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ABSTRACT

The connection between cells and their substrate is essential for biological processes such as
cell migration. Atomic force microscopy nanoindentation has often been adopted to measure
single cell mechanics. Very recently, fluidic force microscopy has been developed to enable
rapid measurements of cell adhesion. However, simultaneous characterization of the cell-to-
material adhesion and viscoelastic properties of the same cell is challenging. In this study, we
present a new approach to simultaneously determine these properties for single cells, using
fluidic force microscopy. For MCF-7 cells grown on tissue-culture-treated polystyrene surfaces,
we found that the adhesive force and adhesion energy were correlated for each cell. Well-
spread cells tended to have stronger adhesion, which may be due to the greater area of the
contact between cellular adhesion receptors and the surface. By contrast, the viscoelastic
properties of MCF-7 cells cultured on the same surface appeared to have little dependence on
cell shape. This methodology provides an integrated approach to better understand the

biophysics of multiple cell types.

INTRODUCTION

Cell mechanics of living cells are vital for many cell functions, including
mechanotransduction[1-3], migration, and differentiation[4]. It is known that changes in cell
mechanics are often correlated with disease progression[5-12]. Cell-matrix adhesion is
important for the patterning, integrity and homeostasis of tissues, and may provide a target for
therapy, for example in cancer metastasis [13]. Cell mechanics and the adhesion between cells
and matrix are also important for tissue engineering. Therefore, it is important to study cell

mechanics and cell-to-material adhesion.



Atomic Force Microscope (AFM) has been widely adopted for mechanical characterization of
multiple cell types (for example cancerous cells)[14], including elastic moduli and viscoelastic
moduli. AFM with spherical probes has been widely adopted to measure the mechanical
properties of the whole cell[14-17] while, for the determination of spatial dependent
mechanical properties across the cell, pyramid probes have been preferred [18-21]. No matter
which probe is used, it is essential to adopt appropriate mechanical models with regard to the
testing protocols[14]. Otherwise, it may lead to significant errors in determining the mechanical
properties of cells[15, 22, 23]. These errors are often caused by ignoring the loading effect on
the apparent modulus. In which case, a mathematical model is required to take this into account.
Additionally, these analytical models also need to be modified to include the large deformation
effect[15, 23, 24].

In addition, tipless AFM cantilevers have been adopted to measure the adhesion between cells
and substrates. This approach requires functionalization of the cantilever to facilitate strong
adhesion to the cell of interest[25-27]. However, this method is tedious and time-consuming.
Furthermore, it is difficult to guarantee that cell-cantilever adhesion is stronger than cell-
substrate adhesion. For example, during the detachment tests, cells may detach from the

cantilever as often as from the substrate[28].

More recently, a new technique, fluidic force microscopy (FluidFM) has been developed that
enables rapid attachment of a probe to cells, in combination with the accurate force-controlled
positioning of AFM [29-34]. In this case, a microsized channel is integrated in an AFM
cantilever and connected via channels in the AFM chip holder, thus creating a continuous and
closed fluidic channel that can be filled with fluid such as deionized water. An aperture in the
AFM tip at the end of the cantilever allows liquids to be dispensed locally. Negative pressure
can be applied to the cell to attach it to the cantilever, and retraction of the cantilever can then
detach the cell from the surface (Figure 1). Force feedback is ensured by a standard AFM laser
detection system that measures the deflection of the cantilever and the force applied by the tip
to the sample during the process of approach and detachment. Force-displacement curves can
be recorded during detachment, and thus the adhesive force and adhesion energy can be
determined. This technique is particularly useful to measure strong adhesion between cells and

materials[34].

