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A B S T R A C T   

Because cells vary in thickness and in biomechanical properties, the use of a constant force trigger during atomic 
force microscopy (AFM) stiffness mapping produces a varied nominal strain that can obfuscate the comparison of 
local material properties. In this study, we measured the biomechanical spatial heterogeneity of ovarian and 
breast cancer cells by using an indentation-dependent pointwise Hertzian method. Force curves and surface 
topography were used together to determine cell stiffness as a function of nominal strain. By recording stiffness at 
a particular strain, it may be possible to improve comparison of the material properties of cells and produce 
higher contrast representations of cell mechanical properties. Defining a linear region of elasticity that corre-
sponds to a modest nominal strain, we were able to clearly distinguish the mechanics of the perinuclear region of 
cells. We observed that, relative to the lamelopodial stiffness, the perinuclear region was softer for metastatic 
cancer cells than their nonmetastatic counterparts. Moreover, contrast in the strain-dependent elastography in 
comparison to conventional force mapping with Hertzian model analysis revealed a significant stiffening phe-
nomenon in the thin lamellipodial region in which the modulus scales inversely and exponentially with cell 
thickness. The observed exponential stiffening is not affected by relaxation of cytoskeletal tension, but finite 
element modeling indicates it is affected by substrate adhesion. The novel cell mapping technique explores 
cancer cell mechanical nonlinearity that results from regional heterogeneity, which could help explain how 
metastatic cancer cells can show soft phenotypes while simultaneously increasing force generation and 
invasiveness.   

1. Introduction 

Measuring cell mechanical properties is important to better under-
stand the arrangement of cellular structural networks associated with 
biological processes and disease pathogenesis (Bongiorno et al., 2014; 
Hu et al., 2020). Cellular compressive properties are frequently studied 
by treating the cell as a passive material and utilizing continuum me-
chanics models to determine the stiffness from force indentation curves 
(Humphrey, 2003; Ingber, 2003; Lim et al., 2006; Shin & Athanasiou, 
1999; Unnikrishnan et al., 2007). The Hertzian contact mechanics model 
is most commonly used with atomic force microscopy (AFM) to deter-
mine cell stiffness (Johnson, 1985) simplifying cells as linearly elastic 
bodies undergoing small deformations (Radmacher et al., 1996; Suresh, 
2007). However, cells may undergo large physiological deformations 

(Kc et al., 2006; Manimaran et al., 2006; Yamauchi et al., 2005) in which 
nonlinear models are more appropriate (D. X. Liu et al., 2010; Oommen 
& Van Vliet, 2006). In addition, cells are heterogeneous materials 
(Heidemann & Wirtz, 2004; Malandrino et al., 2018), which addition-
ally contributes to nonlinear mechanical properties at large strains 
(Lammerding et al., 2007; Tseng et al., 2002). While various scanning 
probe mapping techniques have revealed the spatial variation in me-
chanical stiffness across individual cells (Darling, 2011; Fuhrmann et al., 
2011; Raman et al., 2011) the effects of nonlinearity were not evaluated 
in these 2-D maps of elasticity. Conventional force mapping applies a 
prescribed value of force and records the cell deformation; the me-
chanical response may remain linear through the course of indentation 
at locations where the cell is thick (perinuclear region, e.g.), but not at 
locations where the cell is thin (lemellipodia, e.g.). Nonlinearity 
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resulting from significant deformation of the cell has been previously 
examined (Costa & Yin, 1999; Lin & Horkay, 2008; Zhang et al., 1997) 
and it was found that cell stiffness increases with large indentations. We 
have previously used the pointwise Hertzian approach (Costa et al., 
2006) to determine the nonlinear response of elastomeric poly-
dimethylsiloxane (PDMS) (Xu et al., 2011). Conventional force mapping 
utilizes the possibly nonlinear portions of force curves to extract Young’s 
moduli, which can obfuscate the comparison of local material proper-
ties. We present a new technique called linear elastography that 
explicitly uses only the linear portion of the force curve (Fig. 1A) to 
determine a 2-D map of Young’s modulus. We determine the linear 
elastography of cells by combining standard force mapping and the 
pointwise Hertzian method. This new technique systematically ad-
dresses the inherent nonlinearity of cellular mechanical measurements 
by finding and recording only the linear elasticity region for the purpose 
of stiffness mapping, which may reveal enhanced contrast of mechanical 
variations between cell regions. 

