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Atomic force microscopy (AFM) has become indispensable for studying biological and medical samples.
More than two decades of experiments have revealed that cancer cells are softer than healthy cells (for
measured cells cultured on stiff substrates). The softness or, more precisely, the larger deformability of
cancer cells, primarily independent of cancer types, could be used as a sensitive marker of pathological
changes. The wide application of biomechanics in clinics would require designing instruments with
specific calibration, data collection, and analysis procedures. For these reasons, such development is, at
present, still very limited, hampering the clinical exploitation of mechanical measurements. Here, we
propose a standardized operational protocol (SOP), developed within the EU ITN network Phys2BioMed,
which allows the detection of the biomechanical properties of living cancer cells regardless of the
nanoindentation instruments used (AFMs and other indenters) and the laboratory involved in the research.
We standardized the cell cultures, AFM calibration, measurements, and data analysis. This effort resulted
in a step-by-step SOP for cell cultures, instrument calibration, measurements, and data analysis, leading
to the concordance of the results (Young's modulus) measured among the six EU laboratories involved.
Our results highlight the importance of the SOP in obtaining a reproducible mechanical characterization
of cancer cells and paving the way toward exploiting biomechanics for diagnostic purposes in clinics.

Introduction

Quantifying the mechanical properties of soft samples, includ-
ing living cells, using an atomic force microscope (AFM') was
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initiated in the nineties; after thirty years, the activity in this
field is still very intense.>™** Several techniques can character-
ize single-cell mechanics,'® including parallel plates micro-
rheology,"” microfluidic deformability cytometry,"®'® rheome-
try using optically”®>* and magnetically*® trapped cells or
beads, micropipette aspiration.>*>> However, AFM offers the
unique possibility to obtain topographic and mechanical
maps with a nanoscale resolution of living adherent cells span-
ning relevant force and indentation ranges, typically 100 pN to
10 nN and 100-1000 nm, respectively.

Soon after the development of AFM indentation techniques,
it was reported that cancer cells were softer (i.e., more deform-
able’) than healthy cells (for cells cultured on stiff substrates).
Such analogous larger deformability of cancer cells is observed
for various cancers such as breast,”® prostate,”” ovarian,*®
thyroid,> pancreas,®® and many others.** In all reported
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studies, the information on the mechanical properties of cells
was derived by applying Hertz-Sneddon contact mechanics®>*°
to nanoindentation data. Consequently, Young’s modulus
(YM, the proportionality factor between stress and strain) was
proposed as a measure of cell mechanics, which is currently in
use in virtually all groups worldwide. In parallel with reports
on the larger deformability of cancer cells, YM depends on
various instrumental and biological factors, making it challen-
ging to obtain the same or even similar values for cells
measured in various laboratories using different AFM instru-
ments, possibly under different experimental or environmental
conditions. The instrument-related issues stem from deflec-
tion sensitivity, spring constant, and tip geometry determi-
nations.?” Different acquisition settings influence the results,
e.g., tip velocity,*® maximum loading force and the resulting
indentation depths,* and position on a cell (central part of
the cell body or periphery*®*"). Details on data analysis, such
as how data are processed and which theoretical contact mech-
anics model is applied,*” also have an influence. Altogether,
these settings affect the final results. Part of the instrumental
uncertainties linked to the cantilever spring constant cali-
bration has been elaborated within a previous EU network
(COST Action TD1002), leading to the SNAP (Standardized
Nanomechanical AFM Protocol) procedure.*? Using SNAP, a
significant reduction of modulus variability during the
measurements of living cells can be achieved. However, in this
previous study, cells were prepared at one laboratory and sent
alive and ready to use by the participating groups. Here, we
report the results of the effort of the EU ITN Phys2BioMed
aimed to standardize nanoindentation measurements of
mechanical properties of living cancer cells toward clinical
exploitation since cells had to be cultured locally, thus we
approach a higher level of complexity in the standardization
work. Each participating laboratory applied a standard oper-
ational protocol (SOP) while performing the experiments. The
SOP includes several steps: cell culturing, AFM sample prepa-
ration, nanoindentation measurements, and data analysis. We
demonstrated that applying the proposed SOP makes it poss-
ible to obtain a similar value of YM for cancer cells, regardless
of the nanoindentation instruments (AFM and other inden-
ters; the list of instruments used is included in ESI List S17)
and the location of the measurements. Thereby, we provide
evidence that reliable and repetitive assessments of cancer cell
mechanical properties in clinical practice are possible. The
mechanical properties of cancer cells are of large interest as
they can serve as label-free mechanomarkers used, for
example, for diagnosis.

Results and discussion

Most research has already demonstrated that cancer cells are
softer than their healthy counterparts, with Young’s modulus
below 10 kPa.?*72%4*5 The larger deformability of cancer cells
is typically attributed to a lack of stress fibers in cancer cells
and disorganization of the actin cytoskeleton, leading to its
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larger heterogeneity.”**®*®*” The cell line chosen for this
study, PANC-1 cells, followed the general trend of actin cytos-
keleton disorganization and the absence of thick actin
bundles, as commonly observed in cancer cells (Fig. 1).

Analogously to other cancer cells, PANC-1 cells form a
monolayer composed of flat cells within which a subpopu-
lation of cells does not adhere to the substrate but forms a sec-
ondary layer on top of that attached to the substrate (Fig. 1A,
inset). The nanomechanical characterization was carried out
within scan areas of 50 pm x 50 pum encompassing a region of
flat cells, meaning that between 3 and 5 cells were probed
within a single map. The thickness of the AFM measured cells
varied from 3.8 um to 8.6 um, depending on whether the
measurements were done in the nuclear or pericellular
regions. The reason for that was that in our SOP, we wanted to
eliminate the uncertainty of choosing only nuclear regions for
assessing the apparent YM. Morphometric analysis of confocal
data showed that, on average, PANC-1 cell thickness is 5.3 pm
+ 1.2 um (mean + standard deviation, s.d., n = 187 cells), while
cell diameter is 11.1 pm + 3.7um (n = 47 cells on Fig. 1B & C).
In summary, the choice of confluent PANC-1 cells in this study
provides cells with a uniformly distributed actin cytoskeleton
but also reasonably mimics the heterogeneity of typical cancer
cell populations.

