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Abstract

Several computational models based on experimental techniques and theories have been proposed 

to describe cytoskeleton (CSK) mechanics. Tensegrity is a prominent model for force generation, 

but it cannot predict mechanics of individual CSK components, nor explain the discrepancies from 

the different single cell stimulating techniques studies combined with cytoskeleton-disruptors. A 

new numerical concept that defines a multi-structural 3D finite element (FE) model of a single-

adherent cell is proposed to investigate the biophysical and biochemical differences of the 

mechanical role of each cytoskeleton component under loading. The model includes prestressed 

actin bundles and microtubule within cytoplasm and nucleus surrounded by the actin cortex. We 

performed numerical simulations of atomic force microscopy (AFM) experiments by subjecting 

the cell model to compressive loads. The numerical role of the CSK components was corroborated 

with AFM force measurements on U2OS-osteosarcoma cells and NIH-3T3 fibroblasts exposed to 

different cytoskeleton-disrupting drugs. Computational simulation showed that actin cortex and 

microtubules are the major components targeted in resisting compression. This is a new numerical 

tool that explains the specific role of the cortex and overcomes the difficulty of isolating this 

component from other networks in vitro. This illustrates that a combination of cytoskeletal 

structures with their own properties is necessary for a complete description of cellular mechanics.
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1. Introduction

In living tissues, adherent cells are constantly exposed to a variety of mechanical forces. 

Cells interact with their extracellular environment, from which they gather information that 

influences their behavior. These mechanical interactions are involved in changes in cell 

physiology, shape, gene expression and cell fate [1]. The cyto-skeleton (CSK) provides a 

bridge between the extracellular matrix and the intracellular environment, and enables cell 

morphological changes through cytoskeletal remodeling. However, the central mechanism of 

intracellular components as either passive contributors or enhancers for force transmission 

remains unclear. It has been suggested that the CSK components may have distinct 

mechanical roles in the cell and that they might form the structure that provides stiffness in 

the cell [2]. In order to investigate the role of the CSK fibers as mechanoreceptors for whole 

cell integrity, it is important to know the real mechanical properties of the individual fibers 

of the CSK in different cell types. However, there is a force balance between CSK networks, 

focal adhesions and other cellular components [3]. Due to this integrated system in cells, 

isolating individual component of the cell and identifying their role for force transmission is 

challenging.

CSK-disrupting drugs have been used in combination with different cell stimulation 

techniques to study the mechanical role of each CSK component by selectively disrupting 

actin, intermediate filaments and/or microtubules. Experimental results for different cell 

types have reported that disruption of all CSK components showed a decrease in force when 

measured with different single-cell stimulating techniques such as, traction force microscopy 

[4], magnetic twisting cytometry (MTC) [5], and atomic force microscopy (AFM) [6,7]. 

However, the same general understanding regarding the effect of disruption of each CSK 

fibers on cellular force balance is not yet clear. For example, increase in traction force was 

observed in smooth muscle cells after microtubule disruption [8–10], while the elastic 

modulus of skeletal muscle cells [11] and osteoblasts [12] was not affect after microtubules 

disruption using AFM. Moreover, 20% decrease in cell stiffness was measured after 

microtubule disruption in endothelial cells using MTC [5] and 30% stiffness decrease in 

smooth muscle cells during quasi-in situ tensile testing [13]. In the previous mentioned 

studies, a decrease in force is observed for disruption of actin structures. However, it was not 

possible to isolate the role of the actin cortex from other actin networks to study its 

contribution for cell integrity.

Numerical simulation can provide a better control over the structure and modulation of 

individual CSK components, thus providing unique information for whole-cell mechanics 

[14–21]. Experimental work with force measurements has shown discrete propagation of 

force in cells, although these results were highly specific on the stimulation technique used 

[22,23]. The overall evidence on the generation and transmission of force in the CSK is in 

favor of the discrete theory to describe the structural mechanics of cells [24]. The most 

prominent discrete model developed so far is tensegrity. The main characteristics are that 

force transmission is locally discrete in the actin cables and microtubules struts [2,25], yet 

globally integrated in a continuous cytoplasm and in contact with the extracellular matrix. 

