the left side region of the
lower left cell in fig. 4(a), the presence of long, compact and well-aligned fibers is observed.
In other areas, for instance at the central higher region of the same cell, shorter, more
dispersed and disorganized network structures are found. In general, we do not observe any
correlation between the presence of each type of structure and the height of the cell. Both
types of arrangements, fibers and networks, were observed in higher perinuclear and lower
membrane regions of the cells. Figure 5(a) displays a zoomed region of the topography image
corresponding to fig.4(a) where the two kinds of structures appear close to each other. This
image has been high-pass filtered in order to enhance the contrast produced by these
filamentous structures. The high resolution of the image allows to determine an apparent
width of the filaments arranged as fibers in the range of 300-500 nm, and a height over the
cell surface of around 25-50 nm. These structures resemble the expected morphology for

actin stress fibers, as previously imaged by various AFM modes.??4%>2

An apparent Young’s modulus image simultaneously acquired to the topography is shown
in Figure 4(d). Remarkably, the contrast observed in the apparent Young’s modulus image is
correlated to the features observed in the topography image. The areas with filaments
arranged as fibers systematically correspond to larger values of E (clearer tones). Actually,
the high resolution of the apparent Young’s modulus image allows identifying the
morphology of these fibers also in the elasticity image, as clearly seen in the zoomed-in area
of Figure 5(d). On the contrary, the disorganized network areas observed in topography are
correlated with lower values of E in the elasticity image (darker tones), but the contrast
pattern observed in topography images is not reproduced in the elasticity images at this
regions. The section profiles in figures 4(g) and 4(e) illustrate how the stiffer regions
correspond to either lower or higher parts of the cells. The apparent Young’s modulus
measured in the areas with well-aligned fibers is in the range of 80-200 kPa, whereas it drops
around one order of magnitude to 10-30 kPa in the areas with disorganized networks. This
result was reproduced in all images obtained in MCF-10A cells. Systematically, cell stiffness
was found to be around 7-10 times harder in areas where well-aligned fibers were observed

than in areas where disorganized networks were present.
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Figure 4. Comparative Imaging results for the three cell lines considered. First column images (a,d)
and cross-section profiles (g,j) correspond to MCF-10A cells. Second column images (b,e) and cross-
section profiles (h,k) correspond to MCF-7 cells. Third column images (c,f) and cross-section profiles
(i,) correspond to MDA-MB-231cells. First row images (a,b,c) show topography contrast, while
second row images (d,e,f) show apparent Young’s modulus contrast. Image size is 40x40 um for
MCF-10A and 45x45 um in all other cases. Topography range is 2 um for MCF-10A and 6 pum in all
other cases. Apparent Young’s modulus images are displayed in a logarithmic color scale, from 2.5 to

250 kPa. Data corresponding to the substrate in (f) are removed for clarity.
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Figure 5. High magnification images showing examples of the distinctive contrast patterns observed
for each cell line. First column images (a,d) correspond to MCF-10A cells. Second column images
(b,e) correspond to MCF-7 cells. Third column images (c,f) correspond to MDA-MB-231 cells. First
row images (a,b,c) show topography contrast, while second row images (d,e,f) show apparent Young’s
modulus contrast. Image size is 25x25 um in all cases. Topography range is 2 um for MCF-10A, 4 um
for MCF-7 and 6 um for MDA-MB-231. Apparent Young’s modulus images are displayed in a

logarithmic color scale, from 2.5 to 250 kPa.

Filamentous structures arranged as well-aligned fibers were almost exclusively observed
for the healthy MCF-10A cell line, and barely found on any of the two tumorigenic cell-lines.
In fact, the topography and apparent Young’s modulus images of both MCF-7 and MDA-
MB-231 cell lines present hardly distinctive patterns, as shown in the examples displayed in
figures 4(b), 4(c), 4(e) and 4(f). The overall dimensions and height in both cases are similar
to those of healthy cells, but tumorigenic cells show a much featureless morphology. Only in
some cases, as shown in fig 5(b), some areas of MCF-7 cells present disorganized network
structures somehow similar to those found on MCF-10A cells. Similarly, some MDA-MB-
231 cells show a granular texture along its surface, as in the example shown in fig 5(c), very
different from the well-aligned filaments observed in healthy cells. However, for both