The main question of this study is the following: can we
obtain similar YM values for PANC-1 cells cultured, prepared,
and measured in several different laboratories, following the
proposed protocol (Annex 1)? Importantly, the measurements
were acquired not only with AFMs but also with other inden-
ters, in which the force signal was acquired differently than in
AFM. Such indenters, representing simplified and optimized
versions of an AFM, have a likely higher potential to be trans-
lated to the clinics. Each laboratory collected at least ten elas-
ticity maps (force volume data) that were analyzed using local
software (AFM manufacturers’ software or custom or open-
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Fig. 1 Morphological properties of PANC-1 cells. (A) Confocal images
of actin cytoskeleton distribution in PANC-1 cells. F-actin was stained
with phalloidin conjugated to Alexa Fluor 488 (green), while cell nuclei
were visualized using Hoechst 33342 dye (blue). Inset: A phase-contrast
image of PANC-1 cells cultured as a monolayer. From fluorescent
images, the cell diameter (B) and thickness (C) were determined as
mean + standard deviation from 42 and 187 cells, respectively.
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source codes). To design a uniform strategy for handling data
analysis and evaluate the software-related variability in the
results of PANC-1 mechanics, the elasticity maps were also re-
analyzed using one specific custom software at one node of
the network (Fig. 2).

In most studies, the average YM was used as a measure of
cell mechanics (e.g., ref. 48). Therefore, the mean value of the
YM and standard deviation (s.d.) were calculated for each elas-
ticity map. No filtering (e.g., removing bad curves) nor bottom
effect correction (BEC***°) was applied at this stage. Software-

local analysis
= unified re-analysis

l.‘ 1 |--- g

T
0 20 60 80 100 120
force maps

Fig. 2 Comparing mean YM values (+standard deviation) obtained by
applying local and unified re-analysis to the acquired data of mechanical
properties of PANC-1 cells. The figure gathers data recorded in 8 separ-
ate experiments. One experiment was measured twice by the same lab.
Each participating laboratory analyzed data using local tools (software
provided by the AFM manufacturer or custom codes, solid circles). Next,
all data were re-analyzed using the same data processing software (solid
squares). The mean and s.d. were calculated and plotted for each
recorded map. The color code separates a group of maps recorded
using a specific indentation device (mostly AFM) available at the partici-
pating laboratory. In total, 125 force maps were recorded in 8 separate
experiments.
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related variability was obtained by comparing the results of
the local analysis with the data re-analyzed using the same
software. Regardless of the data analysis approach, YM values
cluster around 1 kPa, with a mode (maximum peak value) of
1.148 kPa (0.525 ... 2.512 kPa, min, and max YM values) and
1.096 kPa (0.501 ... 2.399 kPa), for the local and the unified
analysis, respectively. The statistical analysis (Wilcoxon’s non-
parametric test, at a significance level of 0.05) reveals p =
0.47562. In most cases, the results overlap; typically, the per-
centage of change was below 20%. However, in a few cases, the
difference between means obtained from local and unified re-
analysis was several hundred percent affecting the width of the
moduli distribution. The use of unified software for data ana-
lysis minimizes this effect. Thus, we conclude that data ana-
lysis has little impact on the final YM value if the participating
groups follow the same preparation, measurement, and
unified data analysis methodology, i.e., the SOP. Moreover, a
large standard error (Fig. 2), accompanied by several outlier
values, strongly indicates that the YM distributions are not
symmetrical. Indeed, the data distribution was characterized
by a long tail with high values (Fig. 3A). The YM distribution
reasonably follows a lognormal distribution; thus, the
modulus is a variable that possesses normal distribution on a
logarithmic scale (Fig. 3A, inset). Despite the clear grouping of
YM around 1 kPa, some values can be as large as 300 kPa
(Fig. 3A, the x-axis was limited to 10 kPa for better visibility).
They frequently appear when force curves are recorded within
the peripheral regions of the cell. Their presence affects the
calculated mean value leading to an overestimation of the
elastic modulus, resulting in a mean of 10.1 kPa and a stan-
dard deviation of 46.4 kPa for the acquired data. Such a high
mean value and large standard deviation can be explained,
besides the intrinsic variability of the cellular system, by the
influence of the stiff substrate that can be sensed differently
depending on the local thickness of the cell layer, with a stron-
ger effect in the thinner pericellular regions (see discussion
below). When data follow lognormal distributions, the median

median distribution, no BEC
bin size: 50 Pa

)
Frequency

1000 2000 3000

4000 5000
YM [Pa] %

force maps

Fig. 3 Young's modulus distributions and median as a descriptor. (A) Lognormal-like distribution of YM values gathered for all recorded force
curves (14 000 force curves) using unified re-analysis. Inset: The histogram is approximately symmetric when represented on a logarithmic scale, a
signature of log normality. (B) Median YM values (error bars: +75th and —25th percentiles) plotted for each recorded map (medians were calculated
for the data presented in Fig. 2, the measurement technique is indicated and marked by colors). Inset: Distribution of the median YM values, from all

maps recorded.
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and the 25th and 75th percentiles are better descriptors of cell
mechanical properties.