Using this method, we found that the nominal strain marking the 
onset of nonlinear mechanical properties of the cell is region dependent. 
The linear elastography showed large spatial variations of mechanics 
with increased contrast of the nuclear region compared to that from 
conventional force mapping. The perinuclear regions of invasive ovarian 
and breast cancer cells were found to be softer than the surrounding 
cytoplasmic region. In contrast, less-invasive cancer cells did not show 
as high of a contrast between the lamellipodial and perinuclear stiff-
nesses. In the lamellipodia, the method found that cell stiffness is 
inversely correlated with local thickness for cells attached to the sub-
strate. The elastography demonstrates the importance of spatial het-
erogeneity, cell morphology, and applied strain in determining cell 
mechanical properties. This technique may be particularly useful to 
examine the biomechanical changes to the perinuclear region of cells 
(Caille et al., 2002; Lammerding et al., 2007; Lombardi & Lammerding, 
2010) in which realistic physiological strains characterize pathologies 
and processes, such as metastasis (Bissell et al., 1999; Friedl et al., 2011; 

Rowat et al., 2008; Zink et al., 2004). 

2. Materials and methods 

2.1. Atomic force microscopy and enhanced contrast microscopy 

Atomic force microscopy (AFM) was conducted with the MFP-3D-Bio 
from Asylum Research. The AFM probe used was the C cantilever of 
MLCT (Bruker) with a nominal spring constant of 30 pN/nm modified 
with a plain silica bead of either 4.74 µm, 5.24 µm, or 7.32 µm in 
diameter attached to the cantilever tip with a two-part epoxy, which 
minimizes the lateral strain on the compressed cell. Prior to the force 
mapping, the AFM cantilever was calibrated on the glass bottom of a 
FluoroDish to determine the deflection inverse optical lever sensitivity. 
The cantilever was then raised away from the glass surface to monitor 
the thermal vibrations to assess the cantilever’s spring constant using 
the thermal vibration method by fitting the thermal spectrum to a Lor-
entzian function. Ovarian and breast cancer cells were cultured over-
night (see supplemental information) on the glass bottom of the 
FluoroDish prior to force mapping. 

Measurements were conducted at room temperature (22–24 ◦C) and 
20 % − 40 % relative humidity in RPMI-1640 cell media (Thermo 
Fisher). Enhanced contrast microscopy (Nikon) was used to visualize the 
general intracellular organization of cells during the measurements, as 
exemplified in Fig. 1B, in which the nucleus is visible under the mi-
croscope alongside the beaded indenter. 

2.2. Linear elastography using pointwise Hertzian method and force 
mapping 

Force mapping was conducted on 37 (9 HEY cells, 10 HEY A8 cells, 9 
MCF10-A, 9 MCF10-CA) isolated single cells with one force map 
completed per cell. The scan area was chosen to include nucleus and the 
surrounding cytoplasmic region and typically ranged from 40 to 80 µm 

Fig. 1. Combination of enhanced contrast micro-
scopy and linear elastography using pointwise 
Hertzian force mapping. A) A 2-D linear elastog-
raphy map is generated from a 32 × 32 force map. 
In detail, force mapping measures force curves at 
equally distributed locations within the region of 
interest, which is then processed using the pointwise 
Hertzian method analysis on each force curve to 
determine the elasticity in the linear regime. Finally, 
we assemble the elastography map by identifying 
the linear region at each location and arranging the 
values into a 2-D matrix; B) Enhanced contrast mi-
croscopy visualizes the structural heterogeneity of 
single cells, where the nucleus is clearly visible; the 
scan region is 80 × 80 µm2 as denoted by the red 
square; C) The mechanical properties of the single 
cells is highly nonlinear at large deformations, as 
indicated by Hertzian model fitting of the force 
curve when selecting different fit regions and 
pointwise Young’s modulus versus indentation.   
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with a scan resolution ranging from 16 × 16 to 32 × 32. The approach 
and retraction velocity of the probe was set to 2 µm/s, while the XY scan 
velocity was set to 10 µm/s with a 0.5 s dwell away from the surface. The 
cell was indented until force from the cell was measured to be 5 nN. 
Overall, this resulted in a scan time of approximately 1–2 h per cell. The 
force curve at every pixel of the 2-D force map was analyzed using the 
pointwise Hertzian method (Costa et al., 2006; Xu et al., 2011) to 
evaluate the nonlinear mechanical behaviors during indentation. The 
average Young’s modulus in the linear elasticity region was assembled 
into a 2-D matrix representing the linear elastography of the cell. The 
detailed procedures (with links to custom code repositories) are 
described in the supplemental information. 