This concept has been put together with finite element (FE) analysis to investigate the 

mechanisms for force generation and propagation considering a wide range of cellular 
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processes at various time-scales [15,21,26]. However, these tensegrity models, in which the 

structural organization for cell integrity relies on prestress and interdependence of the CSK 

components, do not elucidate the role of individual CSK components in generating and 

propagating forces.

This critical aspect for the understanding of cellular mechanics thus calls for a modification 

of the FE models based on tensegrity. A new concept would give us the opportunity to 

investigate the discrepancies from the different single cell stimulating techniques studies 

combined with CSK disruptors. Therefore, a new theoretical multi-structural model is 

needed for delineation of the contribution of each intracellular component to whole-cellular 

mechanical properties and force balance.

In order to characterize and compare the biophysical and biomechanical differences in the 

observed cellular responses from diverse single-cell stimulation techniques, we proposed a 

multi-structural 3D FE cell model as a fusion of continuous and discrete formulations, 

including cytoplasm, nucleus, microtubules, actin cortex and actin bundles. The key features 

of this mechanical model keep fundamental principles of tensegrity (prestress and interplay 

of the discrete components) but the elements are free to move independently of each other. It 

also includes a more accurate morphological representation of the CSK that can be 

corroborated with AFM measurements of cell forces for a given applied displacement. The 

model assumes that individual CSK components can change form and organization without 

collapsing the cell shape when they are removed and therefore, can investigate how the 

particular CSK components contribute to the mechanics of adherent cells.

2. Materials and methods

2.1. FE model and material properties

Indentation of one bead on the top of a single-adherent cell was simulated with Abaqus 

(Simulia, USA). For the 3D finite element single cell model, different components including 

the cytoplasm, the nucleus and the elements of the cytoskeleton, actin and microtubules, 

were considered (Fig. 1). In the model, continuous and discrete elements were used to 

represent the continuum media and the fibers of the cytoskeleton, respectively. The 

simplified architectural structure of the elements inside the cell model was created based on 

microscopic observations of actin and microtubules distributions in adherent cells, therefore 

actin observed at the cell edge were defined as the cell cortex and interior actin fibers were 

defined as discrete actin bundles. The shape of the cell was defined as a semi-ellipsoidal 

form, 19 μm diameter long and about 8 μm wide. The nucleus was modeled with an 

ellipsoidal shape, which is consistent with measures reported by Caille and coworkers [27] 

and it is located 2.5 μm from the center along the longer axis of the cell. Hexahedral solid 

elements were used to represent cytoplasm and nucleus, and material properties (Table 1) 

were assumed to be continuous, homogeneous, isotropic and elastic. Discrete beam elements 

were used to model the microtubules structure originating from one common node near the 

nucleus, representing the centrosome to the cortex (Fig. 1). Microtubules are arranged in a 

star-shape and experimental observations showed that they grow until they reach the cortex 

where they interact with actin fibers [17,28]. The cortex, a thin layer at the periphery of the 

cell, is represented in the current cell model as a 0.2 μm thick shell. The cell membrane was 
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not considered in this model since it is softer and thinner than the adjacent cortex of actin 

and thus, its material properties were not considered to have a significant impact to resist 

mechanical deformation. In many cells actin is also present in long groups of individual 

actin fibers that are parallel to each other and joined by actin binding proteins, known as 

actin bundles. These bundles are normally localized around the cell periphery and are 

referred to as dense peripheral bands [29]. In this model, they are arranged in the whole cell 

above the cortex and both ends are anchored to it (Fig. 1). The actin bundles were modeled 

as discrete truss elements. The mechanical behavior of the actin bundles is reported to resist 

only to tensional forces and thus, this property was taken into account in the model. Material 

properties of all of the components used in this FE model are specified in Table 1. The 

mechanical behavior of living cells is mainly defined by the polymer fibers of the CSK that 

contribute to the mechanical stiffness of the cell [16,17,30,31]. Some of these fibers are 

internally prestressed even without application of an external load and that tensile stress is 

inherent to some filamentous structures. Previous experimental studies reported preexisting 

strain values of 0.24 ± 0.18 and a preexisting force level of 4.08 nN [29]. The force–strain 

relation was used to calculate the mechanical properties for the actin bundles of our model. 

The UMAT subroutine of Abaqus (Simulia, USA) was modified to define the stress–strain 

relationship for actin bundles taking into account the initial state of stress caused by the 24% 

of the initial strain of the filaments. Prestress defines cell contractility and was calculated to 

be 82 kPa. In this FE model, prestress is a key parameter to generate initial force and 

maintain cell shape.

