Local cell mechanics investigation by atomic force microscopy
mapping and optical tweezers vertical indentation
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Abstract
The investigation of mechanical properties of cells represents a potential source of label free markers

of cancer progression, based on measurable viscoelastic parameters. The Young modulus proved to
be the most studied so far, however, even for the same cell type, the elastic modulus reported in
different studies spans over a wide range of values, mainly due to the application of different
experimental conditions. This complicates a reliable use of elasticity for mechanical phenotyping of
cells. Here we combine two complementary techniques, Atomic Force Microscopy (AFM) and Optical
Tweezers Microscopy (OTM), providing a comprehensive mechanical comparison of three human
breast cell lines: normal myoepithelial (HBL-100), luminal breast cancer (MCF-7) and basal breast
cancer (MDA-MB-231) cells. The elastic modulus was locally measured by AFM and OTM on single
cells, using similar indentation approaches but different measurement parameters. Peak force tapping
AFM was employed at nN forces and high loading rate to draw a viscoelastic map of each cell and the
results indicated the region on top of the nuclei as the most meaningful. OTM was employed at those
locations at pN forces and low loading rates, to measure the elastic modulus in a real elastic regime
and rule out the contribution of viscous forces typical of AFM. When measured by either AFM or OTM,
the cell lines elasticity trend was similar for the aggressive MDA-MB-231 cells, which were found to be
significantly softer than the other two cell types in both measurements. However, when comparing HBL-

100 and MCEF-7 cells, we found significant differences only when using OTM.
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Introduction

Cancer is a multifactorial disease and there is a general consensus in identifying the hallmarks that
better describe the onset and progression of the disease [1, 2]. However, more recently, attention is
growing on extra factors that characterise cancer: the mechanical changes that the tumour cells acquire
and induce in the surrounding microenvironment [3-6]. While this aspect is especially evident at the
tissue invasion and metastasis stage, the overall change in the mechanical properties of a tissue starts
much earlier, involving several physiological processes that, by altering the membrane and cytoskeleton
structure, convert a malignant cell into a metastatic one [5, 7]. It is known that cancer cells are softer
and hence more deformable than non-tumour cells [8-10] and this eventually leads to their increased

ability to infiltrate the tissues, spread from the primary tumour site and establish secondary sites [11].

Metastasis is the most common cause of death in breast cancer patients. In females, breast cancer is
the most frequent tumour [12]. Therefore a thorough characterization of the mechanical properties of
breast cancer cells would be beneficial for the understanding of the underlying molecular events that
lead to metastasis [13] and could provide potential label-free markers based on mechanical

measurements rather than molecular diagnostics [14].

Automated instruments capable to screen the elasticity of tissues from patients in a high-throughput
fashion are still not available [15], however the community studying biomechanics at single-cell level
can typically benefit, among others, from two robust biophysical techniques that have been developed
and improved for few decades: Atomic Force Microscopy (AFM) and Optical Tweezers Microscopy
(OTM).

AFM allows the imaging of living cells at high resolution in a liquid environment. An oscillating cantilever,
driven by a piezoelectric actuator, indents the specimen along the Z vertical axis through a conical or
spherical-shaped tip, mounted at the end of the cantilever (Fig. 1a). While oscillating along Z, the
piezoelectric XY actuators perform a raster scan of the sample, typically covering all the area occupied
by a single cell. During the raster-scan, the feedback loop system of the instrument collects the laser
light reflected by the deflected cantilever on a four quadrant photo-detector and uses the voltage
readouts to feed the Z piezoelectric actuator, correct the vertical position and generate a topographic
image of the sample. Simultaneously, the instrument can convert the voltage signal acquired during
each indentation event into displacement/force curves from which several mechanical properties,
including elasticity, can be calculated, upon calibration of the detection system and the stiffness of the
probe [16, 17].