2.3. Finite element simulation of cell compression 

Finite element simulation was employed to explore the effect of 
sample attachment upon the substrate on the mechanical response 
during deformation. A spherical indenter was used to indent the samples 
to a prescribed amount. Resultant force versus indentation curves were 
fit with the Hertzian model from 0 to 15 % nominal strain to calculate 
the Young’s modulus. The simulation was implemented using Abaqus 
(SIMULIA Inc, Waltham, MA). The detailed procedures are described in 
the supplemental information. 

2.4. Cellular structure imaging with confocal microscopy 

The nucleus, actin cytoskeleton and plasma membrane of HEY A8 
cells were stained following the procedures described in the supple-
mental information, and multiple images were acquired using a Zeiss 
LSM 510 NLO confocal microscope (Zeiss, Thornwood, NY). The z-stack 
function was also used to obtain the 3-D structural information of the 
nucleus, actin cytoskeleton and plasma membrane. The analysis was 
conducted upon single cells which were not in contact with other 
neighboring cells. The z-step was chosen to be 800 nm to ensure suffi-
cient resolution with no layer of fluorescent actin or nucleus missed 
during the imaging. 

2.5. Inhibition of Rho kinase by Y-27632 

To evaluate the contribution of contractility to the pointwise 
modulus via the ROCK pathway, HEY A8 single cells treated with ROCK 
inhibitor Y-27632 (BD Biosciences, San Jose, CA) were measured. HEY 
A8 cells were incubated with 50 µM and 100 µM Y-27632 in cell culture 
media for 1 h at 37 ̊ C, and linear elastographies were obtained and 
compared with samples without treatment. 

3. Results and discussion 

3.1. Cells show nonlinear mechanical response under AFM indentation 

Fitting an AFM force curve of a HEY A8 cell with the Hertzian contact 
model results in erroneous values of Young’s modulus for a large fitting 
range (blue curve) (Fig. 1C). In the case of the reduced fitting range (red 
trace), a good quality fit is indicated by the overlap of fitting curve (red 
curve) with experimental curve, indicating a region of relatively con-
stant pointwise Young’s modulus. For the force curves examined, the 
Hertzian fitting is deficient due to nonlinear mechanics as the indenta-
tion exceeds 410 nm, though the exact deformation at which nonline-
arity emerges can vary. We therefore identify linear and nonlinear 
regions in the pointwise Young’s modulus curve, consistent with pre-
vious studies of biomaterials (Costa et al., 2006; Mahaffy et al., 2004) 
(Fig. 1C). 

3.2. Linear elastography mapping reveals spatial variation of cell 
mechanical properties 

Following the methods described above, linear elastography reveals 
spatial variation of cell stiffness for the HEY A8, HEY, MCF10-CA and 
MCF10-A cell types (Fig. 2), including regions of increased stiffness in 
the cytoskeletal region and with significantly softer perinuclear regions 
in the case of metastatic cell types. At a population level, HEY A8 
ovarian cancer cells have been identified as softer and more migratory 
than their HEY counterparts (Xu et al., 2012). Similarly, MCF10-CA 
breast cancer cells are the more metastatic derivative of the MCF10-A 
parent cell line which have been shown to migrate in a more coordi-
nated manner (Santner et al., 2001, Aaltonen et al., 2022). Force- 
indentation curves measured at the cell surface with atomic force mi-
croscopy reflect the underlying cell structure and because of the 
coupling of the nucleus and intracellular actin structures to the cell 
surface, indentations translate into compression of all components un-
derneath the probe (Haase & Pelling, 2015; Mathur et al., 2001). We 
therefore infer that heterogenous mechanical properties measured 
across the cell are due to heterogeneity of cell internal structures, for 
example F-actin bundles. 