The median is less affected by very large YM values, e.g.,
outliers because of bad force curves (e.g., because the tip does
not fully retract due to adhesion), than the mean. The median
values determined for each force map recorded for cancer
PANC-1 cells vary around 1 kPa, too (Fig. 3B, where error bars
enclose the 25th-75th percentile range). Simultaneously,
medians reveal smaller elastic modulus variability within a
single map. However, the overall mean median value, calcu-
lated for all recorded maps, equaled 1.196 kPa + 1.524 kPa
(s.d.). It should also be noted that the medians determined for
the individual maps are normally distributed in a logarithmic
scale (Fig. 3B, inset). A large standard deviation indicates the
intrinsic variability present in the specific experiment. The
presence of markedly different YM values in the recorded data
sets is not surprising because the size of each elasticity map
was set to 50 pm x 50 pm (the corresponding grid of 10 pixels
x 10 pixels was set). The diameter of a single PANC-1 cell was
around ~11 pm (see Fig. 1); thus, a few cells can be observed
within a single map (as shown in the exemplary map pre-
sented in Fig. 4A and B). The higher parts show regions
around the cell nucleus, while the thinner regions are the cell
periphery. Three cells were probed within the map (marked as
#1, #2, and #3 in Fig. 4A).

The darker topographic areas correspond either to very thin
regions of the cells or to the exposed substrate. A steep slope
characterized the force curves recorded within the darkest
regions, similar to the slope measured in the contact region of
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the calibration curves, confirming that the stiff underlying
substrate is present within this map (data not shown). Usually,
the measured Young’s modulus was higher when moving
towards the cell periphery than in the middle of the cells
(above or near the cell nucleus), i.e., along a path of decreasing
cell thickness. The higher YM values, measured in the thinner
regions, particularly those measured at the cell-exposed sub-
strate border, will significantly impact the YM mean, shifting
it towards higher values. Fig. 4C shows a strong correlation
between the measured YM and local cell thickness, suggesting
that a bottom effect correction (BEC) must be applied to the
force curves.’®'™> This strong bottom effect can be under-
stood by considering that we used large colloidal probes in our
experiments. Indeed, BEC is implemented by multiplying the
point by point of the force curve by a polynomial function A of
the non-dimensional parameter y, which represents the
contact radius ratio to the cell thickness (eqn (2)—(4)).

When using sharp tips on relatively thick samples, the cor-
rective function A is close to unity, y is close to zero, and; in
our case, however, hemispherical tips with a radius of 5.5 pm
were used during the indentation experiments, which boosted
the impact of the bottom effect, especially in the thinner
regions of the cell layer. Therefore, the application of BEC to
the data is necessary. Fig. 4D confirms the efficacy of the
bottom effect correction, which removes the YM dependence
on the cell thickness. When working on confluent cell layers,
the substrate may not be accessible in topographic maps,
which limits the application of the BEC; indeed, the standard
BEC approach requires the exact knowledge of the local cell

B
£
o
< 100
3 10 <
<
o T3
S o,
0.1
o
)
0 10 20 30 40pm
D s
Hertz model, with BEC
indentation range 250 - 1500 nm
10
©
&
s 10 I 4 =
> . 4 *els o
oo o e
I I L At A
. %o o .
1
100 7 T T T T 1
0 2 4 6 8 10 ym

Cell thickness [um]

Fig. 4 High YM corresponds to the lowest cell thickness, indicating substrate influence. (A) An exemplary map showing the variation in the local cell
thickness. Three cells were measured within the probed area. (B) Exemplary elasticity map recorded for the PANC-1 cell monolayer revealing regions
with low (up to 10 kPa) and high (above 10 kPa) modulus. A high YM, marked by white squares, contributed to the presence of outliers. (C and D) YM
plotted as a function of cell thickness, before (C) and after (D) bottom effect correction (standard BEC approach).
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thickness, which can only be measured relative to the sub-
strate. In our case, the substrate was recorded only in 22 out of
141 maps acquired in different experiments conducted with
different AFM instruments at different locations. The situation
can be even worse, for example, when the cell layer’s conflu-
ence is complete. Since the bottom effect can be important,
especially when using large colloidal probes, we developed an
approach to be applied in conditions when a reference sub-
strate for the accurate determination of the local thickness of
the sample is totally or partially missing. We will refer to our
approach as the estimated BEC method. The estimated BEC
approach we proposed in this work relies on the determination
of the local cell thickness by means of confocal microscopy to
determine the mean thickness of the cell layer, and AFM topo-
graphic maps, to determine the relative thickness variations
around the mean value. By adding the relative thickness vari-
ations to the mean thickness of the cell layer, we obtained the
estimated local cell thickness (see Methods for details). When
a few topographic maps with an exposed substrate exist, these
maps can be used to estimate the mean thickness of the whole
cell layer, which is supposed to be reasonably accurate as long
as the number of imaged cells is sufficiently large. In our case,
the average (for different cells) of the maximum cell thickness
was estimated to be 5.3 pm using confocal microscopy (Fig. 1,
187 cells). From the 22 topographic AFM maps with the
exposed substrate, the cell height was estimated to be 9.1 +
1.9 pm. These much larger values stem from various reasons,
mainly from the distinct cell preparations (fixation and stain-
ing for confocal microscopy versus living cells for AFM) and
contact point determination used to calculate the cell height.

View Article Online
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In the case of spherical probes, surface glycocalyx or mem-
brane corrugations may influence the determined cell height
because the cantilever deflection reflects the interaction
between the probe and the cell surface. The reported size of
the surface brush for cancer cells can reach even a few microns
in length.>*

We first tested the accuracy of the estimated BEC approach
on the 22 maps with the exposed substrate since, in this case,
the local cell thickness can be accurately measured, and the
standard BEC can be applied accurately. Notably, these
22 maps were recorded in 4 different experiments (location,
AFM instruments); therefore, we applied standard and esti-
mated BEC to data from each experiment separately (labeled
as Exp 1 to 4, Fig. 5). The YM distribution without the BEC
(Fig. 5A) showed data centered around 1 kPa with a long right
tail reaching 100 kPa. Distributions were consistent among the
four experiments. After applying the standard and the esti-
mated BEC, all moduli were shifted towards lower values, with
a median in the range of 100-200 Pa. The standard and the
estimated BEC methods were similar regarding the overall
shape, median values, and median absolute deviations of the
YM distributions.