Although AFM is not a high-throughput imaging technique, due to the mechanical nature of the
interaction with the sample, it offers the unique opportunity to measure and map the local elasticity of a
sample at high spatial resolution. For this reason, the technique has been extensively applied to the
study of cancer cell biomechanics [18, 19]. The acquisition of robust datasets and the interpretation of
the elasticity maps are often complicated by the fact that the mechanical interaction with soft-samples,
such as living cells, can lead to membrane damage during the indentation, due to the sharpness of the

tip (required for a high resolution image) and to the intensity of the force applied (typically in the nN



range). Beside this, the loading rate (the rate at which the force is vertically applied to the sample during
the indentation) has to be relatively high to allow the acquisition of a representative area of the sample
within a realistic time and before the living cell under investigation changes position or starts showing
signs of distress beyond the control of the operator. To overcome these limitations and avoid cell
damage, we opted to operate the AFM Z piezoelectric actuator with a sinusoidal waveform in peak force

tapping mode (see Methods) [20].

At high loading rates, cells tend to respond to indentation also with a viscous component, which instead
would be the only contribution when indenting at low loading rates [21-23]. Using OTM rather than AFM
limits the loading rate and the indentation force, thus reducing the likelihood of rupture of the
membranes and viscous responses to indentation. OTM relies on a spherical microprobe trapped by a
highly focused laser beam. The displacement of the probe from the focus of the beam is linearly related
to the external force by a constant, the trap stiffness. Since the probe confinement is non mechanical
and the stiffness of the trap is typically very low and easy to fine tune, OTM probing is much more
“gentle” than AFM. Indentation using an OTM trapped microbead (Fig. 1b) is achieved either by moving
the trapping objective vertically [21] or by keeping the position of the laser focus fixed while the stage,
where the cell-containing dish is clamped, approaches the bead by using a piezoelectric actuator along
the Z vertical axis [23]. As soon as the cell membrane touches the microbead, this is displaced vertically,
undergoing a force proportional to its displacement. The displacement of the probe is measured from
the change of the interference pattern produced by the scattered laser beam by the microbead on a
photo-diode [21] or a quadrant photo-detector [23]. Similarly to the case of the AFM, this signal can be

converted into a displacement/force curve.

Opposite to AFM, OTM acquires curves only from single points rather than mapping the curves on a
topographic image. This limitation is due to the large size of the probe that wouldn't allow high resolution
mapping and especially to the low frequency at which the probe oscillates (in this study it was 0.2 Hz,
compared to 0.25-0.5 kHz for the AFM), making the technique extremely time-consuming.
Nevertheless, because of the high accuracy that OTM-obtained mechanical data can offer at low forces
and the virtually ideal elastic conditions in which they can be acquired, OTM has been extensively used

to characterise local mechanical properties of cells [24-27].

Using AFM and OTM vertical indentation we investigated locally the cell stiffness for three breast cancer
cell lines: basal breast cancer cell line (MDA-MB-231), luminal breast cancer cells (MCF-7) and normal
myoepithelial cells (HBL-100). Peak force tapping AFM allowed us to extract the viscoelastic map of
the cell and define the region on the top of the nucleus as the most appropriate for reliable
measurement. The cell indentation scheme used by AFM and OTM was similar, but the indentation
forces and the loading rates were very different between AFM and OTM. This allowed us to observe
the cell response at different mechanical regimes. The results in terms of cell stiffness were similar for
MDA-MB-231 cell line, showing that these cells have the lowest stiffness. However, HBL-100 and MCF-
7 showed different behavior when analyzed by AFM and OTM.
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Figure 1. Vertical indentation of living cells. (a) In AFM, a cantilever driven by a piezoelectric actuator
moves vertically along the Z axis. As the tip contacts the cell, the cantilever is deflected and the change
in the laser reflection angle is recorded by a Quadrant Photo Detector (QPD). The indentation region
corresponds to the part of vertical displacement for which a deflection of the cantilever can be observed.
(b) In OTM, a laser-trapped bead is kept in a fixed position just above the cell while the piezoelectric
stage holding the sample moves vertically. As the cell approaches and contacts the bead, this is
displaced from the centre of the trap and the change of the interference pattern produced by the laser
scattered by the bead is recorded by a QPD. The indentation region is defined as the portion of vertical

displacement of the stage for which a displacement of the bead from the trap can be observed.