The elastographies after surface correction (Figure S1) display 
enhanced contrast of spatial variations and indicate that mechanical 
stiffness of cells can be highly heterogeneous along lateral dimensions, 
especially compared to fixed force trigger force mapping (Figure S2). 
The central region corresponding to the nucleus shows lower Young’s 
moduli than the cytoplasm. The cytoplasmic region surrounding the 
nucleus was seen to have higher moduli than the perinuclear region for 
the invasive HEY A8 cells but not for less invasive HEY cells (Fig. 2). The 
elastographies of the MCF10 cell line display a softer perinuclear region 
relative to the lamellipodia region in the invasive MCF10-CA cells when 
compared to the less-invasive MCF10-A cells (Figure S3). 

3.3. Confocal microscopy reveals the structural contribution of nucleus 
and cytoplasm 

From these results, we find the Young’s modulus across the peri-
nuclear region is lower than the moduli in the lamellipodia region for 
both metastatic ovarian and breast cancer types based on a comparison 
of four cell lines representing invasive and less invasive ovarian (HEY A8 
vs HEY) and breast (MCF10CA vs MCF10A) cancer cell types. While the 
difference in stiffness is consistent with the spatial variation of cellular 
structures shown in Fig. 3, it remains unclear to what degree the nucleus 
contributes to the local stiffness since the nucleus and cytoskeletal 
structures are colocalized at each pixel and each will contribute to the 
measured mechanical properties. We therefore determined the fraction 
of the cellular space occupied by the nucleus and cytoplasm through 
staining and confocal microscopy of the actin cytoskeleton, nucleus, and 
plasma membrane of individual cells. From these images, the 2-D side 
view projection and representative images of the nucleus, actin cyto-
skeleton, and plasma membrane were obtained (Fig. 3). 

From the 2-D projection of the cellular structure of the HEY A8 cells, 
the actin cytoskeleton stress fibers are clearly visible and thinly spread 
over the extended cytoplasm and the nucleus is a flattened ellipse. From 
the side view, the nucleus fills most of the cell body, with only a thin 
region of F-actin cytoskeletal below the nucleus. The cellular thickness 
and nuclear extent observed in confocal images are consistent with that 
observed in AFM topography and elastography. From Fig. 3E-H, the cell 
body over the nuclear region is primarily occupied by the nucleus. 
Therefore, we conclude that the mechanics over the nuclear region are 
dominated by deformation of the nucleus. Thus, the central, circular 
cellular regions of soft elastography measurements primarily reflect the 
softness of the nucleus for the indentation depths much larger than the 
thickness of the cytoskeletal layer. The elastography, together with the 
confocal microscopy and phase contrast images, showed that the nu-
cleus is softer than the surrounding cytoplasm in HEY A8 cells when 

W. Xu et al.                                                                                                                                                                                                                                      



Journal of Biomechanics 150 (2023) 111479

4

Fig. 2. Images and linear elastographies of ovarian cancer cell lines (HEY A8, HEY), and breast cancer cell lines (MCF10-A, MCF10-CA). A) Enhanced contrast 
microscopy shows the cell boundary and edge of the nucleus. B) The region defined by the red box was scanned to show a 2-D representation of the topography. C) 
The corresponding elastographies show linear elasticity distribution of the cells, in which the nuclear region is softer than the surrounding cytoplasm in invasive 
HEYA8 and MCF10-CA cells. In contrast, noninvasive cancer cells from HEY and MCF10-A do not show a softer nuclear region. 