13



tumorigenic cell lines there is hardly any significant correlation between these topographic
features and the contrast observed in the apparent Young’s modulus images. For MCF-7 and
MDA-MB-231 cells, the only systematic observation is that the few observed stiffer regions
with fiber-like morphology always correspond to lower heights of the cells. For the central,
higher nuclear regions of MCF-7 and MDA-MB-231 cells we obtain values of E in the range
of 10-30 kPa, matching the softer areas observed in MCF-10A cells. For the few stiffer
regions observed in some of the outer and lower areas of MCF-7 and MDA-MB-231 cells,
the values of E reach a range of 30-100 kPa.

Correlation of PFM-AFM Images with Immunofluorescence Assays

The images obtained by PFM-AFM point out to differences in the arrangement of
filamentous actin between healthy and tumor cells as responsible for the measured

20 \We have confirmed this hypothesis by

differences in apparent Young’s modulus.
characterizing the cytoskeletal organization within MCF-10A, MCF-7 and MDA-MB-231
cells in vitro by immunofluorescence assays. The conformations of F-actin and acetylated a-
tubulin, a specific marker for stable microtubules (MTs), were evaluated by confocal
microscopy, and representative results are shown in figure 6 (additional images are provided
in figure S4 of the supplementary information). Regardless of the cell line, MTs (green
stained) are observed as fibrous networks arising from the perinuclear region and spreading
randomly to the cytoplasm of the cell, and no systematic differences are detected among the
three cell lines. On the contrary, important differences are found in the arrangement of F-
actin (red stained) between the healthy and the two tumor cell lines. In the case of MCF-10A
cells, F-actin is either organized in parallel stress fibers or as short and disperse fibers.
Remarkably, actin stress fibers are distributed throughout the cell body, and a number of
MCF-10A cells exhibit long stress fibers even in the higher nuclear regions. While healthy
cells organize most of their actin in well-defined fibers, both cancer cell lines exhibit less
prominent F-actin structures with a diffuse distribution in their cytoplasm, which we attribute
to a weaker localization in the cortical cytoskeleton. Moreover, the scarce long actin bundles
found in tumor cells are mainly confined to cell borders or ventral regions, but no long stress

fibers were detected in cortical regions.
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Figure 6. Confocal fluorescence microscopy images of cells from the three lines considered. First

column images (a,d) and orthogonal projections (g) correspond to MCF-10A cells. Second column
images (b,e) and orthogonal projections (h) correspond to MCF-7 cells. Third column images (c,f) and
orthogonal projections (i) correspond to MDA-MB-231cells. First row images (a,b,c) show red-stained
F-actin filaments, while second row images (d,e,f) show green-stained microtubules. Image size is

80x80 um in all cases. Both contrast signals are mixed in the orthogonal projections.

A three-dimensional understanding of the distribution of both components within the cells
can be accomplished by looking at the reconstructed orthogonal projections displayed in Fig.
6 (g,h,1). According to these projections, it becomes clear that the surface of MCF-10A shows
higher content of F-actin than tumor cells. Also, the projections for MCF-10A reveal that F-
actin organized as stress fibers is found in basal regions closer to the substrate, but it is also
noticeably present in apical regions alongside the higher perinuclear areas. On the contrary,
both tumorigenic cell lines show a limited presence of actin stress fibers in the perinuclear
apical regions. Instead, disperse actin networks and MTs dominate the cytoskeleton
arrangement in these areas, and actin stress fibers appear almost exclusively at the lower