Methods

Cell cultures

MDA-MB-231, MCF-7 and HBL-100 cell lines (ATCC numbers HTB-26, HTB-22, HTB-124 respectively)
were cultured in adhesion using low glucose Dulbecco’s Modified Eagle Medium (DMEM) with L-
glutamine (MDA-MB-231 and MCF-7) or Roswell Park Memorial Institute (RPMI) 1640 medium with L-
glutamine (HBL-100), all supplemented with 10% (v/v) Fetal Calf Serum, 50 IU/ml of penicillin-
streptomycin and 1mM gentamycin. Cell cultures were maintained in 25cm? flasks at 37°C in 5% CO:..
Cell splitting was performed every 2-3 days, as soon as the cultures reached the confluence, using 1:10
diluted 0.05% trypsin-EDTA. Cells were seeded overnight on 60mm polystyrene (AFM) or 30mm glass-
bottom (OTM) Petri dishes at a density of 5x10% (AFM) or 2.5x105 (OTM) cells/ml in 6ml (AFM) or 2ml

(OTM) of medium, washed three times in PBS and rinsed with medium prior to each measurement



session. All the reagents for cell culture were purchased from Gibco Life Technology, cell culture flasks

and petri dishes were purchased from Sigma-Aldrich.
Atomic Force Microscopy

AFM imaging and indentation were performed on a BioScope Catalyst controlled by a NanoScope V
controller (Bruker), combined with an Eclipse TE2000-S inverted optical microscope (Nikon) and
equipped with a digital temperature controller unit (Lakeshore) to keep the cultured cells at 37°C during
the acquisition of data. Images were acquired in Peak Force Quantitative Nanomechanical Mapping
(PFQNM) mode [20] using DNP-10-A or ScanAsyst Fluid probes (Bruker), whose deflection sensitivity
was determined by forcing their deflection on a glass surface and the spring constant (k) was estimated
by the thermal tuning method (DNP-10-A nominal k=0.35N/m, ScanAsyst Fluid nominal k=0.7N/m). The
nominal radius for tip and angles (same for both probe types), respectively 20nm and 15° (front)/25°
(back)/17.5° (side), were used by the Nanoscope 9.0 software (Bruker) to compute the elastic modulus
while scanning the images, using the Sneddon model for a conical indenter [28]. 128x128 or 256x256
points PFQNM images were acquired with a scan rate of 0.1-0.2Hz, a scan size of about 60um (or the
closest size that could accommodate the entire cell body), tapping amplitude of 750nm, frequency of
0.25-0.5kHz and a peak force set point of 1-2nN to avoid damaging the cell membranes while scanning.
For each cell imaged, along with force/indentation curves for individual points, we recorded and
analysed, using NanoScope Analysis 1.5 (Bruker), the following PFQNM channels: height, peak force,

peak force error, adhesion, deformation, dissipation and Young’s modulus.
Optical Tweezers Microscopy

A modular OTM (Thorlabs - OKBT) was adapted for axial cell indentation and force measurement [29].
Briefly, a collimated laser beam (YLM-5-IPG Photonics - Yb fiber laser 1064 nm) was focused through
a 100X objective (Nikon, N.A.=1.25, oil immersion), to produce a stable optical trap for 3um diameter
silica microbeads (Bangs Laboratories) dispersed in the medium. During data acquisition, the cells were
kept at 37°C by a temperature controller unit (RS Components) integrated into the setup. The sample
was imaged through the trapping objective and a tube lens by a CMOS camera (Thorlabs - DCC1240C).
A microbead probe was individually trapped and positioned above the cell nucleus area of a selected
cell using a piezoelectric NanoMax 3-axis flexure stage (Thorlabs). The position of the microbead in the
trap was tracked by back focal plane interferometry method [30] using the laser light scattered by the
trapped bead. The trap height was in the range 3-6 ym from the cover slip. The trap stiffness was
calculated using the equipartition theorem and the power spectrum density methods considering the
stiffness variations due to spherical aberrations and neighbourhood of the cover slip [23]. Adjusting the
laser power, trap stiffness was set to 0.015 pN/nm. To indent the cell, the stage on which the sample
was clamped was moved vertically following a sinusoidal wave of 1 um amplitude and 0.2 Hz frequency,
while the laser focus was kept at a fixed position. The cell intercepted and interacted with the microbead
in the second half of the sine period, thus causing a vertical displacement of the microbead with a
proportional force (see Fig. S1).