The cytoskeleton is the main source of cell stiffness, and its elasticity can resist the deformation
forces caused by extracellular mechanical events impinging upon cells. Force on the cell
membrane is sensed by the cytoskeleton, and can upregulate the formation of focal adhesions,
altering cell-to-matrix adhesion [35, 36]. Measuring the adhesion and stiffness of the same cell
allows characterization of this mechanotransduction mechanism. The viscoelastic cell
deformation is often intertwined with cell adhesion during the detachment process of cells.
Both viscoelastic properties and cell-to-material adhesion play roles in determining how cells

migrate in response to the mechanical stimuli. The capacity to simultaneously determine the
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viscoelastic properties and adhesion of a single cell can facilitate an understanding of the
correlation between them, and how they collectively affect cell migration. However, this has
not been achieved previously because the tipless-cantilever-based technique focuses only on
pulling the cell away from the surface, and the cell deformation cannot be monitored.
Furthermore, the tipless cantilever requires sufficiently long contact time between the
functionalized cantilever and the cell to form a strong bond, which might affect the cell

mechanics because the cell is now bonded to two solid surfaces.

Although a recent study used FluidFM in an effort to simultaneously determine the viscoelastic
and adhesion properties of a single cell, its method to extract and analysis elastic moduli was
merely based on the analysis of detachment curve. It was assumed that the slope of the
detachment curve was cell stiffness [37]. Indeed, it may be relevant to cell stiffness but mainly
reflects interfacial properties [38].

In this work, we used FluidFM to simultaneously measure cell viscoelasticity and cell-to-
surface adhesion forces, and to enable us to understand mechanics of cell heterogeneity. We
utilised MCF-7 cells because they are well-studied human breast cancer cells with abundant
biophysical data available for comparison. A better understanding of the mechanical properties
of breast cancer cells is likely also to contribute to the design of improved treatments for breast
cancer, which has the second highest incidence of all cancers in women worldwide and is the
fourth most common cause of cancer mortality[39]. The technique developed here could also
be adopted to measure the mechanical properties and adhesion for core/shell particles for use
in semiconductors[40], catalysts[41], solar cells[42], drug delivery[43] and biotechnology[44]

as well as typical biomaterials like cellulose[45].
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Figure 1. Schematic diagram of FluidFM for cell mechanics and cell adhesion measurements.
During liquid dispensing, the cell and substrate can be simultaneously observed with an optical
microscope, either through the transparent probe holder or the low clearance petri dish.



MATERIALS AND METHODS

Cell culture: MCF-7 cells were cultured in DMEM (Dulbecco's Modified Eagle Medium,
Sigma Aldrich) with 10% FBS (Fetal Bovine Serum, Sigma Aldrich) and 1% Penicillin-
Streptomycin (Thermo Fisher Scientific) in T75 flasks (Thermo Fisher Scientific) at 37°C, 5%
COz in a 95% relative humidity incubator. Cells were split when they grew to 80% confluence.
For confocal microscopy, nanoindentation and adhesion experiments, cells were seeded and
cultured in tissue culture treated polystyrene petri dishes (u-Dish, 50 mm with ibiTreat surface,
Ibidi) for 1 day at 37°C, 5% COz 95% relative humidity. These dishes enabled cell adherence
and proliferation on the surface without additional surface coatings. They also have low

clearance required for FluidFM.
Confocal imaging

To determine surface contact areas, cells were stained with 5 uM CellTracker™ Green
BODIPY™ Dye (Thermofisher, UK) for 30 min before imaging. Imaging was performed using
a Nikon AR confocal microscope with a Plan Apo VC 60x Oil, NA1.4, immersion objective.
Green BODIPY™ Dye was excited at a wavelength of 522 nm and a 595/50 nm emission filter
was applied, and a z-step size of 0.4 um was used. Using Imagel[46], the projection area of
each cell was calculated from a manually-thresholded sum intensity projection of the entire z-
stack. The contact area of each cell with the substrate was calculated similarly, but using only

the 5 z-slices nearest to the material surface.