basal regions.
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The complementary information provided by PFM-AFM and confocal microscopy allows
identifying unequivocally the long, compact and well-aligned filamentous structures observed
by PFM-AFM in the healthy cells as the red-stained F-actin stress fibers visualized in the
immunofluorescence assays. In consequence, the different contrast patterns observed in the
PFM-AFM elasticity images and their correlation to topography are attributed to differences
in the arrangement of F-actin stress fibers between healthy and tumor cells. In MCF-10A
cells, F-actin stress fibers produce measurements of apparent Young’s modulus that are up to
one order of magnitude higher that those in regions where these structures are not observed.
But these well-aligned F-actin fibers are observed at apical regions only in healthy cells, and
they are not found in such regions in any of the tumorigenic cell lines. F-actin stress fibers
remain at basal regions in both tumorigenic cell lines, where they cannot contribute to cell
stiffness as measured by any AFM-based indentation experiment. These results determine
that stress fibers provide a dominant contribution to cell stiffness in healthy MCF-10A cells,
while MCF7 and MDA-MBB-231 elasticity seems not primarily influenced by these
components. In consequence, the configuration of F-actin filaments is proved as an essential
factor for the higher stiffness of normal vs. cancer cells systematically reported in previous
AFM studies. Another consequence of these results concerns the ability to image
cytoskeleton structures within living cells. To date, most of the work done on cytoskeleton
mechanics consists in the evaluation of its components individually or in artificial
networks.>*>* It is known that actin filaments are much less rigid than MTs.>>*® However, the
mechanical properties of cytoskeletal structures within living cells strongly rely on other
important factors such as motor proteins, crosslinking or hydrostatic pressure.> These
elements promote the assembly of highly organized and stiff F-actin structures. Our results
demonstrate that PFM-AFM is capable of evaluating the contribution of these organized
structures to cell stiffness within whole living cells in fully native conditions, where the effect

of all these factors is naturally into play.
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Figure 7. Comparison of average values of apparent Young’s modulus obtained for single cells by
either low loading rate indentations at 1 Hz or peak-force modulation mode at 250 Hz. Each point

represents the average apparent Young’s modulus of a single cell.

Comparing PFM-AFM with low loading rate indentation experiments

One remarkable observation from the presented result is the difference in the values
obtained in all cases for E as compared to typical values previously reported for these cell
lines. Reported values are in the order of 1 kPa as obtained by conventional low loading rate
indentations.**?° We have confirmed this discrepancy by performing a series of low loading
rate indentation experiments on each cell line with the same cell culturing conditions as used
in the PFM-AFM imaging experiments. The resulting values for E are displayed in figure 7.
In order to compare the results obtained by each method, averaged values of E as obtained by
PFM-AFM are also shown. Note that in the case of the low loading rate indentations, each
point represents the average E obtained from a few force-indentation curves performed on a
single cell with a large radius tip (see methods). In those conditions, each indentation probes
the mechanical response of the cell as a whole. In the case of PFM-AFM results, each point
corresponds to the average E obtained from the set of curves that comprises a PFM-AFM
image of a whole single cell, typically around 10*-10° curves obtained with a sharp tip. In this
case, each indentation probes the local stiffness at each point of the cell. In addition, the tip

follows a triangular wave form in the low loading rate experiments, resulting in a constant
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loading rate of 1 Hz, whereas PFM-AFM indentations follow a sinusoidal motion which
implies a non-constant loading rate. Regardless of these disparities in the experimental
procedures and in the interpretation of E for each case, it is interesting to discuss the
differences found.