Fig. 3. Confocal microscopy displays nucleus (blue), F-actin (red) and plasma membrane (yellow) of HEY A8 cells, A-D) nucleus and F-actin staining, E-H: nucleus 
and plasma membrane staining. Top row: top view of single cells and cell clusters; bottom row: side view of corresponding cells and cell clusters. It is seen that the 
nucleus contributes to most of the volume in the perinuclear region of adherent HEY A8 cells. 
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material strain is considered (see supplemental information). We 
observe that the difference in mechanics of the perinuclear and lamel-
lipodia is more apparent for the comparison between metastatic and less 
metastatic cells. Differences in subcellular mechanics can still be seen in 
the nonlinear regime (i.e. high strain), however. Therefore, cells that 
experience nonlinear strain may still be limited by nuclear deformation. 

The fact that the nucleus of invasive HEY A8 and MCF10-CA cell 
types is at least as soft as the surrounding cytoplasm is consistent with 
the role of the nucleus as a key limiting factor in cancer cell migration 
(Friedl et al., 2011; Fu et al., 2012). The nuclei in cancer cells can display 
a ruptured and less organized structure (Zink et al., 2004) resulting in a 
decreased mechanical stiffness that associates with altered structure of 
nuclei in cancer cells. Since the deformation of the nucleus is a critical 
step in cell transport in physiological scenarios, and possibly the rate- 
limiting factor (Beadle et al., 2008; Schoumacher et al., 2010; Wolf 
et al., 2007) of cancer cell migration (Fu et al., 2012; Yamauchi et al., 
2005), cells with more deformable nuclei more easily migrate through 
small confines and are thus more invasive. 

3.4. Young’s modulus in the lamellipodia region reveals a dramatic 
thickness-dependence 

The high-resolution measurement of the modulus of the lamellipodia 
of the HEY A8 cell (Fig. 4A) reveals an inverse relationship with cell 
thickness such that thinner regions are stiffer. To quantitatively explore 
the correlation, the Young’s modulus versus thickness at different lo-
cations is plotted in Fig. 4B. As the indenter diameter is substantially 
larger than the pixel size (1.875 µm), pixels at the cell boundary were 
not included in the analysis. We observed two different topographical 
regions that both show strong correlation between stiffness and cell 
thickness that follow exponential relationships. Specific contributions to 
the exponential relationship that results from the geometrically confined 
system were further examined. 

3.5. Contractility contributes to stiffness but not the exponential 
dependence on cell thickness 

Having established the correlation between stiffness and cell thick-
ness and demonstrated strong spatial variations in elasticity in lamelli-
podia of HEY A8 cells which vary by more than 2 kPa, we further 
investigated conditions that affect the exponential dependence on cell 
thickness. While several biological factors might contribute to the 
stiffening observed in the lamellar region, we also explore a purely 
mechanical explanation in this relation (Xu et al., 2011). We hypothe-
size that contractility may affect the exponential dependence between 
stiffness and cell thickness, as it is also known to contribute to variations 
of stiffness in cells (Chernaya et al., 2018; Nagayama et al., 2004; 
Vichare et al., 2012; Wang et al., 2002). Variations of contractility, 