To image focal adhesions, cells were fixed for 10 min with 4% paraformaldehyde in
phosphate-buffered saline (PBS), washed twice in PBS, and then permeabilized for 5 min with
0.1% Triton X-100 in PBS (PBS-T). After washing twice in PBS, cells were incubated for 1 h
in 5% BSA in PBS-T at room temperature, and then with rabbit anti-Vinculin (Cell Signaling
Technology #13901S) and mouse anti-a-tubulin antibodies (Sigma T5168), at 37°C in 5%
BSA in PBS-T. After washing twice with PBS-T, cells were incubated for 1 h with fluorophore-
conjugated anti-rabbit IgG Alexa Fluor®488 (Invitrogen A32731), anti-mouse IgG-Alexa
Fluor®594 (Invitrogen, A-32744) and with Alexa Fluor®647 Phalloidin (to label actin; Cell
Signaling Technology #8940S) at 37°C in 5% BSA in PBS-T. After washing twice with PBS-
T, and once with milliQ H>O, samples were mounted using ProLong™ Glass Antifade
Mountant with NucBlue® (Invitrogen P36981). Images were captured on an upright Nikon
A1+ confocal microscope with Plan Apo 60x Oil AS DIC N2, NA 1.4.

Measurement of cell mechanical properties using FluidFM: All experiments for cell
elasticity/viscoelasticity and cell adhesion forces measurement were performed using the Flex
FPM system (Nanosurf, Germany) which combines AFM and FluidFM technology (Cytosurge
AG, Switzerland). The system was mounted on an Axio Observer Z1 inverted microscope (Carl
Zeiss, Germany) fitted with 20x NA0.4 phase 2 DIC lens and a piezoelectric stage of 100 pm
retraction range. The length and width of FluidFM cantilevers (Cytosurge AG, Switzerland)

were 200 um and 36 um respectively, with spring constant of 2 N/m. In general, the choice of
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cantilever spring constant may affect the determination of relaxation modulus based on finite
element modelling and dimensional analysis [47]. A relatively large stiffness constant was
chosen to accommodate the large adhesive force between cells and the material surface and to
enable us to obtain the true equilibrium modulus [47]. The cantilever aperture was 8 pum (as
shown in the scanning electron microscope image of the cantilever in Fig. S1 in the Supporting
Information). Using the Cell Adhesion 100 um workflow in Cytosurge software, approach-
pause-grab operations were carried out for each cell. Fig.2 displays the typical schematic for
the cell sucking process. The hollow cantilever approached cells until a setpoint of 200mV was
reached (force equals 30-50 nN, depending on the different spring constants and deflection
sensitivities of cantilevers used). The cantilever was held still for 2-3 seconds because we found
that cantilever vibrations may occur after this time. Then a negative pressure of 800 mbar was
applied to the micropipette using the pressure controller in the FluidFM probe to attach the cell
to the cantilever, and the piezo stage-cantilever system was then used to retract the cantilever
and pull the cell off the surface. Finally, a positive fluid pressure was applied through the
cantilever to release the cell from the cantilever. Only isolated cells were measured to avoid

cell-cell interactions.
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Figure 2. Schematic of cell sucking process using FluidFM. (a) Cantilever approaches the cell.
(b) End of approach stage. The cantilever rests on the cell for 2-3 seconds, then negative
pressure is applied via the microfluidics system. (c) The cell is moved away from the surface
by Cantilever. (d) Positive fluid pressure releases the cell.

Cells were deformed when the probe reached the setpoint. In theory, the force-displacement
curve during this approaching segment can be used to estimate the elastic modulus of the cell.
However, the contact area and geometry between the cell and the cantilever was not constant
during this period, which made it infeasible to calculate the elastic modulus of cell. During the
3 s pause, the cell exhibited stress relaxation (under keeping position mode). The stress
relaxation was utilized to obtain a rough estimation of the viscoelastic properties because the
cell contact area remained approximately constant as observed in-situ and could be estimated
through the transparent cantilever (see Figure 3). Based on the detachment curve, the adhesive
force could be easily determined. The adhesion work could also be determined by integration
the force-displacement curve during the detachment test. A total of 95 measurements were

performed.



