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Abstract Scanningforcemicroscopy wasused for thede-
termination of the elastic properties of living cellsin their
culture conditions. The studies were carried out on human
epithelial cells. Two similar lines of normal cells (Hu609
and HCV 29) and three cancerous ones (Hu456, T24,
BC3726) were measured using the scanning force micro-
scope in order to collect the force versus indentation
curves. The BC3726 line originates from the HCV 29 cell
linewhichwastransformed by the v-rasoncogene. Toeval -
uate their elastic properties, Young's modulus values were
determined. The present study has shown that normal cells
have a Young's modulus of about one order of magnitude
higher than cancerous ones. Such achange might be attrib-
uted to a difference in the organisation of cell cytoskele-
tons and requires further studies.
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Introduction

The mechanical propertiesof cells (adhesion, viscoel astic-
ity) have been investigated using many different methods
based on the qualitative observation of the cells, behavi-
our controlled by different factors causing their deforma-
tion. Only afew methods provide quantitative information
about cell mechanical properties [for example, the micro-
manipulation technique (Leriéve et al. 1995) or optical
tweezers (Svoboda et al. 1992)]. Recently, the scanning
force microscope (SFM, Binnig et al. 1986; Lal and Scott
1994) has become a very useful tool in biological studies.
It can provide three-dimensional images of cell surfaces
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with resol ution comparableto that obtained in electron mi-
croscopy. A significant advantage of the SFM isthat meas-
urements can be performed on living objects in their nat-
ural agueous environment. In addition to imaging, SFM
brings also a possibility of direct measurements of the
interaction between a probing tip and the cell surface, sim-
ply by indenting it. Quantitative analysis of the elastic
properties is possible by analysing force-distance curves
(Radmacher 1997). Inthisway, information about the el as-
tic properties of the investigated cell can be obtained, and
the resulting conclusions may be extended to the cytoskel -
etal structure inside the cell (Hoh and Schoenenberger
1994; Ricci et al. 1997).

Theinternal structure of most cellsis governed by the
cytoskeleton. One of its basic componentsis an actin cor-
tex that consists of actin filaments directly underlying the
cell membrane attached via numerous membrane proteins.
The cortex can extend up to about 0.5—1 pm below the cell
membrane (Skalak 1992). The cytoskeleton plays an im-
portant role in cell division, locomotion and transport of
intracellular particles (Janmey 1995). Oncogenically trans-
formed cells differ from normal onesin many ways. Dif-
ferences in cell growth, morphology, cell-to-cell interac-
tion and also in cell membrane and organisation of the cy-
toskeleton have been reported (Ben-Ze' ev 1985; Rao and
Cohen 1991). These differences should cause changes in
the mechanical properties of the cell. In order to confirm
this thesis, the elasticity of cells coming from the normal
and transformed bladder epithelium was studied.

Materials and methods

SFM sampl e preparation started from special treatment of the
glass coverdip substrate (Menzel-Glaser, 24 mmx24 mm).
This was done in the following way: a clean glass cover-
slip was immersed into 1 pg/ml poly-L-lysine solution
(PLL, Sigma) for 5min. This increased the number of
amino groups, causing better adhesion of cellsto the glass
substrate (Hartmann and Galla 1978). Next, the glass
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Fig. 1 Schematic view of scanning force microscopy setup using
the liquid cell and laser deflection technique

coverslipwasdried in aclean atmospherefor 24 h at room
temperature.

Thefollowing cell lineswere chosen for the SFM meas-
urements: Hu609 (non-malignant ureter) and Hu456
(bladder transitional cell carcinoma) (cells obtained from
Institute of Immunology and Experimental Therapy, PAN,
Wroctaw, Poland), HCV 29 (non-malignant bladder uro-
thelium) and BC3726 (HCV 29 cellstransfected with v-ras
oncogene) (cell lines established in Fibiger Institute, Co-
penhagen, Denmark) and T24 (bladder transitional cell
carcinoma) (ATCC HTB4).