particularly in lamellipodia where the cytoskeletal structures form the 
bulk of the volume (Butler et al., 2002; Nagayama et al., 2004; Wang 
et al., 2002), may also result in distinct relationships between the stiff-
ness and the cell thickness. To evaluate the relative contribution of 
contractility on the observed exponential relationship, we decreased 
cytoskeletal tension using a chemical treatment, and monitored the ef-
fect on thickness-dependent cell stiffness. ROCK inhibitor Y-27632 was 
added to inhibit the actomyosin contractility via Rho pathway, and 
subsequent AFM stiffness measurements were conducted (Fig. 5A). In-
hibition of actomyosin contractility subsequently reduced the stiffness 
of HEY A8 cells. Increasing the concentration of Y-27632 from 50 µM to 
100 µM does not further reduce the stiffness of HEY A8 cells (Figure S4). 
Upon inhibition, the stiffness of HEY A8 cells in the cytoplasmic region 
decreased by 50 % to 1.3 kPa. The stiffness of the nuclear region, in 
contrast, did not undergo appreciable changes, supporting our conclu-
sion that cytoplasmic F-actin contractility contributes little to the 
measured perinuclear stiffness. As a result, the nuclei are not distin-
guishable in the elastographies of HEY A8 cells treated with Y-27632, 
implying the strong contribution of actomyosin contractility to cellular 
stiffness in the cytoplasmic region, but not to the perinuclear region. 
This observation was particularly interesting in the light of other studies 
that have demonstrated the coupling of the actin cytoskeleton in the 
cytoplasm and nuclear structure (Mazumder et al., 2010). By inhibiting 
ROCK and affecting actomyosin contractility, we could also be releasing 
the tension on a pre-stressed nucleus which may also result in nuclear 
softening. Based on our measurements, we hypothesize that the decrease 
in stiffness observed in studies of invasive cells (Alibert et al., 2017; 
Fischer et al., 2017; Luo et al., 2016), is primarily a result of perinuclear 
softening (Deville & Cordes, 2019), and not due to cytoplasmic soft-
ening. This observation is consistent with studies showing that invasive 
cells are capable of significant force generation and increased contrac-
tility (Kraning-Rush et al., 2012; Mekhdjian et al., 2017b; Mierke et al., 
2011), typically associated with cell stiffening, while also possessing 
more deformable nuclei (Mekhdjian et al., 2017a). This difference in 
global and local cell stiffness could potentially be explained by changes 
in the composition and spatial organization of the cytoskeleton to allow 
for decreased resistance to cell movement and increased force genera-
tion (Alibert et al., 2020). It is known that contraction force, sometimes 
called prestress, increases the stiffness of single cells (Vichare et al., 
2012; Wang et al., 2002). The distribution pattern of Young’s modulus in 
the cortical region in our experiment is similar to that of contraction 
force field exerted by other cell types (Butler et al., 2002). 

After inhibition of actomyosin contractility, linear elastography was 
obtained over an area of 30 × 30 µm2 in the lamellipodia. The resultant 
modulus was plotted against local thickness in Fig. 5B, along with the 
scanned topography. Even with the contractile stress inhibited, the 
exponential dependence on local cell thickness emerges. Therefore, 
actomyosin prestress provides an important contribution to cellular 

Fig. 4. Linear elastography versus local cell thickness over a lamellipodia of a HEY A8 cell. A) A linear elastography map for a representative HEY A8 cell 
lamellipodia region is shown. A white dashed line separates two regions of interest. B) Elastography values for Region 1 and Region 2 are plotted versus the measured 
cell thickness. A fit of exponential law curves is shown for the two regions. 
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stiffness, but it does not account for the dependence of stiffness on cell 
thickness. 

3.6. Finite element simulation reveals the exponential dependence of 
stiffness on cell thickness results from cell attachment to the substrate 

Figs. 4 and 5B demonstrate a dramatic stiffening phenomenon in 
which linear elasticity strongly depends on local cell thickness. Similar 
thickness-dependent stiffening was observed in a variety of polymer 
materials (Akhremitchev & Walker, 1999; Ao & Li, 2011; M. Liu et al., 
2009; Oommen & Van Vliet, 2006), indicating the effect may be more 
purely mechanical in nature. We hypothesize that this stiffening is a 
result of the confinement and restriction of the lateral movement of the 
material during compression that results from attachment of the cell to 
the underlying stiff substrate. The boundary condition of zero dis-
placements imposed by the substrate implies the material displacement 
is more constrained at any location as compared to when material is not 
bonded to a stiff substrate. As the cell thickness decreases, the effect is 
more pronounced as the ratio of interface to regional volume increases. 
Finite element simulation was employed to test this hypothesis (Fig. 6). 
The bonded sample has a higher peak stress than the unbonded sample 
for the same amount of indentation. Additionally, the Young’s modulus 
of the bonded sample shows a strong exponential dependence on 
thickness; in contrast, the unbonded sample shows no variation of 
Young’s modulus with sample thickness, for the entirety of thicknesses 
examined. The stiffening in finite element simulation closely supports 
the experimental cell data observed in Fig. 5B, and points to an expla-
nation of the observed stiffening. The effect of attachment on mechan-
ical response gradually decreases with increasing sample thickness—at 
6 µm, the calculated Young’s modulus approaches the predefined value 
of 600 Pa, suggesting that the effect of attachment on linear elasticity in 
the center of the cell is negligible. 