Therefore, the force-displacement curves obtained during the whole process and the

transparency of the cantilever enabled us to simultaneously measure both cell mechanics and

cell-to-material adhesion.

Figure 3. Representative image of the contact area between the cell and cantilever.

Analytical model

Contact areas between AFM probes and cells were estimated based on imaging through the
transparent cantilever. The slight bending of cantilever had negligible effect on the contact area
estimation, and we simplified the contact to a flat punch probe with complex geometry. Most
studies have utilized only stress relaxation to obtain the viscoelastic properties of the cell by
assuming step loading[48, 49]. However, the practical loading time is not infinitely small.
Thus, we adopted the principle described by Chen and Lu[15] and used the following equation

to analyse the stress relaxation curve.

1-v2

Ft) =& fOtE(t—t') dt’ (1)
where F is the force, R is the equivalent radius of contact area, v is Poisson’s ratio, o is the
depth of indentation and E(?) is the relaxation modulus.

To describe the viscoelastic behavior of the living cell, the Prony series model was adopted.

The normalized relaxation modulus given by the Prony series model is[50],

9O = g + L giexp (=) and goo + X gi = 1 @)

where g ., is the normalized equilibrium modulus, g; is a material-related constant, and 7; is
the time constant.

The modulus and viscosity at each Maxwell arm can be determined by,

E; = Eogi (3a)

n: = Eit; (3b)



Young's modulus, E, is given by

E=Eyg, (3¢)

where E is the instantaneous elastic modulus.

These models have been demonstrated to describe well the time-dependent behaviour of
different cells.[51-54]

?
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Figure 4. The schematic diagram of the Prony series model. Young's modulus E is also noted
as equilibrium modulus E .

If we assume 1 = 2 for the Prony series model (see Fig.4), we obtain the following equation

F(t) = 12_Ri2 IfotlE(t—t')dt'+ft2E(t—t')dt'l
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Solving this equation, we obtain,

PO =25 o+ oo (e () - 1]+ en (e () 1) ©

In this case, t1 is the ramping time which is a constant for a given test. Living cells like MCF-
7 are likely to be essentially incompressible materials[55], and we assumed v = 0.5. To
avoid the issues caused by cantilever vibration at longer times (3-30s), curve fitting was done
for the first 2-3 s of the stress relaxation curve. An in-house Matlab code was written to do

curve fitting of the stress relaxation curve, which enabled us to determine Ey, g ., 91, 92> T1,

7,. Then, all the other physical parameters can be determined based on Equation (3). Our finite



element modelling has shown that use of this relative short relaxation period has a very small
effect (<5%) on determining the time constants compared to longer stress relaxation times for
the given cell properties in this study (data not shown). The adhesive force was directly
determined from the detachment curve, and adhesion energy was determined by integrating

force-displacement curves during detachment tests.

Statistical Analysis: Data were represented as mean values with standard error. Student’s t-
test was applied, where p < 0.05 was considered statistically significant. Pearson’s test was
used to examine if there was a correlation between the mechanical properties of the cells and

cell-to-material adhesion. SPSS software (IBM®, USA) was used for statistical analyses.

RESULTS AND DISCUSSION

Cell shape is regulated by cell-to-material adhesion, which increases surface contact, and
cortical tension, which reduces cell contacts. However, even cells of the same type on the same
material often display different morphologies, mainly due to the heterogeneity of the cells or
of the material surface[17, 56-58]. We wished to determine if cells with different morphologies

exhibit different mechanics and adhesive strength.