2.2. Loads and boundary conditions

A 4.5 μm diametrical bead was modeled on the top of the cell (Fig. 1) to exert a stimulus and 

measure the reaction force and deformation of the cell for the different forces. The bead was 

moved toward the cell in the axial direction to establish the contact and further compression. 

This axial applied displacement was 0.5 μm, the same indentation depth applied during 

AFM experiments. Contact fully bonded properties were established between the cell 

surface and the microbead to guarantee that the bead can never detach from the cell. Zero 

displacement was applied to the bottom of the cell as a boundary condition, simulating full 

cell attachment to a rigid substrate (Fig. 1).

2.3. FE simulations

Eight different models were built to study the contribution of the individual CSK elements 

and their interconnectivity to cell response. For that, the elements of the cytoskeleton were 

removed one by one, as well as in combination of two. A model considering cytoplasm 

nucleus and the components of the CSK (actin cortex, actin bundles and microtubules) was 

used for control and compared with models where the different components of the CSK 

were removed from the cell one by one (to study interactions between components) and in 

combination of two (to evaluate the individual contribution of each component to cell 

integrity). Results were evaluated in terms of reaction force of the cell, which can be related 

to the cell stiffness, and in terms of deformation of the individual components to measure 

their contribution to the response of the whole cell. For direct comparison with experimental 

results, Young’s modulus was calculated from the computed force-indentation curves using 

Hertz theory [32].
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Cell culture of Fibroblasts (3T3-NIH) and osteosarcoma cells (U2OS-GFP actin), drug 

treatment with CSK-disruptors and AFM force-measurements methodology is described in 

detail in the Supplementary information.

3. Results

3.1. Implementation of computational approach and corroboration with AFM

The single-cell FE model, which includes the cellular components of mechanical interest: 

actin cortex, actin bundles, microtubules, cytoplasm and nucleus, was used to predict force 

and deformation of a cell under compression (Fig. 1). Different material properties are 

considered for each cellular component (Table 1) to predict force and deformation from 

which the average numerical Young’s modulus (E) was calculated using a modified Hertz 

model. The average Young’s modulus obtained from the FE analysis was compared to the 

Young’s modulus of two cell types with different morphologies, the U2OS-osteosarcoma 

cells and 3T3 fibroblasts (Fig. 2). From this composite numerical cell an average Young’s 

modulus of 0.7 kPa was obtained for the whole cell. The average apparent Young’s modulus 

calculated from AFM experiments was 3.8 ± 1.6 kPa for 3T cells and 1.3 ± 0.8 kPa for 

U2OS cells (with 0.1 Hz indentation rate, 0.5 μm indentation depth, N = 34).

The numerical predicted force-indentation curve matches the non-linear behavior of 

experimental data obtained with AFM for 3T3 fibroblasts (R2 = 0.98) and for U2OS cells 

(R2 = 0.99) (Fig. 2B). The average of the AFM force measurements for the two types of 

cells was calculated and compared to the numerical simulation. Statistical differences using 

unpaired t-Test were found for 3T3 fibroblasts (N = 16). However, no statistical differences 

were found between computational force prediction and average of force for U2OS cells (N 

= 18) and thus validates the proposed multi-structural model (Fig. 2A). Further 

quantification of numerical CSK disruption was made with respect to this giving model 

organization and mechanical properties. The concept implemented to define the CSK 

structure in this FE model defines prestress as an essential parameter to generate initial force 

and maintain cell shape, although not essential to define the interplay between discrete 

components. Therefore, the simplified spatial morphology for the CSK structure resembles 

that of a living cell and the interplay between discrete components can be disrupted for the 

study of the role of individual components of the CSK inside cells.