All types of cells of the bladder epithelium were grown
at 37°C in a 95% air/5% CO, incubator (ASSAB). They
were grown in RPMI 1640 medium (pH 7.4, Sigma) con-
taining 10% fetal calf serum (FCS, Bohringer). The cells
were taken after the same number of passages, and then
they were cultured on glass coverslips prepared as de-
scribed above. Only Hu456 cells were grown on glass
coverslipswithout any adhesive factor. No fixation or dry-
ing step wasinvolved during sample preparation. After the
growing cells formed the monolayer they were taken for
measurements.

A home-built scanning force microscope was used in
the experiment (Lekka et al. 1996). It was equipped with
ascanner (Stavel ey Sensor) withamaximum XY scanrange
of 20 umx20 pm, and aZ range of £1.5 pm. Commercial
SizN, cantileverswere used (Park Scientific I nstruments).
Spring constants of 0.1, 0.03 and 0.05 N/m were chosen.
Tip radii were about 20—30 nm, which were checked us-
ing a standard TGTO1 silicon grating (NMDT, Molecular
Devices and Tools for Nanotechnology, Moscow). A
home-made plexiglass “liquid cell” without the “O-ring”
sealing was used. Cell measurements were performed in
RPMI medium containing 10% FCS at room temperature.
The coverslip with cells (still immersed in the RPMI me-
dium) wasput intothe“liquid cell” placed on an SFM scan-
ner (see the schematic view of the force microscope in
Fig. 1). Thecell waslocalised using an optical microscope,
and the tip was moved towards the cell centre in order to
avoid the influence of the substrate and the neighbouring
cells. Cell migration during the measurement was negli-
gible and was checked by cell imaging. Every culture was
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measured several times using anew tip and fresh medium.
In order to perform the measurements in conditions close
to physiological ones, an average experiment lasted no
more than 2 h. At room temperature and in ambient air,
cells preserved their viability for more than 3 h and were
checked by Trypan Blue staining.

Dataanalysis

Force curves reflecting the interaction between the prob-
ing tip and the cell surface were collected using the laser
deflection technique. In this case, the piezo scanner only
elongates in the direction towards the surface and back-
wards (Z direction). The XY scanning function of the scan-
ner was disabled. The force scale was obtained by multi-
plying the cantilever deflection by the spring constant. A
separate calibration was performed for each series of
curves taken in the same session both before and after the
measurement. Intherange of the applied force (upto 20 nN)
thereisno significant glassdeformation caused by the SFM
tip, and therefore the glass sample was used as the calibra-
tion reference, assuming itsinfinitesimal stiffness. Cell in-
dentation was obtained by comparing the experimental
curve with the corresponding curve for the reference glass
sample. In these experiments, force curves were collected
with a step of 1.2 nm at an average speed of 190 nm/s. In
order to evaluate the deformability of the cells, Young's
modulus was determined using Sneddon’s mechanics
(Sneddon 1965). This model describes the elastic behavi-
our of the elastic half-space being pushed by a hard axi-
symmetric indenter. The cell surface can be modelled by
an elastic half-space since the range of the indentation was
upto 1.6 pmincomparisonwiththethicknesscell of 10—-14
pm. The SFM tip can be approximated by a cone (Rad-
macher et al. 1995) or paraboloid with the radius of curva-
ture R at the apex (Weisenhorn et al. 1993). Both models
are not limited by afinitetip end radius (unlike the classi-
cal Hertz model describing the interaction of a sphere with
flat surface) and may be extended for large indentation
depths. For thisanalysisthe model assuming aparabol oidal
tip shape was chosen. Following this model, sample inden-
tation Az depends on the acting force F, the geometry of
the tip and material properties according to the equation:
F=2 /RE AZS

2 ®

where E’ is a reduced Young's modulus of the tip-cell
sample system:
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and E;p, Ecqy ae Young's moduli of the tip and the cell,
while Lip, Hee @€ Poissonratios. Taking into account that
Etip>Ecai, One obtains finally:
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Fig. 2 Comparison of force versusindentation curvestaken for nor-
mal (Hu609 and HCV 29) and for cancerous cell lines (Hu456,
BC3726, T24) for aahigh load (up to 10 nN) and b alow load (up
to 2 nN)

Results

During contact between the tip and the investigated sam-
ple, the tip pushes on the sample. On a hard surface, tip
movement towards the sample produces the same amount
of cantilever deflection. It is different in the case of force
curves measured for cells that show deformation of their
surface upon aloading force when the tip approaches the
surface. Comparison between reference calibration and
cell measurements allows one to determine the cell inden-
tation and to construct forceversusindentation plots. Force
versus indentation curves of normal and cancerous cells
are shown in Fig. 2. High load (up to 10 nN) curves are
shown in Fig. 2a, while Fig. 2b shows data points corre-
sponding to low loads up to 2 nN.