MCEF-7 cells plated on tissue culture treated polystyrene were observed to have different
morphologies (e.g. round, spindle-like, and spread shapes, as shown in the video in the
supporting information). We classified cells with different morphologies into two categories
according to their thickness: thicker cells of above 10 pm (mainly of round or spindle-like
shape), and flat cells below 10 um (with well-spread disc-like shape). Immunofluorescence
microscopy revealed that round and spindle-shaped cells had notably fewer detectable focal
adhesions containing vinculin than well-spread flat cells (Figure 5a). We determined both the
contact area between each cell and the surface (yellow areas in Fig 5b, c), and the total
projection area for each cell (green in Fig. 5b, c¢) by analyzing confocal microscopic images as
described in the Methods. The average projection area of thick cells was 430 + 210 pm?, while
it was 740 =+ 380 um? for the thinner cells. The average contact areas of the two types were
230 + 110 pm? and 680 + 390 um?, respectively. There was significant difference in the
projection area (p = 0.028) and the contact area (p = 0.0015) between the two categories of cell.
The spreading ratios (the contact area over the projection area) of the thick and thinner cells
were 0.55 £ 0.20 and 0.90 + 0.07, respectively. The difference in spreading ratios was
statistically significant (p = 0.001). In the following sections, thick cells are referred to as less-

spread, and thinner cells as well-spread cells.

We then simultaneously determined the viscoelastic and adhesion properties of 29 less-spread
and 18 well-spread MCF-7 cells using FluidFM. Fig. 6 displays representative force-



displacement curves of a less-spread cell and a well-spread cell during stress relaxation. The

stress relaxation curves were fit well by equation (5) with R > 0.99 in all situations.
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Figure 5. Representative confocal images of different MCF-7 cell morphologies. In (a), less-
spread and well-spread cells were stained for vinculin to reveal focal adhesions (green; some
examples are indicated with arrows), phalloidin to reveal actin (red), Hoechst 33342 to show
DNA (blue) and for a-tubulin (grey). In (b), a thick less-spread cell and, in (¢), a thinner well-
spread cell were stained with CellTracker Green BODIPY™ dye to determine the projection
area (green) and contact area (yellow).

Table 1 summarizes the key mechanical properties (e.g. viscoelastic properties, the adhesion
force and adhesion work) of MCF-7 cells with different spreading ratios. The data analysis
approach played a very important role here. If cells were assumed to be purely elastic, the mean
apparent cell moduli of the same cell population seeded on the same surface were 0.56 kPa and
1.2 kPa for less-spread cells and well-spread cells, respectively. In other published work, the
Young’s moduli of MCF-7 cells were determined by fitting the loading curve with the Hertz
model for a spherical probe[59]. However, cells exhibit viscoelastic characteristics and loading
rates are not infinitely small. Therefore, the apparent value determined in this way can
dramatically overestimate the Young’s modulus[60]. In this paper, we only compare the elastic



moduli results to published studies which adopted appropriate viscoelastic models and
considered the loading rate effect of the indenter.
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Figure 6. Representative curves for (a) stress relaxation when cantilever is resting on the cell
at the end of approaching stage and (b) the subsequent detachment curves of a less-spread cell
and well-spread cell.

We obtained equilibrium moduli and instantaneous moduli of approximately 0.2 kPa and 2 kPa,
respectively. For well-spread cells, the thin layer effect could be significant at relatively large
deformations when using pyramid or spherical indenters [24]. However, in our study, a flat
punch indenter was used and the thin layer effect is not expected to be significant for the
thickness/contact radius ratios and indentation depth/thickness ratio relevant here, consistent
with computational modelling [61-63]. Therefore, a thin layer model similar to [24] was not
considered.

Notably, these moduli were not significantly different between well-spread cells and less-
spread cells (p = 0.84, 0.24 for equilibrium moduli and instantaneous moduli respectively). The
Young’s moduli determined here corresponded well to the reported values for MCF-7 cells
determined using AFM methods and also taking the loading effect into account. For example,
Young’s (equilibrium) moduli of 0.2-0.5 kPa [64], and Young’s moduli and instantaneous
moduli 0 0.26 = 0.1 kPa and 1.2 & 0.4 kPa respectively have been reported [60]. The results
were also consistent with the Young’s moduli (~0.4 kPa) of MCF-7 cells cultured on petri
dishes for 1 day measured by optical tweezers [65], and with others utilizing oscillation induced
deformation tests, where results between 0.2-0.3 kPa were obtained for MCF-7 cells with

different morphologies[66].