3.2. Numerical study of the role of the individual CSK components to resist compression

The contribution of each component of the CSK, actin bundles, actin cortex and 

microtubules to the cellular behavior was evaluated using the FE model (Fig. 3). The 

reaction force of a cell with complete CSK, considered as the control, was 5.3-times higher 

than a “cell without CSK”. The axial reaction force of a “cell without actin bundles” was 

similar to the axial reaction force of the control, showing minimal effect of this component 

to cell rigidity during compression. When the cortex was removed the reaction force was 5-

times lower when microtubules were removed. None of the three components was capable of 

maintaining cell rigidity by itself, demonstrating that their response must be dependent on 

the presence of other components. Therefore, during compression, microtubules and actin 

cortex were essential to maintain cell force and rigidity.
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Deformation of cortex, nucleus and cytoplasm reached a maximum of about 40% (Fig. 4) for 

a 0.5 μm compression. These high strains are due to localized deformation of the nodes 

caused by the attached discrete elements of the cytoskeleton. Low strains in microtubules 

were predicted by the model which can be explained by microtubules’ high rigidity. As 

mentioned above, the interaction between microtubules and cortex is important for resisting 

deformation. Higher strains were observed for the actin bundles compared to strains 

observed in microtubules, highlighting the effect of this component on cell deformation 

although they do not propagate compressive forces for this amount of indentation due to the 

level of prestress they are subjected to.

3.3. AFM measurements and imaging

Force-indentation measurements using AFM were performed on 3T3 and U2OS cells before 

and after chemical disruption of the CSK components and apparent E was calculated (Fig. 

S1). After treatment with cytochalasin-D to disrupt actin, the apparent E of 3T cells was 

measured to be 4.5 ± 2.2-times lower than the control (N = 6) and 2.2 ± 0.7-times lower for 

U2OS cells (N = 7). After microtubule disruption with nocodazole, the E of 3T cells was 2.5 

± 1.1-times smaller than the control (N = 5) and 1.2 ± 0.2-times smaller for the U2OS cells 

(N = 5). After disruption with both drugs, apparent E of 3T cells was 7.7 ± 4.7-times smaller 

(N = 5) and 2.4 ± 0.3-times smaller for U2OS cells (N = 6). A paired sample t-Test indicated 

that all last set of measurements with drug for each cell were significantly different from 

control (p < 0.05, using a paired t-Test), except for the U2OS cells after disruption with 

nocodazole.

Fluorescence images of the cytoskeleton of both cells were taken before and after CSK 

disruption to confirm disruption and to evaluate differences in the CSK structure of the two 

cell lines. F-actin in the 3T cells was visualized with rhodamine-phalloidin, and F-actin in 

the U2OS cells were visualized with GFP-actin (Fig. 5B– E). Less quantity of stress fibers in 

the interior of the cells and more actin located at the edge of the cells was observed for the 

3T cells (Fig. 5B) compared to the U2OS (Fig. 5D). In the U2OS, actin is arranged in stress 

fibers. When subjected to the same concentration of cytochalasin-D, actin networks were 

affected differently for the two cell lines. Treatment of 3T cells with cytochalasin-D 

disrupted mainly the actin networks at the cell edge (Fig. 5C), while the same concentration 

of drug disrupted the entire structure of F-actin in the U2OS cells (Fig. 5E).

3.4. Comparison between the model and AFM measurements for CSK disruption

The average apparent Young’s modulus of cells with different rigidities is compared with the 

cell rigidity of the computational model (Fig. 5A). AFM measurements showed a decrease 

in cellular rigidity when the different CSK components were disrupted, as predicted by the 

current FE model (Fig. 5A). Since the model validation was previously shown, for accurate 

validation of the model after CSK disruption, computational predictions and experimental 

force-indentation relationship of U2OS cells were compared during control and then for 

each case of CSK component disruption (Fig. 5F–H). For statistically significance of the 

match between computational and experimental force-indentation curves, the p-value was 

calculated using an unpaired t-Test. The force-indentation curve of untreated U2OS cells 

(control) matches the curve predicted computationally, as seen in Fig. 2A. After CSK 
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disruption using the different drugs, the force-indentation curves obtained experimentally for 

these cells also match the predicted computational results for all the different conditions of 

the CSK disruption. The experimental range of curves obtained after cytochalasin-D 

exposure showed the largest variability. Only one of the force-indentation curves after 

microtubules disruption did not match the decrease in force predicted computationally (Fig. 

5F).