Having demonstrated the validity of the estimated BEC
method based on the estimation of the local cell thickness in
the absence of the reference substrate, we applied it to all
available maps collected network-wise, in most of which the
substrate was not visible in the topographic maps (Fig. 6).

YM distributions before and after the estimated BEC correc-
tion are shown. The distributions peaked at approximately
0.700 kPa and 0.170 kPa, respectively. The medians calculated
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Fig. 5 Bottom effect correction (BEC) demonstrated on datasets originating from 4 distinct experiments. Each experiment reflected several force
maps recorded from one sample in one laboratory, pooled into one histogram. In total, 22 maps were recorded, where the cell thickness could be
accurately determined from the AFM data. (A) Modulus distribution without BEC. (B and C) The corresponding histogram after BEC considers the
exact (B, standard BEC) and approximated (C, estimated BEC) cell thickness (here, 5.3 ym, obtained from confocal microscopy). Histograms of all YM
(each force curve is considered) were pooled together depending on the analysis approach, i.e., no BEC, standard, and estimated BEC approaches.
The box plot on top of each histogram refers to the median, 25th & 75th percentiles (box), and 10th & 90th percentiles (black line). Note: The base-
lines were shifted in the Y direction to separate histograms.
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Fig. 6 The results of the estimated BEC applied to all data where the cell thickness cannot be directly measured by AFM. (A) The maximum
modulus distribution was found between 100-200 Pa. YM histograms (each force curve is considered) are pooled together depending on the ana-
lysis approach, i.e., no BEC or the estimated BEC approach. The box plot on top of each histogram refers to the median, the 25th and 75th percen-
tiles (box), and the 10th and 90th percentiles (black line). (B) The corresponding medians without and with the estimated BEC approach plotted for
each recorded map (error bars: +75th and —25th percentiles). Note: The baseline was shifted in the Y direction to separate both histograms.

for each recorded map before and after using the estimated
BEC approach are presented in Fig. 6B. The average medians
are 1.196 kPa + 1.524 kPa (mean median value + standard devi-
ation of the medians) and 0.253 kPa + 0.489 kPa before and
after correction, respectively. Interestingly, the variability of
medians remained at the same level, regardless of whether the
estimated BEC was applied or not. As medians are less sensi-
tive to outliers and BEC correction eliminates the influence of
the stiff underlying substrate, the observed variability indicates
intrinsic heterogeneity of PANC-1 cancer cells.

Finally, it is interesting how the proposed approach of the
standardization experiments relates to a more common
approach (Fig. 7).

The more common approach for the standardization of
measurements uses the samples (also living cells*®) prepared
in one laboratory, followed by their shipment to other labora-
tories participating in the standardization process. Then, the

Common approach

samples were measured using various instruments with canti-
levers calibrated using local software using the thermal
method. The data are analyzed, most frequently, using locally
available tools; however, as shown during the development of
the SNAP procedure, the analysis of data recorded by various
groups applying SNAP eliminates variability linked with deflec-
tion sensitivity calibration.*’ Typically, the final results are pre-
sented as the mean (average) value, whereas variability is
assessed by standard deviation.

Experimental

Cell lines

A human pancreatic cancer cell line, PANC-1 (ATCC, CRL-1469,
LGC Standards, RRID: CVCL 0480), was chosen for the
measurements. These cells were isolated from a pancreatic

Phys2BioMed approach

Phys2BioMed standardization
approach

samples (cells) prepared at one location
shipped to various laboratories

cells and information how to prepare
samples shipped to various laboratories
samples were prepared locally

various AFMs

various AFMs and other indentation
techniques

Fig. 7 Phys2BioMed Standardized Operational Procedure (SOP) for measuring mechanical properties of cells. The advantages of the proposed

local calibration procedure
standard cantilevers

SNAP procedure
pre-calibrated cantilevers/probes

local data analysis
mean (sensitive to outliers)
frequently no bottom effect correction

global data analysis
median (non-sensitive to outliers)
bottom effect correction applied

Phys2BioMed standardization approach were compared to the more common approach.
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carcinoma of ductal cell origin derived from the tissue of a
56-year-old male. Cells possess an epithelial-like morphology,
and they are adherent. PANC-1 cells were cultured in DMEM
supplemented with 10% FBS and 1% antibiotics (a detailed
procedure for handling the cells for standardized AFM
measurements is presented in Annex 1).

Shipping the cells

PANC-1 cells were cultured in the plastic culture flasks with a
surface area of 25 cm” (Saarsted) up to 60-70% of their con-
fluency in the culture medium (the term culture medium
refers here to DMEM supplemented with 10% of FBS and 1%
of antibiotics). Cell culture was conducted in the CO, incuba-
tor providing a temperature of 37 °C and an atmosphere of 5%
CO, and 95% air. Then the culture flask with cells was
removed from the incubator. Next, the medium in the culture
flasks was replaced with the fresh one, fully filling the flask
(up to the stopper). Flasks were closed and moved from sterile
condition to a foam box (RT) prepared to be sent to participat-
ing laboratories. The parcels were shipped to other countries
with the next-day delivery order till noon; however, the ship-
ping lasted up to 2 days. Nevertheless, each participating
group received cells in good shape. Before shipping, cells were
mycoplasma tested (see Annex 1). The timeline of the experi-
ments on the determination of elastic properties of PANC-1
cells is shown in ESI Fig. S1.t Importantly, care was taken on
the number of passages as this value may influence the appar-
ent Young’s modulus value.*