The time constant 7; and 7, are important parameters to characterize the viscosity properties

of cells (influenced mainly by the cytoplasm and actin networks[67, 68]), which reflect the
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time that cells need to relax after a deformation. The difference between 7, for less-spread and
well-spread cells was statistically significant (p = 0.00044), while there was no significant
difference in 7, between less-spread and well-spread cells (p = 0.29). The maximum time
constants (7,) determined here (approximately 0.6 s) were consistent with previously obtained
values of 1 s which were based on curve fitting to creep tests using Kelvin-Viogt model[59].
1, and 1, reflect the viscosity of cells and were defined previously. We have found that n; is
higher for less-spread cells than well-spread cells, while that 7, is higher for well-spread cells
than less-spread cells. Other studies have demonstrated that 1, is often significantly higher
than n; [50], as we found for well-spread cells. It has been suggested that these different
viscosity components may be associated with viscosity of cytoplasm and cytoskeleton[67]. In
our study, the overall viscosity (combination of 1, and 1,) was not significantly different for

less-spread cells and well-spread cell (p = 0.06).

Table 1. Summary of key mechanical properties of MCF-7 cells with different spreading ratios.

Less-spread cell Well-spread p value of

(n=28) cell (n=19) difference
Instantaneous modulus Ej (kPa) 1.91+0.71 2.12+0.45 p=0.24
Equilibrium modulus E,, (kPa) 0.21+0.11 0.21 £0.10 p=0.84
Time constant 74 (s) 0.10+£0.04 0.06 £ 0.02 p =0.00044
Maxwell arm modulus E; (kPa) 1.56 +£0.62 1.67 £0.47 p=0.54
Viscosity coefficient n4 (Pa * s) 152 + 88 103 +51 p=0.023
Time constant 7 (s) 0.61 £0.27 0.55+0.15 p=0.29
Maxwell arm modulus £ (kPa) 0.13+0.06 0.24 +0.076 p =0.000004
Viscosity coefficient n, (Pa * s) 81 +48 133 +50 p =0.0025
Adhesive force F (nN) 50.2+40.3 230 + 295 p=0.0028
Adhesion energy W (pJ) 0.37+0.26 1.86+2.89 p=0.057
Max adhesion force displacement (um)  11.45 + 3.86 11.02 = 7.16 p=0.233
Fully detach displacement (um) 22.14 £10.67 20.62 =796 p=0.60
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Cell viscosity is important as it can also be a mechanical biomarker for disease progression.
For example, Alperen N et al. measured mouse ovarian surface epithelial cells using AFM,
and found that the viscosity of the cells in the early stage of disease progression decreased
significantly from 140 + 100 Pa - sto 51 + 30 Pa - s when reached the late stage of disease
progression [69].

The measured adhesion force of MCF-7 cells on the petri dish is summarized in Table 1.
Previously, it has been found that, for a given type of cell placed on different surfaces, the
pulling distance required to detach a cell was longer on surfaces allowing stronger adhesive
force. In this case, the work of adhesion was found to be proportional to the adhesive force.
For example, when cell attached to the flat and pillars quartz surfaces, the average adhesion
force of cells on the pillars surfaces was found to be half as the cells on flat surfaces, while the

work of adhesion on former surface was about one third of the latter one[70].

Pearson’s tests revealed a very strong correlation between the adhesion energy and adhesive
force, (Pearson correlation = 0.976, Figure 7). There was no correlation between adhesion and
the instantaneous modulus or equilibrium modulus. Also, the correlation between adhesion and
viscosity was not statistically significant. However, there was a significant correlation between
the adhesion force or energy and the viscous modulus (a function of the fitting parameter of g;
and g specified in equation (5); p = 0.006, 0.009 for adhesion force; p = 0.072, 0.039 for
adhesion work). Although there were no significant differences in instantaneous or equilibrium
moduli or time constants between less-spread and well-spread MCF-7 cells, the differences
between the adhesion force (p = 0.0028) and the viscosity coefficients 74 and 1, were
statistically significant (p = 0.023 and 0.0025).