4. Discussion

A key feature of this model is the structural stability defined for the CSK that accounts for 

the interconnectivity between the elements as well as allows changes of form and 

organization of the individual components without collapsing the cell shape if they are 

removed. This type of fusion of models was previously done by McGarry et al., 2004 [18], 

by integrating continuum models with the tensegrity theory, where the CSK was represented 

to behave as a prestressed interconnected network. However, in order to have a stable 

structure, all the elements of the tensegrity model must bear either pure compression, such 

as the microtubules, or pure tension, as the actin filaments. Thus, no bending or torsion is 

allowed in these elements, as they all have to be straight and the loads can exclusively be 

applied to the joints of the interconnection between the elements. Although the tensegrity 

structure provided understanding of the relation between cell mechanics and biological 

functions [33], the molecular structure of the individual components of the CSK, that is 

essential for several cellular processes, is not taken into account. The current model 

improves this structural concept, as there is no restriction on the spatial distribution of the 

fibers. The application of forces is not restricted to the nodes of interconnection between 

discrete elements and a more realistic representation of the application of loads as in the 

experimental methods is achieved. The structure of actin cortex and bundles are 

interconnected with the structure of microtubules and therefore, forces sensed in the entire 

CSK structure are transmitted to the continuous elements of the cytoplasm and nucleus. The 

role of the nucleus for signaling transmission is not considered in this model since the 

nucleoskeleton is not taken into account. Similarly, intermediate filaments, another CSK 

component, are not considered in the current model. Though they impart mechanical 

integrity to cells [5,34] for higher deformations [35,36], their mechanics are still under 

investigation [37].

The current model assembles information on how cells respond to force and deform under 

compression, and how force is transferred through CSK components and cytoplasm, into a 

single framework. Discrete elements, representing CSK fibers, are merged with the 

continuum and as a consequence localized high strains are obtained in the continuous 

elements of the cytoplasm and cortex, caused by the attached discrete elements of the CSK. 

The location of these high strains is on the nodes of interaction between CSK components at 

the cortex level. Therefore, it is important to see if these large strains that are equivalent to 

large stresses do not introduce discontinuities for the model accuracy: if the tension in the 

shell cortex in the current model is below the surface tension measured in cell membranes, 

then the shell would withstand those deformations without breaking or collapsing. The value 

of maximum von Mises measured in the cortex of the model cell was 433.3 Pa, which is far 

below the documented values of 2400 Pa for membrane surface tension [38]. Strains in the 
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remaining cytoplasm and nucleus are low, and above 5%. Low strains were also registered at 

the other components of the CSK. Putting together numerical quantification of cell 

deformation and force on the different actin networks of the model help us understand 

experimental findings on force generation. When actin bundles are removed from our cell 

model, the force generated is about the same of an intact cell with all CSK components. At 

the same time, when present in the model these actin bundles sustain high deformation to 

resist compression, which is related to the fact that these elements are pre-stretched for the 

purpose of modeling prestress. From these results, we identify the prestress in the actin 

bundles as a requirement for force generation and the actin cortex essential to maintain cell 

rigidity. With this numerical approach the mechanical properties of the actin cortex can be 

distinguished from the role of actin bundles and microtubules under compression. Our 

results showed that the actin cortex together with microtubules, are the main components to 

resist compression.

Simulation of CSK disruption quantified the changes in the overall reaction force of the cell: 

when the bead is displaced 0.5 μm in compression, about 53% of the cell force is reduced 

when all three components of the CSK were removed. The results of our model during 

compression were corroborated with AFM experiments for the same amount of indentation. 

The apparent Young’s modulus, when CSK was disrupted with nocodazole and 

cytochalasin-D during our AFM experiments, decreased 58 ± 6% for U2OS cells and 76 

± 13% for 3T cells. The differences might be related to variation of the amount of CSK 

fibers of the two cell types, as well as to the concentration of drugs used in this study, which 

affect the initial rigidity (E) of the cells tested and therefore, the way their CSK is disrupted. 

For a more accurate analysis of the quantitative study during compression we need to take 

into account the disruption of the different actin networks for each cell type and the 

concentration of drug used. Fluorescence images of 3T cells with phalloidin-stained F-actin 

showed a large disruption of the actin in the cortex region, while inner actin fibers remained 

partially intact (Fig. 5B, C). The inner fibers that were not disrupted maintain their pre-

stretched state to maintain cell shape and the effect of cell contractility is seen at the actin 

fibers at the cell edge. Computationally, 50% decrease in force is predicted for actin cortex 

disruption during compression while 71 ± 14% decrease in force was found for the apparent 

E of 3T cells with cytochalasin-D actin disruption. Fluorescence images of U20S cells with 