Sample preparation

To standardize the AFM measurements, a timeline of the
experiments was prepared (a detailed procedure is described
in Annex 1). Briefly, after the arrival, cells were passaged onto
a Petri dish in the following way. Cells were washed with 1 mL
of PBS (Phosphate Buffered Saline, Sigma) solution. Next,
2 mL of pre-warmed 0.25% trypsin/PBS solution was added to
the culture flask for 3 min in the CO, incubator. When more
than 90% of the cells were detached, they were transferred to a
15 mL tube, to which 3 mL of culture medium was added.
Cells were centrifuged at 1800 rpm for 4 minutes. After remov-
ing the supernatant, a 2 mL fresh culture medium was added,
and cells were gently aspirated with a pipette to obtain hom-
ogenous cell suspension. The number of cells was counted
using the Biirker chamber, and the suspension was diluted at
the final concentration of 150 000 cells per mL. Then, 2 mL of
cell suspension was moved to a Petri dish (TPP, with a surface
area of 9.4 cm?, the number of cells was adjusted according to
the different sizes of the Petri dish when needed; therefore,
the cell seeding density was the suitable parameter). After
adding 4 mL of culture medium, the Petri dish with cells was
placed into the CO, incubator for 48 h prior to AFM measure-
ments. AFM measurements were conducted on a cell mono-
layer, at 37 °C, in DMEM supplemented with 10% FBS, 1%
antibiotics, and 10 mM of HEPES (Sigma).

This journal is © The Royal Society of Chemistry 2023
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Cantilevers

MLCT-SPH-DC silicon nitride cantilevers (hemispherical
version of Bruker MLCT-BIO-DC probes) with a hemispherical
tip of a 5.5 um radius were chosen (ESI Fig. S21). The manufac-
turer pre-calibrated the spring constant of these cantilevers
using a laser Doppler vibrometer; its value varies between
(140 mN m™" and 220 mN m™'). In total, eight pre-calibrated
cantilevers were used in this study. The choice of the cantile-
vers was dictated by the well-defined spherical shape of the
probing tip and by its size, which minimizes non-linearities
and provides good averaging of the mechanical data; more-
over, pre-calibration of the spring constant eliminates instru-
ment-dependent variability in the calibration process.
Moreover, contactless SNAP protocol*® was applied to calibrate
the deflection signal sensitivity. For the nanoindentation
measurements, cantilevers (Optics11l B.V.) with 2.5-3.2 pm
radius and 0.021-0.025 N m~" were used. The spring constant
was calibrated following the procedure detailed in Beekmans
et al,’® using a weighting scale with 100 ng sensitivity
(MSA2.75-000-DF, Sartorius AG). The deflection sensitivity
ranged between 14.30 to 23.26 nm V' depending on the
instrument and cantilever used.

AFM and indentation measurements

AFM-based elasticity measurements were performed in six lab-
oratories with different instruments (see ESI List S1t).

Measurements were conducted on the flat part of the
PANC-1 cell monolayers (ESI Fig. S31). The AFM tip was moved
over a flat part of the monolayer. Ten elasticity maps of 50 pm
x 50 um were acquired. Within the recorded area, a few cells
can be visualized. A grid of 10 pixels x 10 pixels was set on
each map. The other parameters set during the experiments
were: z-travel distance 5 pm, number of points in the force
curve: possibly 1 point per nm (i.e.,, n > 5000), cantilever
approach velocity of 5 um s, force scan rate of 0.5 curves per
second, trigger point (the point where approach ends) 7 nN,
z-close loop - ON. For nanoindentation measurements, the
same area scan parameters were set. The experiments were
performed in displacement control mode, with a z-travel of
5 um over 1 s. The sampling rate was set to 1 kHz.

Data analysis

The mechanical properties of PANC-1 cells were quantified
using the Hertz-Sneddon contact mechanics,*>**** delivering
Young’s modulus (detailed data analysis id described in the
ESI Note 17). Briefly, the force curves were recorded on a stiff,
non-deformable surface (calibration curve recorded here on a
Petri dish surface) and on cells. The approach part of the force
curve is considered here. Next, the calibration curves were sub-
tracted from those recorded on cells. The obtained force versus
indentation curves were fitted with the equation relating the
load force F and indentation 6 for the spherical probe:

4 Ecell 3/2
F=—-——+VR-§ 1
3 1 —veen?® f ( )
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where R is the radius of the AFM probe, v, is the Poisson
ratio of the cell (set to 0.5, treating cells as incompressible
materials), and E. is Young’s modulus, which was deter-
mined for the whole indentation range. As suggested by other
works,>”® ignoring the pericellular brush layer may result in
Young’s modulus dependence on the indentation depth.
However, to be simple and not introduce additional complexity
in the SOP, the Hertzian fit was 250-1500 nm, assuming that
the contribution of the pericellular layer can be neglected as it
is squeezed. Importantly, used hemispherical probes with a
radius of 5.5 um fulfill the Hertz model requirement of a small
enough contact area between the probe and cell surface. The
data were analyzed locally using various accessible software
and re-analyzed using Igor Pro-based procedures
(Wavemetrics, Lake Oswego, OR, USA).

Bottom effect correction

The effect of a stiff underlying surface on the mechanical pro-
perties of cells is more pronounced for spherical probes
indenting the cell surface.*>*>*® Thus, the following equation
was used to correct the force curve (see also Eq. 1):

4 Ecell 3/2
F=—.—— JR-&?.4 2
31— veen? f ( )
The correction factor A, for bonded samples*® (since we
measured cell monolayer), is defined as follows:

A=[1+1.133y 4+ 1.497y* + 1.469y> + 0.7551"] (3)

where y depends on R and § as:

where /R is the contact radius, and % is the (local) cell thick-
ness. The correction factor A is, therefore, a function of inden-
tation §, which must be applied point by point to the experi-
mental force curve, and depends parametrically on both the
tip radius R and the local cell thickness #.