There are two prominent differences between the results obtained at 1 Hz indentations and
the 250 Hz PFM-AFM experiments. The first one is the stiffening effect for all cell lines, and
the second one is the change in the ratios of stiffness between them. In the case of low
loading-rate indentation, healthy MCF-10A cells present an average modulus of 0.7 + 0.3
kPa, whereas cancerous specimens display narrower distributions centered at slightly lower
values, with results of 0.5 = 0.1 kPa for MCF-7 cells and 0.3 + 0.1 kPa for MDA-MB-231
cells. Notably, cell stiffness is found to scale down with the degree of malignancy: healthy
MCF-10A cells are stiffer than any of the cancerous cells, while non-invasive MCF-7 cells
are also stiffer than invasive MDA-MB-231 cells. This picture changes significantly with
measurements obtained by PFM-AFM. For those, healthy MCF-10A cells are significantly
stiffer than any of the tumor cells, with an average value of 250 + 100 kPa. However, both
cancerous cell lines show similar average elastic modulus values, with values of 28 + 12 kPa
and 25 + 13 kPa for MCF-7 and MDA-MB-231 respectively. In consequence, our results
reveal an apparent stiffening effect for all cell lines when probed by PFM-AFM at 250 Hz as
compared to the indentations at 1 Hz. Stiffening due to increasing loading rate is actually an
expected effect for cells due to their viscoelastic response. A stiffening effect in MCF-10A
and MCF-7 cells produced by an increasing loading rate in the range from 0.03 to 1 Hz had
already be reported.?’ The apparent Young’s modulus of MCF-10A and MCF-7 cells was
found to increase by a factor of around 2.1 from 0.03 Hz to 1 Hz for both lines. In AFM-
based microrheology experiments made on the same three cell lines considered in this work,
it was found that both the storage and loss modulus (respectively a measure of the elastic and
viscous response of the cell to small harmonic deformations) increased more than one order
of magnitude for deformations made from 1 to 100 Hz.*® In our case, we estimate an increase
by a factor of around 350 for the healthy cells and by a factor of 60 for the tumorigenic cells
when comparing the indentations at 1 Hz with the PFM mode experiments at 250 Hz.
Another consequence of probing cell stiffness at higher frequency is that it increases the ratio
of the apparent Young’s modulus between normal and tumorigenic cells. According to our
results, the ratio of the average stiffness between MCF-10A and MCF-7 increases from 1.4 at

1 Hz to 8.9 at 250 Hz. In consequence, if AFM measured cell stiffness was used as a cancer
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biomarker, it should be considered that the difference between healthy and tumor cells is
amplified at increasing loading rates. However, the opposite happens when considering the
differences in stiffness between non-invasive MCF-7 cells and invasive MDA-MB-231 cells:
according to our results, while the ratio between their apparent Young’s modulus at 1 Hz is

1.6, its value drops to 1.2 at 250 Hz.

CONCLUSION

The conclusions of this work can be summarized in three points. First, PFM-AFM
provides label-free imaging of living cells in fully native conditions that allows to obtain
otherwise inaccessible information about the effect of cytoskeletal conformations on cell
stiffness. In the context of cancer cell mechanics, this information is crucial for understanding
the underlying causes of the disparate mechanical properties between normal and tumorigenic
cells. Second, for the case of the three epithelial breast cells with different degree of
malignancy considered here, the combined interpretation of PFM-AFM and
immunofluorescence confocal microscopy imaging results substantiates that F-actin stress
fibers provide a dominant contribution to cell stiffness in healthy cells as probed by AFM
indentations, while the elasticity of cancer cells appears mostly unaffected by these
structures. Finally, from the comparison of cell stiffness determined by either low loading
rate indentations or high frequency PFM-AFM experiments, it follows that whereas at low
frequencies each cell line provides slightly differentiated estimations of apparent Young’s
modulus, at high frequencies only healthy cells are distinguishable. Healthy cells result
indeed in an enhanced ratio of stiffness to any of the tumor cells, which allows a more
reliable discrimination of healthy against tumorigenic ones. However, cell stiffness as
measured in the presented high frequency PFM-AFM experiments does not represent an
effective biomechanical hallmark of the degree of malignancy or metastatic potential, as the

two cancerous cell lines result mechanically undistinguishable.
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METHODS

Cell Culture and Sample Preparation. For comparative purposes MCF-7 and MDA-
MB-231 cell lines were used as representatives of epithelial breast cancer cell lines, and
MCF-10A as their healthy counterparts (ECACC, Salisbury, Wiltshire, UK). MCF-7 and
MDA-MB-231 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Life Technologies Corporation, Rockville, MD, USA) supplemented with 10% FBS, 500
Ul/ml penicillin and 0.1 mg/ml streptomycin. MCF-10A cells were maintained in HAM/F12
medium (DMEM/F12, Gibco) supplemented with 5% horse serum, 20 ng/ml epidermal
growth factor, 0.5 pg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 pg/ml insulin, and 500
Ul/ml penicillin and 0.1 mg/ml streptomycin. Cells were maintained at 37°C in 5% CO; in a
humidified incubator.