Our studies of the lamellipodia region of HEY A8 cells and previously 
studied polymers (Xu et al., 2011), together with the finite element 
simulation, revealed that linear elasticity maps at small indentations are 
affected by cell attachment, as compared to other experiments (Akhre-
mitchev & Walker, 1999; Dimitriadis et al., 2002; Kovalev et al., 2004; 

M. Liu et al., 2009; Santos et al., 2012) and theoretical models (Chad-
wick, 2002; Dhaliwal, 1970; Hayes et al., 1972; Sneddon, 1951, 1965) 
which only show the impact of finite sample thickness on mechanical 
response. Moreover, the study addressed the importance of considering 
constraints in the evaluation of mechanical behavior at the nano/micro 
scale, in which the stiffening might be significant compared to bulk 
material. Our model assumes strong adhesion between the cell and 
substrate, which constrains the deformation of the cell elements. One 
could imagine for weakly adherent cells, sliding may be possible 

Fig. 5. Elastographies of HEY A8 single cells treated with 50 µM Y-27632: A) enhanced contrast images, topography, and stiffness map. B) Linear elastography versus 
thickness for the cell edge. The stiffness depends exponentially on thickness even after chemical softening. 

Fig. 6. Finite element simulation reveals the effect of bonding between sub-
strate and sample on mechanical response. A) Image of FEA model of a sample 
bonded to the substrate, B) Image of FEA model of a sample unbonded to the 
substrate, and C) Resultant Young’s modulus versus thickness for bonded 
(represented by circles) and unbonded (represented by squares) samples. 
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reducing the effective modulus. We should also note these measure-
ments were performed at ambient temperature, which may influence 
distinct cell behaviors from physiological temperature. 

4. Summary and conclusion 

In this paper, we described the combination of pointwise Hertzian 
method and standard force mapping with AFM to obtain elastography of 
single cells and demonstrated that the linear elasticity of these cells can 
be utilized to map underlying internal structures with greater resolution. 
We observed the nucleus is much softer than the surrounding cytoplasm 
in the invasive HEY A8 and MCF10-CA cancer cells, but not in the less 
invasive HEY and MCF10-A cells. In addition, there exists a strong 
stiffening phenomenon at the lamellipodia, with stiffness depending on 
local thickness with an exponential relationship. The correlation be-
tween elasticity and sample thickness still exists after inhibition of 
actomyosin contractility. Finite element simulation revealed that the 
stiffening is due to the bonding of cell upon substrate, suggesting the 
important role of sample bonding in stiffness measurement. Together, 
the observation from the novel method suggests an answer to the 
paradox of motile cancer cell softening while demonstrating increased 
contractility and traction force (Alibert et al., 2017; Nguyen et al., 
2016). 

The results shown here demonstrated the capability of the pointwise 
Hertzian method in cell mechanics study with AFM, the heterogeneity of 
mechanical properties could be difficult to detect otherwise. The 
application of this systematic approach to metastatic HEY A8 and 
MCF10-CA cells revealed the softening of the nuclear region, and 
additionally, the mechanical stiffening at the cell lamellipodia suggested 
the significance of cell-substrate interactions in cell mechanics mea-
surements, which might become more significant as confinement rea-
ches to smaller scales. 

Significance Statement. 
This work describes a new cell force mapping technique that ac-

counts for variations in applied strain, local thickness, and cell surface 
curvature to reveal mechanical contrast. The method allows for distinct 
visualization of the nucleus and cytoplasm by considering the nonline-
arity of cell mechanical properties. We observe that invasive cancer cells 
can have significantly softer nuclear regions compared to their lamelli-
podial regions, which may help explain how metastatic cancer cells can 
present softer phenotypes while simultaneously generating higher forces 
and motility. We also show that cells stiffen in direct relation to their 
confinement by the underlying substrate. This technique could be useful 
to investigate the mechanical properties of other cancer cells, immune 
cells, and cell types capable of motility and force generation. 
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