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Changes in the apparent moduli of cells have been reported to correlate with cell abnormalities

and disease. Indentation is commonly used to measure these moduli; however, there is evidence to
suggest that the indentation protocol employed affects the measured moduli, which can affect our
understanding of how physiological conditions regulate cell mechanics. Most studies treat the cell as

a homogeneous material or a simple core-shell structure consisting of cytoplasm and a nucleus: both
are far from the real structure of cells. To study indentation protocol-dependent cell mechanics, a finite
element model of key intracellular components (cortex layer, cytoplasm, actin stress fibres, microtubules,
and nucleus) has instead been developed. Results have shown that the apparent moduli obtained with
conical indenters decreased with increasing cone angle; however, this change was less significant for
spherical indenters of increasing radii. Furthermore, the interplay between indenter geometry and
intracellular components has also been studied, which is useful for understanding structure-mechanics-
function relationships of cells.

techniques, it would be even more powerful [10]. For example,

Knowledge of the mechanical properties of cells is crucial for AFM combined with fluorescence imaging has been applied to

. . . . . e assess the stress fibre amount and stiffness of mouse fibroblasts
understanding various cell behaviours including motility [1],

differentiation [2], and proliferation [3]. Changes in cell elas- [11]. Using AFM together with confocal microscopy, the nuclear

- . .\ . stiffness of tumour cells was measured with simultaneous visu-
ticity have been correlated with cell abnormalities and vari-

. . . . " alisation of the indentation process [12]. When combined with
ous human diseases including cancer, malaria, and arthritis.

Researchers have also shown that the elastic moduli of epi- microfabricated well arrays, cells can be mechanically entrapped

. . and automated indentation tests can be performed on a number
thelial cancer cells in the human bladder are lower than those p

of normal cells due to reorganisation of the cytoskeleton [4]. of cells [13]. This requires use of computational modelling or a

Furthermore, red blood cells infected with malaria were found modified Hertz model to reliably extract the mechanical prop-

o be stiffer than normal cells, which may cause trapping and erties of cells due to the constraints induced by the wall [14].

. . . . To better interpret the nanoindentation experimental
destruction of the cells in the reticuloendothelial system [5]. P P

lts, ber of tational models have been devel-
Several techniques have been developed to quantify the mechan- resud sMa number Od chomplila tona hmo eis have been levle
. t that teri 5,
ical properties of living cells, including micropipette aspiration 016)e o8 asmfn;le at celis are al omog(:nous ina era [8
1 i 17, 18],
[6], magnetic twisting cytometry [7], optical tweezers [8], and J or consist of homogenous cytoplasm and a nucleus [ ]

. . . . . . hile excluding the important structure components like actin
nanoindentation [9]. Atomic force microscope (AFM) is a viable whtle excluding tmportant structure P ! !

. . . . stress fibres. When using these simplified computational mod-
nanoindentation technique capable of revealing the structure

. . . . els, however, it is challenging to account for the microstructure
and mechanical properties of cells. When integrated with other g
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heterogeneity induced indentation size effect of cells, particu-
larly when using the sharp pyramid AFM probe. Furthermore,
due to differences in protocol which aren’t accounted for in these
simple models, researchers will often find that their measured
elasticities contradict what other labs reported for the same
types of cell. This significantly hinders the deep understanding
of the biomechanics of cells and affects data sharing in the scien-
tific community. It was often concluded that these large discrep-
ancies in the measured apparent cell moduli was due to different
methods of sample preparation or variations in individual cells;
however, it was also found that the cell modulus measured using
AFM probes with different geometries can be vary significantly
[19, 20]. For example, osteoblasts have been probed by Charras
and Horton with both pyramidal and spherical indenters, yield-
ing higher values with a pyramidal tip (E=14.0 kPa) than with a
spherical indenter (E=3.2 kPa) [19, 20]. Carl and Schillers also
reported higher values when measuring with a sharp probe as
compared to when measurements were taken with a spherical
one [21]. Vargas-Pinto et al. demonstrated that the stiff cell cor-
tex could provide an explanation for why the apparent modulus
was higher when measuring with sharp tips [22]. Stress fibres
underlying the cell membrane could be resolved by nanome-
chanical maps, demonstrating the significant contributions to
higher local stiffness of cells [23].