Resultsfor twonormal, epithelial cell linescomingfrom
anon-malignant ureter (Hu609) and from anon-malignant
bladder urothelium (HCV 29) differ significantly from
these obtained for cancerous cell lines (BC3726, T 24,
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Fig. 3 Indentationversusforcecurvefor HCV 29 cells. Opencircles
experimental data, solid linefit following the physical model assum-
ing a paraboloidal tip indenting the elastic half-space

Tablel Young'smoduli calculated for measured cell lines. Thelast
column gives the information about the number of force curves ta-
ken into account?

Cell line Young’'s modulus  Young's modulus ~ Number of
(kPa) /‘lceII:O (kPa) uceII:O-5 analysed
force curves
Hu609 12.9 (+4.8) 9.7 (£3.6) 325
HCV 29 10.0 (+4.6) 7.5 (£3.6) 121
BC3726 1.4 (20.7) 1.0(20.6) 214
T24 1.0 (+0.5) 0.8 (x0.4) 201
Hu456 0.4 (x0.3) 0.3(x0.2) 10

@ The total number of measured cells is about 20 cells for each line

Hu456). Theforcerequired for indentation of normal cells
ismuch higher than that for cancerous cells. This phenom-
enon indicates that normal cells are significantly stiffer
than the | atter ones.

To evaluate differences in the force versus indentation
behaviour, Young’'s moduli were determined by fitting
Eq. (1) tothe experimental data. An example of the experi-
mental indentation curve and the fitted function is shown
inFig. 3.

Calculated Young's modulus values are presented in
Table 1. Table values were obtained by fitting a Gauss dis-
tribution to histograms (Fig. 4) for 100—300 separate
measurements performed for about 20 cells for each line.
Errors correspond to the half width of the gaussian peak.
A typical gaussian peak corresponding to single cell re-
sults was narrower (about 30%) than for the total histo-
grams presented in Fig. 4. During the experiment (up to
2 h of measurement session) no systematic change in ac-
quired data was observed.

Curves taken on several different cultures of the same
cell line show reasonable reproducibility. The standard
t-test (0.05 level) confirmed significant differences be-
tween Young's moduli for normal and cancerous cell pop-
ulationsand insignificant differenceswithin analogouscell
popul ations. Resultsfor Hu456 cellswere obtained in api-
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Fig. 4 Histograms showing the mean value and the distribution of
Young's moduli measured for normal (A, B) and cancerous (C, D)
cells. In this evaluation it was assumed that the Poisson ratio is
Ueen =0 (see discussion of measurement errors)

lot experiment, and therefore contain a low number of
measurements (inthe pilot measurement, Hu456 cellswere
compared with normal cells Hu609).