Results and discussion

First, we used AFM to image representative cells from the three cultured lines, for the purpose of
optimizing the parameters of the PFQNM while preserving the integrity and morphology of the cells.
Fig. 2 shows that the cells are not damaged during the measurements. Besides the morphological
information, given by the peak force error channel, the PFQNM technique simultaneously provided the

Peak Force, Young’s modulus, deformation, adhesion and dissipation maps (see Fig. S2 and Fig. S3).
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Figure 2. Morphology of the cells. The upper panels show AFM peak force error images of
representative cells from the three cell lines analysed and the lower panels show DIC 90x optical images
of cells from the same cultures: HBL-100 (a, d), MCF-7 (b, €) and MDA-MB-231 (c, f). All scalebars are

10um. The peak force error channel output was chosen here to highlight the fine features in the images.

The Young’'s modulus (E) was mapped and calculated from the force (F)/indentation (&) data acquired
by AFM and automatically computed by the PFQNM package (Bruker) using the Sneddon model for a
conical indenter (the tip) described by equation 1 [28].

E=" 1-u?)

T 2682tana

@
where u is the Poisson ratio (0.4) and a the tip half angle (18°).

The OTM force (F)/indentation (&) curves were analysed using a custom made Matlab (Mathworks)
code and the computed Young’s modulus was obtained, according to the Hertz model for a spherical

indenter (the microbead), from equation 2 [21].
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where r is the microbead radius (1.5 pm).

Fig. 3 shows representative experimental curves of force versus probe-sample separation, obtained
during the interaction of the cell with the tip in AFM and the bead in OTM. Cell-probe interaction includes
two phases: indentation (black trace in Fig. 3) and retraction (red trace). The difference between the
indentation and retraction curves in Fig. 3a indicates dissipation due to viscoelastic behaviour of the
cell at forces and loading rates specific to AFM. The indentation and retraction curves for OTM are
instead almost identical (Fig. 3b), indicating that the cell response to lower forces is entirely elastic.
While the elasticity data from the OTM analysis were the result of a Hertz fit (equation 2) on individual
indentation event, the elastic modulus from AFM measurements was computed automatically by the
acquisition software using a Sneddon fit (equation 1) like the one shown in Fig. 3a for each point of the

image and then averaged within a 2.5x2.5 um square.
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Figure 3. Force-separation curves of a representative indentation event on a MDA-MB-231 cell using
AFM (a) and OTM (b). The plots show the indentation (black), retraction (red) experimental traces and
the fitted curves (green) used to calculate the Young's modulus. Sneddon fit was used for AFM

indentation (a) and Hertz fit for OTM (b). The fit is applied in a range of forces within min and max force
boundaries.



Besides the Young's modulus, in AFM-PFQNM we analysed also other mechanical properties. The
deformation channel was monitored to set indentations at about 200nm, sufficient for acquiring good
elasticity data without damaging the cell membrane. The adhesion channel was also considered and
used to rule out unusual adhesion values, that could have been the result of the formation of membrane
tethers. The dissipation was considered to evaluate whether some areas of a cell were presenting a
viscous behaviour that accounts for the loss of energy while indenting. To match all the conditions
above, we established the optimal peak force set point in the range of 1-2nN and we consistently used

this range for all the experiments on all the three cell lines.