So far, there is a lack of computational modelling which
illustrates how the indenter geometry, size and indentation
depth all affect the apparent cell modulus when considering
the contributions of intracellular components. Therefore, in
this study, we aim to develop a comprehensive computational
model which considers the key structural components (i.e. cyto-
plasm, nucleus, cortex, microtubules and actin stress fibres) to
study how AFM probe geometry, size and test protocols affect

the measured apparent modulus of cells (Figs. 1, 2).

Indenter size effect on the apparent cell moduli

To assess the effect of indenter size selection on the appar-
ent Young’s moduli determined by Eq. (1) or (2) depending
on the indenter geometries, indentation studies with differ-
ent indenter sizes were performed (Fig. 3). Indentation stud-
ies showed a negative correlation between spherical indenter
size and apparent modulus. The apparent modulus decreases
slightly from 0.85 kPa to 0.62 kPa when the spherical indenter
radius was increased from 1 to 5 um (Fig. 3b). When using
a conical indenter, however, the measured modulus dramati-
cally drops from 10.21 to 0.96 kPa while increasing the semi-
included angle of the cone (Fig. 3d). The apparent moduli

measured by conical indenters are significantly higher (can

©The Author(s) 2021
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Figure 1: (a) Cell model consists of stress fibres, microtubules, the

actin cortex, cytoplasm, and a nucleus. (b), (c) Schematic views of the
indentation positions relative to the cytoskeleton components. The cell
is indented around the site where actin stress fibres are attached.
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Figure 2: Comparison of the measured force-displacement

curve (averaged based on 18 curves [41]) and FE simulation for
nanoindentation tests of U20S cells. There is no significant difference
between FE results and the averaged force-displacement curve
(p>0.95).

be more than 10 times higher) than the results obtained by
their counterpart spherical indenters at given penetrations.
The stress map show that, when small, both types of indenter
produced higher stresses in the cell cortex, cytoplasm and CSK;
large indenters, on the other hand, resulted in greater stress in
the nucleus (Figs. S1, S2).
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Figure 3: (a), (c) Indentation force (F) versus depth () of spherical indenters and conical indenters, respectively. (b), (d) Measured apparent Young’s
moduli (€,) versus indenter radius (Ry) of spherical indenters and semi-included angle (6) of conical indenter, respectively.

Indentation depth dependent moduli

The indentation depth dependent apparent moduli were ana-
lysed since the indentation depth also contributes to the appar-
ent moduli (Fig. 4). At a given indenter size, larger indenta-
tion depth produced lower and more stable apparent moduli
both in spherical and conical indentations. When the radius
or semi-included angle of the indenters was increased, the
indentation depth dependent apparent moduli tended to con-
verge. At relatively small penetrations, the spherical tip with a
smaller radius (e.g. 1 pm) leads to an apparent modulus that is
nearly twice that measured with a larger radius indenter (e.g.
2-5 pum). Modelling also suggested that the apparent moduli
measured are very similar at relatively large penetrations (e.g.
0.5 pum, free from substrate effect) for a spherical probe with
radius 3-5 um. For the smaller radius probe, the apparent
modulus drops by over 60% when the indentation penetra-
tion increases from 0.05 pm to 0.5 pm. On the other hand,
the apparent modulus only drops by about 40% for the probes
with larger radius. Such a geometry dependent and indentation

size effect is even more pronounced for the conical probes. At

©The Author(s) 2021

shallow penetrations, the sharpest probe leads to the apparent
modulus that is nearly 15 times its counterpart measured with
a much blunter tip (e.g. 6="75°). Even at large penetrations
(e.g. 0.5 pm), the apparent modulus measured by the sharp-
est probe is still about 8 times that measured by the bluntest
probe in this study.