Discussion

The measurements of the elastic properties of normal and
cancerous cell lines were carried out with special care to
ensure similar experimental conditions (identical chemi-
cal, the same adhesive factor, etc.). Only the cell line
Hu456 was grown without any adhesive factor. However,
despite this difference and the low statistics, its calculated
Young's modulus value fits well with the overall results.
Calculated Young's moduli form two distinct groups:
values about 10 kPa are characteristic for normal cellsand
values about 1kPa for cancerous cells. This allows us to
guantify differences between the cells. A comparison of
the Young's moduli of the normal and cancerous cells
shows that the latter are significantly less stiff and easier
to deform. The applied forces (up to 10 nN) and indenta-
tion depths(upto 1.6 pm) arelargecompared to someother
studies (Radmacher et al. 1995). However, in several pub-
lications the loading forces in the range of 5—10 nN have
been successfully applied in the investigation of living
cells(Hofmann et al. 1997; Braet et al. 1998). The destruc-
tion of the cell surface caused by the high load was im-
probable because of the very good reproducibility of the
multiple force curves sequentially measured at the same
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place. The other possible source of error wasthe influence
of the hard glass coverslip substrate. This factor was ne-
glected owing to thelarge cell thickness, ranging from 10 pm
to 14 um. Additionally, the analysis performed for lower
forces (up to 2 nN) produces close Young's modulus val-
ues. For exampl e, the Young’smodulusfor thenormal lines
Hu609 calculated for lower load forces (up 2 nN) is
15.2+4.7 kPa versus 12.9+4.8 kPa obtained for large
forces. The Young's moduli calculated for cancerous cell
linesal soremaina most the samewhen cal cul ated for small
indentation depths and low loads.

Cells are very soft objects, and therefore cell indenta-
tion depends on the response from the glycocalix, from the
cell membrane and from the cytoskel eton. For small inden-
tation values (lower than 100 nm), when the influence of
the membrane is the highest, the difference between nor-
mal and cancerous cells is not visible. We may therefore
assume that using this method at present we can not draw
conclusions concerning normal and cancerous cell mem-
brane structures. The difference between normal and can-
cerous cells becomes apparent with the increase of the in-
tendation. Comparison of the dimensions of all the inter-
acting objects and the indentation depth suggests that the
response of the cellular scaffold is most important, and
thereforethe el astic properties measured reflect mainly the
properties of the cytoskeleton. Quantitatively determined
differences in the elastic properties between normal and
cancerous cells were attributed to possible changesin cy-
toskeleton organisation due to oncogenic transformation.

This observation supports the results obtained for mea-
sured fibroblasts by various manipulation techniques
(Thoumine and Ott 1997), where the normal fibroblasts
showed lower deformability than their SV 40 transformed
counterparts. Also, Goldman et al. reported that the vincu-
lin-deficient F9 mouse embryonic carcinoma cells had a
lower Young's modulus than the wild-type cells, when
measured by atomic force microscopy. The authors attrib-
uted these changes to an altered cytoskeletal organisation
(Goldmann et a. 1995; Goldmann and Ezzel 1996). A low
stiffness of cancer cells may be caused by a partial loss of
actin filaments and/or microtubules, and therefore by a
lower density of the cellular scaffold. Poor differentiation
of the cell, including the cytoskeleton and reduced adhe-
sive interactions, characterise the vast majority of cancer
cells (Ben-Ze'ev 1997). The measurement of Young's
modulus of the cells can in future help to determine the
range of cytoskeleton changes and allow us to quantify
them.

In addition to the approximations of the applied physi-
cal model of the interaction between the pushing tip and
the investigated surface, measurement errors originate
from the following factors:

¢ Toensuresimilar experimental conditions, measurements
were performed at several points close to the cell cen-
tre. Thiswas done because the forces versus indentation
curvesdepend on which part of acell they were collected
from: the middle or close to the cell’s edge (Ricci and
Grattarola 1994). However, discrepancies arising from
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inhomogeneitiesof the cell membrane and of thecell age
could not be avoided.

« All calculations were performed assuming afixed tip ra-
dius R of 25 nm and nominal values of spring force con-
stantsk. In practice, these properties of scanningtipsdif-
fer even for tips carefully chosen from the same series
of production. Thanks to the relatively high statistics,
even a large possible spread of the tip radii and spring
constants does not alter the conclusions of the present
study. For example, asignificant change of thetip radius
R from 25 to 35 nm introduces a decrease in Young's
modulus of only 15%.

* ThePoisson ratioisacharacteristic material property, of
avalueranging between 0 and 0.5. Itsreal valuefor cells
isdifficult to estimate. Therefore, two columnsin Table 1
show limiting values of Young’s moduli calculated for
this range. Nevertheless, we do not expect significant
differences in the Poisson’s ratio for similar types of
cells.

However, the observed changeswere so significant that for
the high statistics of the results, all the above possible er-
rorsand uncertainties havelittleinfluence on thefinal con-
clusions.
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