When we plot the adhesion energy and adhesive force (see Fig. 7), the adhesion was
proportional to the adhesive force for cells with both morphologies. This was consistent with
the detachment distance values presented in Table 1, where the detachment distance for the
less-spread and well-spread cells is almost the same. For the less-spread cells, the adhesive
force and adhesion energy were weaker compared to their well-spread counterparts. As shown
in Table 1, the adhesive force and work of adhesion for less-spread cells were about 5 times
less than those for well spread cells. The contact areas of less-spread cells were 3 times lower
than their well-spread counterparts. This correlation is most likely due to the lower number of
cell receptors (e.g. integrins) engaged in contact between cell and substrate [59, 71, 72],
consistent with the reduced numbers of focal adhesions we detected in less-spread cells (see
Fig. 5). Indeed, the overall detachment force is the sum of the cohesive forces of the discrete
cell receptor-to-surface bonds. In general, based on thermodynamics modelling, the abundance
of integrin-ligand bonds is proportional to the total area of focal adhesions [73, 74], and focal
adhesion area often correlates with the area of cell contact with the substrate[75].
Computational modelling also suggests stronger adhesion when focal adhesions are more

abundant [76]. Therefore, higher cell contact area is likely to have higher adhesive force.
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In the detachment curves, sometimes small force drops occurred before the whole cell detached
from the surface (see Fig.S2), which were likely correlated to discrete detachment events prior
to the whole cell detachment[34]. This may be associated with the contraction and detachment
of membrane regions containing mature focal adhesions (see video S1 in Supporting
Information). In general, these local detachment forces are on the order of 10 nN, similar to
other cell detachment tests of mature adhesion states using FluidFM[34]. It should be noted
that these forces are 2-3 orders of magnitude higher than those observed for rupture of the thin
cell membrane tethers formed during short-term interactions between cells, or between cells
and cantilevers [77, 78].
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Figure 7. Plot of adhesion energy against adhesive force for less-spread cells and well-spread
cells. In general, adhesion energy is proportional to adhesive force.

CONCLUSIONS

In summary, we report that simultaneous determination of both viscoelastic properties and
adhesion of the same cell can be achieved with stress relaxation tests and subsequent pulling
tests using fluidic force microscopy. The transparent cantilever enabled us to measure the
contact area between cell and cantilever when determining the viscoelastic properties of cells.
With appropriate mechanical models that consider the finite ramping time, we have found that
MCEF-7 cells on tissue-culture-treated polystyrene dishes have Young's moduli of about 0.2
kPa, regardless of their spreading ratios. The viscoelastic properties of MCF-7 cells determined
here were consistent with AFM nanoindentation using spherical probes. Although the Young's

modulus (equilibrium elastic modulus) and instantaneous elastic modulus were independent of
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cell shape on the same surface, the viscosity of cells was slightly dependent on cell shape. The
adhesive force was strongly dependent on the cell spreading ratio. This suggests that even fairly
extensive differences in the morphology of cells and their cytoskeletons need not have a major
effect their elastic properties if the cells are attached to the same surface. This experimental
method and analytical approach could be a powerful tool for establishing quantitative
correlations among different physical characteristics of numerous cell types in normal or
diseased states, as well as elucidating the underpinning biological and pathological
implications. This unique capacity of measuring viscoelastic properties and cell-materials
adhesion of a single is important for the understanding of cell heterogeneity. We have also
demonstrated that pulling tests using fluidic force microscopy can detect multiple discrete
events that may be associated with the detachment of distinct focal adhesion-containing
structures.

ASSOCIATED CONTENT
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Figure S1: The scanning electron microscope image of the cantilever for FluidFM used in this

study .
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Figure S2: Representative images of multiple events on the detachment curves for both less-
spread cell and well-spread cell, which can be related to detachment of distinct focal adhesion-

containing structures.
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