Indenter position effect on the apparent cell moduli

To study the cell heterogeneity induced variations in appar-
ent cell moduli, the indenters were displaced from the central
position by up to 1 um (Fig. 5). The spherical indentation with
1 pum radius appears to be the most sensitive to offset values
(the modulus decreases from 0.85 kPa to 0.43 kPa). In contrast,
the apparent moduli measured in studies with other indenter
sizes fluctuate in the range of 0.58 ~ 0.73 kPa. For sharp conical
indenters (8=15" and 30°), the apparent moduli vary greatly
from ~9.87 to ~ 0.7 kPa. The blunt indenters (6=60° and 75°)
produced relatively small variations within the range 0.95 kPa
to 1.27 kPa. The stress maps of intracellular components (Figs.
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Figure 4: Indentation depth effect on measured apparent moduli with different indenter sizes. (a) Spherical indentation; (b) conical indentation. Insets

show the apparent moduli of the cell in the depth (6) range of 0.4-0.5 um.
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Figure 5: (a) Indentation position effect (with offset d from the stress fibre attach point) on measured apparent Young'’s moduli with different spherical
indenter sizes. The moduli measured by indenters with R,>1 pm are stable when displacing the tips. For the indenter with R,=1 um, the modulus
drops when offset is beyond 0.5 um. (b) Indentation position effect (with offset d from the stress fibre attach point) on measured moduli with different
conical indenter sizes. For indenters with semi-included angle 6 <60°, the measured moduli fall dramatically upon displacement.

S§1, S2) show much higher stresses when indenting on top of
stress fibres.

Heat map of cell modulus

To link the simulation results with experimental observations,
we conducted a mapping analysis by indenting the top surface
of the cell model with both types of indenters. Each indenta-
tion simulation has been conducted at 64 positions. Heat maps
of apparent cell moduli derived by different sizes of indenters
are presented in Fig. 6. The apparent moduli (E,) are normal-
ised by the apparent moduli of a control cell model (E_,), in
which CSK elements are removed. The noise from FE mesh and
model geometry could, therefore, be reduced. Consistent with

the results of indenter size and geometry effects in Figs. 3 and

©The Author(s) 2021

5, the apparent moduli near stress fibres measured by conical
probes are significantly higher than those measure using spheri-
cal probes. The apparent cell moduli are higher near stress fibres
in all cases. As the indenter becomes blunter (e.g. bigger semi-
included angle or larger radius), the effect of stress fibres on

localised apparent cell modulus was less significant.

Our results have demonstrated that the apparent modulus
decreases with indentation depth. Experimental results have also
demonstrated that the apparent moduli decrease with the pen-
etration and reach a plateau at large indentation depth regard-
less of probe shape and size [24]. It has been suggested that the
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Figure 6: Heat maps of apparent cell moduli measured on the cell surface. (a) The area labelled with green is probed by the indenters. (b) Normalised
apparent moduli (E,/E,) measured by spherical indenters are averaged by larger sizes. (c) Normalised apparent moduli measured by conical indenters
are significantly higher near stress fibres, which are averaged out when using large sizes of probes.

indentation penetration should be restricted to less than 10% of
cell thickness to avoid the effect of the substrate [25]. Within the
indentation community, it was often argued that the 10% rule
was generally applicable for hardness measurements [26]. Later,
both experimental measurements and numerical simulations
demonstrated that this rule is not stringent enough for a hard
coating on a very soft substrate and too strict for a soft coating
on a hard substrate [27-30]. Thus, such a 10% rule may not apply
to modulus measurements of a thin layer on a substrate because
the effective elastic deformation zone is much larger than the
plastic deformation zone. Accumulative experimental evidence
has, however, demonstrated that the rigid substrate has very lit-
tle effect on the measured apparent modulus of cells even when
the indentation penetration exceeds 10% or even 25% of the cell
thickness [31]. On the other hand, some other studies reported a
stiffening effect with increasing indentation depth [32-34] which
was argued to be due to condensation of other cell organelles, e.g.
the nucleus and the CSK during indentation. It should be noted
that different type of cells can have very different morphologies
and internal structure organisations. What was found in one type
of cells may not apply to other type of cells.

For the given cell type modelled in this work, it seems that
there was no significant effect from the substrate as no stiffen-
ing effect was observed at relatively large penetrations (e.g. at

© The Author(s) 2021

maximum penetration, 12% of the cell thickness). This might
not rule out the substrate effect entirely as it could be coupled
with the effect of the intracellular components, making it hard to
isolate the substrate effect. The apparent softening effect with the
indentation penetration was also observed experimentally and
it was assumed to be due to stiffer region dominating behaviour
at smaller penetrations [25, 35]. The FE model developed here
(Figs. S1, S2) has confirmed such assumption that the indenters
initially probe the stiff actin cortex and the CSK, which is sig-
nificantly stiffer than the cytoplasm. As penetration is increased,
the mechanical contribution of the soft cytoplasm also increases.