We then analysed the distribution of the Young’'s modulus (Sneddon fit) on different areas of a
representative AFM-imaged HBL-100 cell (Fig. 4). Data from the Young’'s modulus channel were
avereged over small squares (2.5x2.5um). The first square (labelled as 1 in Fig. 4a) was located above
the nuclear area and other five squares were located at increasing distances, between the nuclear area
and the leading edge of the cell. As evidenced by the data plotted in Fig. 4b and the corresponding

values reported in Table 1, the Young’s modulus decreases with the distance from the nuclear area.
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Figure 4. Distribution of the measured areas on a representative HBL-100 cell. (a) Location of the 6
2.5x2.5um squares from which the Young’s modulus has been calculated (AFM Sneddon channel,
colorbar 0-300 kPa). The blue square identifies a position very close to the polystyrene substrate, which
is too rigid to be indented and therefore does not show a realistic elastic module. The position of the
nuclear area (square 1) has been estimated from the topography of the cell and corresponds to the
position of the highest feature in the height channel. Scalebar is 10um. (b) The mean values calculated

from the squares in panel (a) plotted against the distance from the nuclear area.



Position in Fig. 4 Distance from Young'’s modulus
nuclear area (um) | (kPa) (meanz SD)
1 0 96.1+1.3
2 5 65.3+0.7
3 10 51.0+0.5
4 15 249+1.2
5 20 154+1.0
6 25 N.A.

Table 1. Young’s modulus measured at different distances from the cell nucleus of a HBL-100 cell. The
Young’s modulus is expressed as the mean * the standard deviation (SD) of the values included in the
relevant squares of Fig. 4a (10x10 measuring points). As explained in the text, the value for position 6,

25um away from the nucleus, is not measurable.

It is known that, due to the conical shape of the tip, the actual values of the Young’'s modulus at the
periphery of the cells are overestimated [31]. Using the bottom effect cone correction, we found an
overestimation of up to 30% at the periphery, where the cell height is less than 1 ym (see Table S1).
Note that the square labelled 6 in Fig. 4a was deliberately chosen on the very edge of the cell to
emphasise that the proximity of the substrate on which the cell adheres makes the elasticity
measurement impractical. In fact, when the cell height is extremely low, the tip interacts with the
substrate rather than the cell, making its deformation irrelevant in this area (see deformation maps in
Fig. S3)

The trend of the elasticity modulus over the cell was examined for 22-30 individual cells of all three cell
lines, by measuring the Young’'s modulus in three locations corresponding to the regions labeled 1
(nucleus), 3 (intermediate) and 5 (leading edge) on the representative HBL-100 cell shown in Fig. 4. As
one can see from Table 2 and the barchart of Fig. 5, the Young's modulus decreases with the distance
from the nucleus for all the three cell lines. These results confirm previous microrheology studies which
have demonstrated a higher viscoelastic modulus for the nucleoplasm relative to cytoplasm, arising
primarily due to the heterogeneous chromatin organization [32-34]. Altogether these findings suggest
that the area on the top of the nucleus, where the Young’s modulus is maximum, is the most meaningful
for cell mechanics characterization.



HBL-100 MCF-7 MDA-MB-231
Young’s modulus n Young’s modulus n Young’s modulus n
(kPa) (kPa) (kPa)
Nuclear area 95.4 + 43.6 30 87.3+47.8 30 55.6 + 20.1 22
Intermediate 63 +29.5 30 79.4+51.8 30 37.4+£21.7 22
Leading edge 36.1+18.4 30 50.2 + 38.5 30 28.7 26.1 22

Table 2. Young’s modulus values (mean + standard deviation SD for n cells) measured in three different

regions of the cell chosen in the same way as the squared regions 1, 3 and 5 shown in Fig. 4.
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Figure 5. Young’'s modulus decreases with the distance from the nucleus. The barchart is a graphical

representation of the data in Table 2. N- nuclear area, |- intermediate, and LE - leading edge.

Elasticity measurements on the top of the nucleus were systematically carried out also by OTM, on 22-

32 single cells of each of the three cell lines. Nevertheless, we also verified that the Young’s modulus

was lower out of the nuclear region, measuring it in two-three points, arbitrarily chosen between the

nuclear area and the leading edge, for ten cells of each cell line (data not shown). A typical image of a

trapped bead positioned on the nucleus area of the cell for subsequent indentation is shown in Fig. 6.
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Figure 6. Optical images acquired by the OTM setup of a representative MDA-MB-231 cell, while a
3um bead, highlighted by the red arrow, is trapped by the laser in the centre of the field of view (a) and

positioned on the measuring area just above the nucleus by moving the stage (b). Scalebar is 10pum.