Atomic Force Microscopy. All data were acquired in liquid environment using a
Bioscope Catalyst AFM (Bruker, Santa Barbara, CA) mounted on a Leica SPE inverted
microscope (Leica, Wetzlar, Germany). One day prior to the experiments, cells were seeded
at a density of 2 x 10° cells mI™ onto 35 mm cell culture plates (Corning Inc, Corning, NY,
US). To ensure that the cells were in physiological conditions and adherent during the
imaging, all the measurements were performed using a home-made heater that maintained the
cell cultures at 37°C. In order to obtain quantitative data, cantilever spring constants were
experimentally determined by the thermal tuning method. PFM-AFM was performed by
using the Peak-Force Tapping™ feature of the microscope and silicon nitride cantilevers
(MLCT-E, Bruker™) with a nominal spring constant of 0.1 N/m and a pyramidal tip with a
nominal half angle of 18° and tip radius of 20 nm in order to provide high lateral resolution.
We used a setpoint peak-force in the range of 0.7-1 nN. The z-piezo position was oscillated at
0.25 kHz, and the amplitude of the oscillation was set at 2 um. The commercial software
includes a function that removes in real time the hysteresis effect caused in FD curves by
hydrodynamic damping of the liquid media. Before image acquisition, the probe lifts up to a
height far from the sample, and from there it performs an approach-retract cycle down to a
user-defined limit height before tip-sample contact. From this cycle, the effect on the FD
curves caused by the liquid media is quantitatively estimated. Then, while scanning for image
acquisition, this effect is subtracted in real time from every measured FD curve. We find that
the use of relatively stiff cantilevers (0.1-0.5 N/m) helps the proper operation of this function.

In some cases, a small amount of residual hysteresis remains. However, we find a negligible
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effect of this hydrodynamic damping hysteresis on the estimation of the apparent Young’s
modulus. The reason is that tip-surface indentation is calculated as the difference between the
z-piezo position and the cantilever deflection. Then, the origin of the indentation axis is
determined by identifying the contact point as the inflexion point in the curve, and this is
done separately for approach and retract curves. When approach and retract force-indentation
curves are plotted together with this offset correction, we always observe matching slopes
among then, regardless of the presence or not of any hysteresis in the original FD curves. For
constant low loading rate indentation experiments we used the standard force-curve
acquisition software of the microscope and sQube® colloidal probes (Nanoandmore GMBH)
with a borosilicate-glass sphere tip of 10 um diameter and cantilevers with a nominal spring
constant of 0.2 N/m. These spherical indenters have a tip-size that is comparable in order of
magnitude to that of the cells, so that they induce global deformations that probe their overall
stiffness. Typically 10 cells per line were mechanically characterized by low-loading rate
indentations. Force-indentation curves (z-scan size of 2 um) were recorded at 1 Hz loading
rates with a maximum loading force of 1 nN. The apparent Young’s modulus of the cells was
calculated in this case by fitting the experimental data to a linearized Hertz model equation

for spherical indenters:

4 E
F=————_RY2.532 2
3(1—v2) @)

Immunofluorescence Assays. Cells were seeded at a density of 2 x 10> cells/ml onto
IbiTreat 35-mm p-Dish (Ibidi, Martinsried, Germany) and incubated for 24 h. The cell
monolayer was washed with PBS, fixed with 4% (w/v) paraformaldehyde in PBS and
permeabilized with 0.1% Triton X-100 in PBS. For immunostaining, cells were blocked in
PBS containing 2% bovine serum albumin (BSA) and 0.05% Tween 20 and then incubated
with mouse anti-human acetylated a-tubulin monoclonal antibody (Sigma-Aldrich, Madrid,
Spain) diluted 1:50 (v/v) in PBS containing 1% BSA. After washing with 0.05% Tween in
PBS, cells were stained with goat anti-mouse Alexa-Fluor 594 secondary antibodies
(Molecular Probes, Leiden, Holland) diluted 1:1000 (v/v) in PBS containing 1% BSA. Cells
were also incubated with 0.4 uM phalloidin—in PBS to visualize F-actin. After washing with
0.05% Tween in PBS, cells were examined using a confocal microscope setup separated from
the AFM system (Leica SP5, Wetzlar, Germany).
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