The cell is generally considered to be heterogeneous due to its
different mechanical properties in different cell positions [36]. The
heterogeneity of the cell in the model described here was created
by attaching the CSK elements onto the cell membrane, enabling
the probes to probe the effect of the CSK structure. CSK elements
do contribute to the overall cell apparent moduli in our results
(~0.72 kPa) compared to that without CSK (~0.31 kPa, equiva-
lent to the cells with depolymerised actin fibres and microtubules)
with spherical indenters (simulation data not shown). When the
pyramidal indenters were used, Hofmann et al. also estimated that
the region with the highest concentration of stress fibres are 3-10
times stiffer than surrounding areas free of these fibres or with very

few fibres [37]. In general, all these quantitatively agree with our
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modelling predictions as shown in Fig. 5b. The commonly used
commercial pyramid AFM tips could be likened to the conical
tips via their equivalent contact area [38]. The commonly used
commercial pyramid AFM probes often have a semi-included
angle between 10°and 70° and its equivalent conical probe will
have slightly higher semi-apical angles based on geometrical
calculations. When using these probes in practice, at very small
penetration (e.g. 0.05 pm), the sharp pyramid can result in an
apparent modulus which is almost 50 times of that generated by a
spherical indenter. The commonly used spherical indenters have
aradius between 1 and 5 um. Even at a relatively large penetration
(e.g. 0.5 um) as adopted in many experimental measurements,
the sharp pyramid can still lead to an apparent modulus which
doubles that measured by a spherical indenter. These predictions
semi-quantitatively agree with experimental measurements [39].
Carl and Schillers attributed the higher apparent modulus meas-
ured by sharp tips to the higher applied pressure which results in
local strain hardening [21]. Harris and Charras have reported on
the underestimation of the contact area of sharp tips due to the
potential contact between cell surface and AFM cantilever with
indentation depth beyond critical value [39]. This could explain
the higher modulus measured by sharp tips with deep indentation.
The results provided by Vargas-Pinto et al. showed significantly
higher apparent moduli measured using sharp tips with lower pen-
etration (0.4-0.9 um) and longer tips [22]. The higher apparent
modulus should, therefore, be attributed to other factors within
the cell. The finite element results by Vargas-Pinto et al. suggested
that the cortex may contribute to the higher values measured using
conical tips [22]. These findings also agreed with our FE predic-
tions about higher apparent moduli near stress fibres.

Together with fluorescence imaging, stiffness maps of cells
were obtained using a scanning ion conductance microscope.
These show the higher apparent moduli measured in the area
with higher concentrations of stress fibres [40]. Nanomechani-
cal maps in a recent study clearly showed the higher apparent
moduli near actin stress fibres with increasing indentations [23].
Our computed modulus mapping results are consistent with
these experimental observations which emphasises the contribu-
tion of stiff stress fibres to apparent cell modulus measurement.
All these have demonstrated that the heterogenous cell model
constructed here is sufficient to capture many important spa-
tial-dependent cell mechanics at various conditions. For sharp
indenters, we demonstrate the dramatic variation in measure-
ments near stress fibres. At a given penetration, the contact areas
of spherical indenters (or effective deformed volume) are much
larger than those of conical indenters, as seen in Figs. S1 and
S2. Thus, the effect of the stress fibres on the localised apparent
cell modulus is less significant. If one would like to measure the
stiffness of a localised area which can reflect the local concentra-
tion of actin fibres, sharp probes such as pyramidal and conical

indenters should be employed.

©The Author(s) 2021

In conclusion, a comprehensive three-dimensional cellular
model which includes the key structural components of the cell
has been developed to reveal how the AFM probe geometry and
indentation size affect the apparent cell modulus measured dur-
ing nanoindentation tests. This computational model is capa-
ble of predicting the spatial-dependent apparent cell modulus
when using probes with different geometries, which cannot be
achieved by the commonly used homogenous cell models.