Determination of the topographic map from the force curves

The cell local thickness was determined by analyzing the
contact point within each force curve, a fitting parameter of
the Hertzian fit. Force curves taken on the substrate were
selected based on the criterion that the slope in the contact
region is larger than 0.9. Theoretically, calibrated force curves
(cantilever deflection vs. z-piezo displacement) measured on a
stiff substrate should have a slope in the contact region of 1.
However, due to noise in the instrument or adsorbed mole-
cules from the medium on the support, we often see a smaller
slope, depending on the loading force. Thus, using a criterion
based on the slope at medium forces, we proved to successfully
select only force curves on the substrate. These contact points
define a plane, which determines the substrate. This substrate
plane is subtracted from all contact points (including those
taken on the cell), resulting in the local cell thickness. Then a
second fit of the force vs. indentation data using the BEC
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model considering the local cell height is performed to get
“true” Young’s modulus value.

The estimated BEC method

The standard bottom effect correction procedure described
above requires that the local cell height (or cell thickness) be
known for each force curve. However, this can be done only if
there are regions of the substrate in the corresponding topo-
graphic map (obtained as described in the previous section);
this is not the case, for example, for confluent cell layers. Thus
we have designed the following approximate procedure to esti-
mate the local cell height in case the substrate is not accessible
in the maps.

First, the typical cell height (i.e., the maximum thickness of
a particular cell) for a certain number of cells is determined by
other techniques, e.g., by confocal microscopy (if possible and
enough maps are available, this can also be calculated from
the subset of AFM topographic maps where the exposed sub-
strate is present). The average cell height (exactly the average
height, i.e., the maximum thickness, over several cells) is then
used as the typical cell height. When analyzing force maps
with no substrate data, we assign a thickness according to the
typical cell height to the maximum contact point in this force
map. Since we occasionally have extreme outliers due to bad
force curves, we do not take the maximum contact point but
take the 95th percentile in the distribution of the contact
points as the “representative” maximum value. The other force
curves will be assigned a thickness accordingly. This thickness
value is then used in the BEC. Sometimes this algorithm leads
to negative thickness values since the range of topography in
this particular force map is larger than the typical cell height.
In this case, thickness values are corrected by adding a con-
stant so that the smallest thickness becomes zero.

Statistics

As stated in the text, results are expressed as a mean t stan-
dard deviation or median + standard deviation of the medians.
Statistical significance was determined using nonparametric
Wilcoxon'’s test at a statistical significance of 0.05.

Conclusions

Here, we elaborated on the standard protocol for culturing
cells at each participating laboratory (Annex 1). The mechani-
cal properties of single cells, even if they originate from the
same cell line, are not uniform due to the variability in cytos-
keleton organization, shape, substrate properties, etc.>*™%
This, together with differences in cell cultures, preparing them
for indentation measurements and measurement conditions,
contribute to the relativeness of YM and its large variability
observed in various already reported data.’® ®' Single cells lack
intercellular connections moving them far from physiological
conditions. Most cancer cells tend to grow as clusters, already
at the beginning of cell culture. Although the stock of cells was
shipped from one laboratory to other participating laboratories
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as living cells in culture flasks, we found that the delivery time
was less important than the time of the measurements after
passaging cells. Once cells were passaged (directly after
arrival), AFM measurements were conducted after 48 h in this
study. Various AFM instruments and other indenter tech-
niques were applied to measure the mechanical properties of
living PANC-1 cells using pre-calibrated cantilevers (known
spring constants) with hemispherical probes. The data were
analyzed using the same software, eliminating the problem of
various algorithms, e.g., the most critical here is the determi-
nation algorithm to determine the contact point position. The
analysis revealed that the median is a better descriptor of the
mechanical properties than the mean, as it is less sensitive to
the presence of outliers and it better handles lognormal distri-
butions. Applying BEC correlates Young’s modulus to the cell
thickness and therefore minimizes the influence of the stiff
substrate. We demonstrate that the determined cell thickness
based on confocal images can be used in BEC calculations,
despite its obvious inaccuracy. In conclusion, we demonstrated
that standardizing indentation measurements of cell mechani-
cal properties using SOP enables obtaining similar results
among various laboratories, opening the door for robust clini-
cal applications.

Author contributions

SPD, SGK, KG, HH, ME, EL, MB, NA, MLM, JLA, LRM, VD, SJ,
SA, KB, FL, HS, FR, AP, MR, ML contributed to the develop-
ment of the protocol, designing the study, local measurements
and data analysis, interpretation, and manuscript preparation;
SPD, SGK, MR re-analyzed data using unified software; HH
contributed to development of the estimated BEC method; JP
was responsible for cells preparation and shipping; JO, DN
contributed to protocol development; ML, AP, MR wrote a
draft. All authors contributed to manuscript editing and
revising.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge the support of the European Union’s Horizon
2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement no. 812772, project
Phys2BioMed. We would like to thank Alexander Dulebo
(Bruker) for his advice on hemispherical AFM probes. We
would like to thank Massimo Alfano and Laura Martinez Vidal
for contributing to the discussions during the Phys2BioMed
meetings and Matteo Chighizola for support of the BEC
method.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Notes and references

1 G. Binnig, C. F. Quate and C. Gerber, Phys. Rev. Lett., 1986,
56, 930-933.

2 A. L. Weisenhorn, M. Khorsandi, S. Kasas, V. Gotzos and
H. J. Butt, Nanotechnology, 1993, 4, 106-113.

3 W. H. Goldmann and R. M. Ezzell, Exp. Cell Res., 1996, 226,
234-237.

4 L. Andolfi, S. L. M. Greco, D. Tierno, R. Chignola,
M. Martinelli, E. Giolo, S. Luppi, I. Delfino, M. Zanetti,
A. Battistella, G. Baldini, G. Ricci and M. Lazzarino, Acta
Biomater., 2019, 94, 505-513.