The Young’s modulus values obtained by OTM (Table 3 and Fig. 7b) were several orders of magnitude
lower than the AFM measurements on the same type of cells. This is due to differences in the
indentation regimes used by OTM and AFM. Parameters as the loading rate, indentation force, probe
stiffness, are all known to affect the measured value of Young’s modulus [35, 36]. The low loading rate
employed by OTM is a consequence of the lower forces exerted, but also of the low frequency at which

the indenting oscillation happens (0.2Hz compared to 0.25-0.5kHz of the AFM tapping).

To compare the Young’'s modulus of the three different cell lines on the area of the nucleus by using
both AFM and OTM, we summarised the data collected in Table 3 and graphically represented them in
Fig. 7. The differences between the cell lines were calculated using the two tailed Mann-Whitney test
(Minitab Statistical Software version 17). Although the mean values of the elastic modulus measured
by OTM were always much lower than the one obtained by AFM indentation, the cell lines comparison
showed the same important result: the basal breast cancer cell line MDA-MB-231 had a significantly
lower Young's modulus than the other two, regardless of the technique and loading rate applied for the
measurement. However, AFM and OTM gave different results when comparing the HBL-100 and MCF-
7 cell lines. The difference between the elastic modulus of the HBL-100 and MCF-7 cell lines is not
statistically significant (p = 0.5) when measured by AFM but the elasticity of MCF-7 becomes
significantly higher than HBL-100 (p < 0.05) when measured by OTM. The discrepancy in the estimation
of the cell type-specific elasticity when measured by AFM and OTM might be due to the fact that AFM
force regimes are prone to originate inelastic responses. Therefore the measurements and the resulting
statistics reported in Table 3 and Fig. 7 for OTM, might be more accurate than AFM, where viscous

effects result in dissipation and compromise the measurement of the Young's modulus.
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AFM indentation OTM indentation
Young’s modulus n Young’s modulus n
(kPa) (Pa)
HBL-100 95.4 + 43.6 30 23.5+ 10.6 32
MCF-7 87.3+47.8 30 30.2+15.0 32
MDA-MB-231 55.6 £ 20.1 22 126+6.1 22

Table 3. Young’s modulus measured by AFM and OTM indentation on the top of nucleus. The values

represent mean = the standard deviation (SD) over n cells.
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Figure 7. Graphical representation and statistical analysis of the data in Table 3. The Young’s modulus
of MDA-MB-231 is significantly lower (*P: <0.05) than the other two cell lines, both in AFM (a) and OTM
(b) measurements. The difference between HBL-100 and MCF-7 is not significant (n.s.) in the AFM
dataset, whereas for OTM it is (*P: <0.05).

To verify whether the undesirable viscous contribution in AFM is homogenously distributed across the

cell, we used the dissipation channel measurements. By calculating the mean dissipation over small

square areas, similarly to the Young's modulus calculation for the HBL-100 cell in Fig. 4, we observed

larger dissipation values (more negative) for the nuclear area compared to the periphery (Fig. 8 and

Table 4).
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Figure 8. Dissipation measurements on different areas of a cell. (a) Dissipation map of the HBL-100
cell of Fig. 4. Colorbar -35-35 keV, Scalebar 10um. (b) Mean values of dissipation for each of the
2.5x2.5um squares plotted against the distance from the nuclear area, calculated as explained in Fig.
4. This map shows that the dissipation, due to viscosity, is primarily localised in the central area rather
than the periphery. The viscous components of the cell evidenced here by AFM were not visible at OTM

loading rate and stiffness regimes (see the overlapping indentation and retraction curves of Figure 3b).

Position in Fig. 8 Distance from Dissipation (keV)

nuclear area (um) +SD

1 0 -23.8+0.1

2 -18.6+0.2

3 10 -10.5+0.2

4 15 -3.6+0.1

5 20 -26+0.1

6 25 N.A.