In a semi-quantitative way, the model could predict why, in
practice, the apparent modulus measured by commonly used
pyramid probes is 2-50 times that measured by the commonly
used spherical probes. This modelling also provides experimen-
talists a guideline on choosing the appropriate probes according
to the research needs. This work has also demonstrated that the
blunt conical probes (with semi-included angles above 60°) ena-
bles measurement of the averaged apparent cell modulus in the
same way as what can be achieved with a relatively large spheri-
cal probe. This study presented the first 3D computational model
for predicting the heat map of the whole apparent cell moduli
and has suggested that modulus mapping by sharp conical
probes can potentially reveal the relative concentration of stress
fibres, which can be used to better understand the biophysics of
cells. In principle, it is interesting to discuss the rate-dependent
behaviour of the cell. It should be noted that the experimental
viscoelastic properties for all the intracellular components in
the modelling are not available. It will, therefore, be difficult for
us to consider the rate-dependent behaviour of these structure
components. Furthermore, for the experimental tests that were
compared against, the loading rate was so small (0.05 um/s) that
the apparent moduli of cells were similar to their equilibrium
moduli. In the FE modelling, the Young’s modulus of each intra-
cellular component is the equilibrium modulus, which makes it
sensible to compare our FE against experimental measurements
reported in Barreto et al. [41].

In the future, this model can be further extended by con-
sidering stress fibre density as measured in the lab and detailed
attachment mechanisms of the fibres on the cell membrane to
better understand how cells sense the mechanical niche and alter
their biomechanics. The understanding of the cells with com-
plicated structure in the present work is valuable for fibre-rein-
forced engineering materials and many biological tissues (e.g.
connective tissues) which can be regarded as fibre-reinforced

materials with pre-stresses.

FE modelling

An FE model of a representative adherent human bone osteo-

sarcoma epithelial cells (U20S) was developed in Abaqus 6.14.
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The same cell geometry as described in Barreto et al. [41, 42] was
used, which was also used as a representation of experimental
measurements. The cell was constructed as a semi-ellipsoid like
shape of 19 um length and 4 um width. Although the real cell
consists of various components, the model only considered key
intracellular components such as the nucleus, the cytoplasm,
the cytoskeleton elements, and a layer of actin cortex attached
on the cytoplasm (Fig. 1). It is well known that it is the cortex
layer underneath the cell membrane rather than the lipid mem-
brane that contributes to cell mechanics. The cortex layer model
(~0.1 um) used here does, however, outcompete the contribu-
tion of the cell membrane itself [43]. There is no need to create
another 10 nm layer to deliberately represent the cell membrane.
The nucleus was placed 0.5 um away from the bottom surface.
This simplified architecture of the intracellular structure in the
cell model was created based on microscopic image of actin and
microtubules distributions in adherent U20S [41]. The actin
stress fibre, a major component of cytoskeleton was modelled
with prestrain, which is reported to be 0.24+0.18 [44]. The pre-
stress in the stress fibres is calculated to be 82 kPa and imple-
mented in the model by user subroutine (UMAT). These stress
fibres and microtubules were attached onto the cell cortex. The
model includes 32 stress fibre elements and 33 microtubules ele-
ments in total. Although the number of stress fibres is less than
the number in real cells, each fibre can be considered a bundle
of fibres which should represent the heterogeneity of the cell
structure with good computational efficiency. The microtubules
were modelled as star-shape structures emanating from a point
near the nucleus membrane (where a centrosome would be in
areal cell).

The cytoplasm and nucleus were assigned linear hexahe-
dron elements. Shell elements were used to represent the actin
cortex. The stress fibres were modelled as truss elements with
circular cross sections attached to the cell cortex nodes at both
ends. The microtubules were modelled using beam elements
with pipe section: these emanated from a node on the nucleus
surface and interacted with the cell cortex and stress fibres
at their ends. To study the indenter geometry effect on the
apparent cell moduli, two types of indenters were employed
in this study: spherical and conical indenter. The spherical
indenter radius ranged from 1 to 5 um to investigate how the
apparent moduli varied with indenter radius. Semi-included
angles of conical indenters ranged from 15° to 75°: each had
a rounded tip of radius 10 nm. The indenters were modelled
as rigid bodies as they are much stiffer than intracellular

components.