5 M. Radmacher, M. Fritz and P. K. Hansma, Biophys. J.,
1995, 69, 264-270.

6 E. A-Hassan, W. F. Heinz, M. D. Antonik, N. P. D’Costa,
S. Nageswaran, C. A. Schoenenberger and J. H. Hoh,
Biophys. J., 1998, 74, 1564-1578.

7 M. Lekka, P. Laidler, D. Gil, J. Lekki, Z. Stachura and
A. Z. Hrynkiewicz, Eur. Biophys. ., 1999, 28, 312-316.

8 J. G. Sanchez, F. M. Espinosa, R. Miguez and R. Garcia,
Nanoscale, 2021, 13, 16339-16348.

9 A. R. Harris and G. T. Charras, Nanotechnology, 2011, 22,
345102.

10 H. Liu, J. Wen, Y. Xiao, J. Liu, S. Hopyan, M. Radisic,
C. A. Simmons and Y. Sun, ACS Nano, 2014, 8, 3821-3828.

11 Y. F. Dufréne and A. E. Pelling, Nanoscale, 2013, 5, 4094-
4104.

12 M. E. Dokukin, N. V. Guz and I. Sokolov, Biophys. J., 2013,
104, 2123-2131.

13 M. J. Rosenbluth, W. A. Lam and D. A. Fletcher, Biophys. J.,
2006, 90, 2994-3003.

14 M. Zambito, F. Viti, A. G. Bosio, I. Ceccherini, T. Florio and
M. Vassalli, Nanomaterials, 2023, 13, 1190.

15 S. G. Kulkarni, S. Pérez-Dominguez and M. Radmacher,
J. Mol. Recognit., 2023, e3018.

16 P. H. Wu, D. R. Ben Aroush, A. Asnacios, W. C. Chen,
M. E. Dokukin, B. L. Doss, P. Durand-Smet, A. Ekpenyong,
J. Guck, N. V. Guz, P. A. Janmey, J. S. H. Lee, N. M. Moore,
A. Ott, Y. C. Poh, R. Ros, M. Sander, I. Sokolov,
J. R. Staunton, N. Wang, G. Whyte and D. Wirtz, Nat.
Methods, 2018, 15, 491-498.

17 G. Flaschner, C. I. Roman, N. Strohmeyer, D. Martinez-
Martin and D. J. Miiller, Nat. Commun., 2021, 12, 2922.

18 M. Urbanska, H. E. Muoz, J. Shaw Bagnall, O. Otto,
S. R. Manalis, D. Di Carlo and ]J. Guck, Nat. Methods, 2020,
17, 587-593.

19 R. Gerum, E. Mirzahossein, M. Eroles, ]. Elsterer,
A. Mainka, A. Bauer, S. Sonntag, A. Winterl, J. Bartl,
L. Fischer, S. Abuhattum, R. Goswami, S. Girardo, J. Guck,
S. Schriifer, N. Strohlein, M. Nosratlo, H. Herrmann,
D. Schultheis, F. Rico, S. J. Miiller, S. Gekle and B. Fabry,
eLife, 2022, 11, €78823.

20 D. Choquet, D. P. Felsenfeld and M. P. Sheetz, Cell, 1997,
88, 39-48.

21 J. Guck, S. Schinkinger, B. Lincoln, F. Wottawah, S. Ebert,
M. Romeyke, D. Lenz, H. M. Erickson, R. Ananthakrishnan,

Nanoscale, 2023, 15, 16371-16380 | 16379


https://doi.org/10.1039/d3nr02034g

Published on 22 September 2023. Downloaded on 7/24/2025 1:20:44 AM.

Paper

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

D. Mitchell, J. Kas, S. Ulvick and C. Bilby, Biophys. J., 2005,
88, 3689-3698.

S. Nawaz, P. Sanchez, K. Bodensiek, S. Li, M. Simons and
I. A. T. Schaap, PLoS One, 2012, 7, €45297.

A. R. Bausch, F. Ziemann, A. A. Boulbitch, K. Jacobson and
E. Sackmann, Biophys. J., 1998, 75, 2038-2049.

R. M. Hochmuth, J. Biomech., 2000, 33, 15-22.

E. H. Zhou, S. T. Quek and C. T. Lim, Biomech. Model.
Mechanobiol., 2010, 9, 563-572.

Q. S. Li, G. Y. H. Lee, C. N. Ong and C. T. Lim, Biochem.
Biophys. Res. Commun., 2008, 374, 609-613.

E. C. Faria, N. Ma, E. Gazi, P. Gardner, M. Brown,
N. W. Clarke and R. D. Snook, Analyst, 2008, 133, 1498-
1500.

W. Xu, R. Mezencev, B. Kim, L. Wang, ]J. McDonald and
T. Sulchek, PLoS One, 2012, 7, e466009.

M. Prabhune, G. Belge, A. Dotzauer, ]J. Bullerdiek and
M. Radmacher, Micron, 2012, 43, 1267-1272.

A. V. Nguyen, K. D. Nyberg, M. B. Scott, A. M. Welsh,
A. H. Nguyen, N. Wu, S. V. Hohlbauch, N. A. Geisse,
E. A. Gibb, A. G. Robertson, T. R. Donahue and A. C. Rowat,
Integr. Biol. (Cambr.), 2016, 8, 1232-1245.

X. Guo, K. Bonin, K. Scarpinato and M. Guthold, New J.
Phys., 2014, 16, 105002.

X. Tang, T. B. Kuhlenschmidt, Q. Li, S. Ali, S. Lezmi,
H. Chen, M. Pires-Alves, W. W. Laegreid, T. A. Saif and
M. S. Kuhlenschmidt, Mol. Cancer, 2014, 13, 131.