Table 4. Dissipation measured at different distances from the cell nucleus of the representative HBL-
100 cell of Fig. 8. The dissipation is expressed as mean values for each square (10x10 pixels) + the
standard deviation (SD). The value for position 6, 25um away from the nuclear area, is not measurable
because it is too close to the non-deformable substrate.
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These results suggest that the thickness of the cell body contribute to the stronger viscous effects in
the nuclear region, while near the periphery, where the cell is thinner, the effect tends to be negligible.
This suggests that measuring the Young’s modulus away from the nuclear area could be beneficial [37].
However, we pointed out earlier that the relative differences between cell lines’ elasticity are more
evident when this is measured near the nucleus (Fig. 5) and the overestimation of the modulus due to
the tip conical shape is less dramatic (Table S1). Moreover, depending on the morphology of the specific
cell line under analysis, the periphery of the adherent cells can potentially be very different and difficult
to standardise across cell types, while the nuclear area tend to be morphologically more consistent,
even in the case of highly polarised cells, thus facilitating a direct comparison between cell types.
Overall, this study shows that AFM elasticity measurements on the nuclear area represent the best
option to mechanically compare different cell lines, however, due to the uneven dissipation within a
single cell body, elasticity maps could provide useful extra information that are dependent on the unique
morphology of the sample. We envisage this would be of particular importance in the case of other

highly polarised cells, like for example neurons.

Moreover, our approach compensates the potential inaccuracy of AFM in the estimation of the Young’s
modulus at the nuclear area by acquiring a second set of data by OTM under near-ideal elastic
conditions. In fact we observed that the viscous components in OTM measurements was negligible as
evidenced by the fact that the indentation and retraction curves of Fig. 3b almost overlap, showing that

there is virtually no dissipation during the slow and “gentle” indentation process.

Conclusions

We described an integrated approach for the quantitative analysis of elasticity data from single cells,
using two complementary techniques: AFM and OTM indentation. The study on three breast cell lines
reported here, conclusively shows that basal breast cancer cells (MDA-MB-231) are softer than their
normal counterpart (myoepithelial HBL-100) and the less aggressive luminal breast cancer cell line
(MCEF-7), reflecting their aggressiveness and thus their potential infiltrating nature that could lead to
metastasis. These findings, obtained both with AFM and OTM are in line with previous studies [22, 35,
38]. We proved that it is possible to non-destructively image and map the Young’s modulus by the use
of a recently introduced AFM imaging mode, the Peak Force Quantitative Nanomechanical Mapping
(PFQNM), and we optimized the parameters to obtain consistent data within a realistic time for live
imaging. We observed that the elasticity is not homogeneously distributed across cells, and we
identified the area just above the nucleus as the most accessible for determining elasticity differences
between cell lines. We also identified and mapped the contribution of viscous forces on the cell body
and we found that AFM tends to have larger dissipation on the region of the nuclear area. We correlated
this with the loading rate of the technique used, concluding that, although mapping would be unrealistic,
OTM is a preferable technique, as it allows measuring mechanical properties of cells in a nearly ideal
elastic manner. We evidenced that for some cell lines, as it was the case of the comparison between
MCF-7 and HBL-100, the elasticity measurements can give different results when using AFM or OTM,

highlighting the importance of an integrated approach and a careful interpretation of the findings.
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The set of techniques described here and the conclusions drawn contribute to the broader and
systematic understanding of cancer biomechanics and to the ultimate goal of assessing the potential of
cells to lead to metastasis by considering mechanical clues rather than molecular markers only. The
biological insight that can be obtained from here is that determining visco-elastic parameters at sub-
cellular resolution using the approach described could be used as an indicator of metastasis, based on
the significant differences observed on the metastatic model MDA-MB-231 in comparison to less
aggressive cells. We also envisage that this approach could be suitable for high-resolution mapping of
visco-elastic parameters of soft materials other than living cells, for example PFQNM could be used to
characterise and map nanostructured scaffolds for tissue engineering and OTM applied to probe the

material at selected locations.
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