Apparent materials properties in FE model

There is no universal mechanical model for a living cell. Poroe-

lastic or spring-dashpot based viscoelastic models have proven

©The Author(s) 2021

TABLE1: Material properties of cellular components in the FE model.

Poisson’s ratio  Young's modulus Number of elements

Cytoplasm 0.48 0.25 kPa [50] 95,150
Nucleus 0.3 1 kPa [51] 5484
Actin cortex 0.3 2 kPa [52] 11,748
Microtubules 0.3 2 GPa[53] 277
Stress fibres 0.3 340 kPa [44] 35

useful in many cases but can also fail to work in a few cases [45].
Individual intracellular component would also exhibit time-
dependent mechanical characteristics; however, these properties
are difficult to be measured separately. Instead of assuming the
time-dependent mechanical parameters based on viscoelastic or
poroelastic models, we would prefer to choose a simple mate-
rial model with only two materials properties (apparent Young’s
modulus and Poisson’s ratio). Thus, all the cell components are
assumed to be homogeneous, isotropic and elastic. Their elastic
properties are summarised in Table 1, which were taken from
experimental measurements or theoretical estimations reported
in literature. In the present study, focus was directed towards the
contribution of intracellular components on the apparent cell

modulus. This isn’t currently well understood.

Boundary conditions

During experimental measurements, cells are often immobilised
on a coverslip surface. The ventral surface of the cell was, there-
fore, fixed to prevent detachment from the coverslip. The nucleus,
encapsulated in cytoplasm, was assumed to be bonded to the cyto-
plasm. An attachment point was defined in the contact area to allow
the cytoskeleton to transfer external forces (Fig. 1c). Indentation
of 0.5 pm was applied at the top the nucleus (equivalent to what
was used in prior experimental set-ups [41]). To quantify how the
cell heterogeneity influences the apparent moduli, the indentation
position on the cell surface was changed (Fig. 1b). The indenter

was subsequently displaced 0.1-1 pm from the original position.

Model calibration

Prior to comprehensive study, the model was validated against
experiment data taken from [41]. For experimental measurements,
nanoindentation tests of U20S cells (N=18) were performed using
spherical AFM probe of diameter 4.5 um. As individual cells dif-
fer from one another, the force-displacement curves spread out.
The force-displacement curves based on the 18 measurements
reported in [41] were, therefore, averaged so that they could be
compared to FE results. The loading rate in the experiments was
so small (0.05 pum/s) that the apparent moduli of cells were similar
to their equilibrium moduli. In the modelling, the Young’s modu-

lus of each intracellular component was set to the equilibrium
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modulus. It is, therefore, sensible to make direct comparison.
As seen in Fig. 2, there is no significant difference between the
FE results and the averaged force-displacement curve (p>0.95).
The reported apparent cell modulus was 1.3 +0.8 kPa based on 18
measurements [41]. The apparent cell modulus determined by FE
is approximately 0.7 kPa which agrees with experimental results

(1.3+0.8 kPa) within measurement errors.

Data analysis

The Hertz model has been widely adopted to interpret the AFM
indentation results [32, 46, 47]. The materials evaluated in the
Hertz model are assumed to be homogenous. Although the cell
model in our study is inhomogeneous and the cell may experience
alarge deformation at larger penetrations, the Hertz model was still
adopted to obtain the apparent cell modulus so that direct compari-
sons with experimental results reported in literature could be made.
For the spherical indenter, the following formula was used [48]:
4 E

F=_

31— 02 VRS2, ey

where F is the reaction force of the indenter, § is indentation
depth, and v is Poisson’s ratio. E, is the apparent cell modulus
as a rigid indenter was used. R is the effective radius calculated
from the spherical indenter (R,) and curvature of cell (R.) by
the equation1/R = 1/R, + 1/R..

For the conical indenters, the force-displacement relationship
was given based on Sneddon’s work [49]:

2 E, -tanf
F:fi(ﬂ, (2)

7 1—v2

where 0 denotes the semi-included angle of the conical indenter.
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