K. Pogoda, L. Chin, P. C. Georges, F. J. Byfield, R. Bucki,
R. Kim, M. Weaver, R. G. Wells, C. Marcinkiewicz and
P. A. Janmey, New J. Phys., 2014, 16, 075002.

M. Y. M. Chiang, Y. Yangben, N. J. Lin, J. L. Zhong and
L. Yang, Biomaterials, 2013, 34, 9754-9762.

H. Hertz, J. Reine Angew. Math., 1882, 92, 156-171.

I. N. Sneddon, Int. J. Eng. Sci., 1965, 3, 47-57.

M. Chighizola, R. Rodriguez-Ramos, F. Rico,
M. Radmacher and A. Podesta, in Mechanics of Cells and
Tissues in Diseases, ed. M. Lekka, D. Navajas, A. Podesta
and M. Radmacher, De Gruyter, Berlin/Boston, 1st edn,
2023, pp. 105-128.

A. B. Mathur, A. M. Collinsworth, W. M. Reichert,
W. E. Kraus and G. A. Truskey, J. Biomech., 2001, 34, 1545-
1553.

J. Zemla, J. Bobrowska, A. Kubiak, T. Zielinski, J. Pabijan,
K. Pogoda, P. Bobrowski and M. Lekka, Eur. Biophys. J.,
2020, 49, 485-495.

A. Cartagena and A. Raman, Biophys. J., 2014, 106, 1033—
1043.

X. Wang, R. Bleher, L. Wang, ]J. G. N. Garcia, S. M. Dudek,
G. S. Shekhawat and V. P. Dravid, Sci. Rep., 2017, 7, 14152.
L. Lacaria, A. Podesta, M. Radmacher and F. Rico, in
Mechanics of Cells and Tissues in Diseases, ed. M. Lekka, D.

16380 | Nanoscale, 2023, 15, 16371-16380

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

View Article Online

Nanoscale

Navajas, A. Podesta and M. Radmacher, De Gruyter, Berlin/
Boston, 1st edn, 2023, vol. 3, pp. 21-63.

H. Schillers, C. Rianna, J. Schipe, T. Luque, H. Doschke,
M. Wilte, J. J. Uriarte, N. Campillo, G. P. A. Michanetzis,
J. Bobrowska, A. Dumitru, E. T. Herruzo, S. Bovio, P. Parot,
M. Galluzzi, A. Podesta, L. Puricelli S. Scheuring,
Y. Missirlis, R. Garcia, M. Odorico, J. M. Teulon, F. Lafont,
M. Lekka, F. Rico, A. Rigato, J. L. Pellequer,
H. Oberleithner, D. Navajas and M. Radmacher, Sci. Rep.,
2017, 7, 5117.

M. Lekka, D. Gil, K. Pogoda, J. Dulinska-Litewka, R. Jach,
J. Gostek, O. Klymenko, S. Prauzner-Bechcicki, Z. Stachura,
J. Wiltowska-Zuber, K. Okon and P. Laidler, Arch. Biochem.
Biophys., 2012, 518, 151-156.

L. M. Rebelo, J. S. De Sousa, ]. Mendes Filho and
M. Radmacher, Nanotechnology, 2013, 24, 055102.

J. R. Ramos, J. Pabijan, R. Garcia and M. Lekka, Beilstein J.
Nanotechnol., 2014, 5, 447-457.

A. Calzado-Martin, M. Encinar, ]J. Tamayo, M. Calleja and
A. San Paulo, ACS Nano, 2016, 10, 3365-3374.

A. Kubiak, M. Chighizola, C. Schulte, N. Bryniarska,
J. Wesolowska, M. Pudelek, M. Lasota, D. Ryszawy,
A. Basta-Kaim, P. Laidler, A. Podesta and M. Lekka,
Nanoscale, 2021, 13, 6212-6226.

E. K. Dimitriadis, F. Horkay, J. Maresca, B. Kachar and
R. S. Chadwick, Biophys. J., 2002, 82, 2798-2810.

L. Puricelli, M. Galluzzi, C. Schulte, A. Podesta and
P. Milani, Rev. Sci. Instrum., 2015, 86, 033705.

P. D. Garcia and R. Garcia, Biophys. J., 2018, 114, 2923-
2932.

P. D. Garcia and R. Garcia, Nanoscale, 2018, 10, 19799-
19809.

N. Gavara and R. S. Chadwick, Nat. Nanotechnol., 2012, 7,
733-736.

S. Iyer, R. M. Gaikwad, V. Subba-Rao, C. D. Woodworth and
1. Sokolov, Nat. Nanotechnol., 2009, 4, 389-393.

M. E. Dokukin, N. V. Guz and 1. Sokolov, jpn. J. Appl. Phys.,
2017, 56, 08LBO1.

S. V. Beekmans and D. Iannuzzi, Surf. Topogr.: Metrol.
Prop., 2015, 3, 025004,

N. Guz, M. Dokukin, V. Kalaparthi and I. Sokolov, Biophys.
J., 2014, 107, 564-575.

N. Makarova and I. Sokolov, Nanoscale, 2022, 14, 4334-
4347.

M. Lekka, K. Pogoda, J. Gostek, O. Klymenko, S. Prauzner-
Bechcicki, J. Wiltowska-Zuber, J. Jaczewska, J. Lekki and
Z. Stachura, Micron, 2012, 43, 1259-1266.

S. Pérez-Dominguez, S. G. Kulkarni, C. Rianna and
M. Radmacher, Neuroforum, 2020, 26, 101-109.

C. Rianna and M. Radmacher, Nanoscale, 2017, 9, 11222—
11230.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr02034g

	Button 1: 