GFP-actin showed disruption of the entire assembly of actin networks when exposed to 0.5 

μM of cytochalasin-D (Fig. 5D, E), with a decrease in apparent E of 49 ± 17% which 

matches the 50% decrease in force obtained with the FE model when actin cortex and actin 

bundles are removed from the cell. For both cell types, a decrease in cell elasticity is 

registered when microtubules are disrupted. The 53% decrease in force from the cell model 

matches the 52 ± 17% decrease in the apparent E of 3T cells but does not match the 21 ± 7% 

decrease found for U2OS cells. Further studies using fluorescence microscopy with 

microtubules labeling will be required to relate with the numerical results and understand 

which mechanical properties of the microtubules (density, diameter of the fibers, E or spatial 

distribution) affect the rigidity of different cell lines. Despite these limitations, the model 

predicts the overall role of the fibers during compression and is in good agreement with 

evidences from AFM experiments, showing the major role of actin cortex as well as 

microtubules. Our compression results, where disruption of actin cortex is one of the main 
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contributors in the decrease in cell stiffness, are also in accordance with previous 

experimental studies that show the concentration of cytochalasin-D affects the actin 

structures disrupted in the cell and is cell type dependent. Together with AFM imaging, this 

numerical simulations can be used for targeting specific mechanical properties of the actin 

located at the cell edge that were believed to correspond to the actin cortex mechanical 

changes [7,39,40].

Distinct mechanical properties have been measured for different cell types, which can be 

related to their specific roles in a tissue. This includes variations in the thickness and rigidity 

of the cell cortex or the mechanical behavior of the microtubules or differences in the 

amount of stress fibers depending on the cell type. Nervous cells were shown to have single 

actin filaments without stress fibers and myocytes and osteoblasts have actin filaments 

bundled in differently thick stress fibers [41]. The material properties of each cellular 

components of this cell FE model could not be corroborated by experiments on one cell 

type. This is due to the difficulty of accurately measuring thickness and rigidity of cellular 

components in living cells. Computational force-indentation curve using material properties 

from Table 1, which gives a whole cell rigidity of 0.7 kPa, matched force-indentation curve 

of U2OS AFM measurements. A brief sensitivity analysis was also performed to evaluate 

the effect of the material properties of the cortex on cell response and to understand 

mechanical features from different cell types. Increasing either E of the cortex from 2 to 10–

18 kPa or cortex thickness from 0.2 to 1 μm computationally, matches AFM force-

indentation curves of 3T3. This cortex reinforcement of 3T cells predicted by the current 

model matches microscopic images of this cell type that showed higher actin distribution in 

the edge of 3T cells (Fig. 5B). Increasing either cortex elasticity or thickness provided 

information about forces generated by stiffer cells with rigidities in the range measured for 

3T3 fibroblasts.

Future work will be conducted to model the dynamic behavior of CSK including the non-

linear response of the cell in terms of stress–strain relationship demonstrated experimentally 

[42,43]. Experimental evidences of contribution of microtubules to maintain viscosity [5] 

and to define the time of recovery to equilibrium of a cell after external stimuli [44,45] are 

the basis to extend our study for time-analysis of the relaxation time of cells using these 

multi-structural cell model and CSK remodeling.

5. Conclusions

The multi-structural cell model explains the previously reported differences for the 

mechanical role of each CSK component. This numerical approach isolates the specific role 

of the actin cortex for cell integrity from the remaining CSK networks. Changes in the 

mechanical properties of each CSK components allow us to have numerical information of 

the amount of force transmitted by each CSK component in different cell types. The model 

specifies the elementary nature of the mechanics of cell components to resist external stimuli 

and is the basis to integrate remodeling of the CSK during application of forces as a 

superstructure onto this model. In conclusion, this new approach yields a unique perspective 

on studying the correlation of cellular mechanical properties and stress distribution within 

particular CSK components, and on the mechanisms of force propagation by cells.
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Fig. 1. 
FE model of a single cell, boundary conditions and displacement applied with the bead on 

the top of the cell. (A) Cell model with boundary conditions and representation of the 

movement of the bead for compression; (B) Section of the cell with the continuous elements; 

(C) Microtubules distribution; (D) Actin bundles distribution; (E) Interaction of actin 

bundles and microtubules and position with respect to the nucleus.
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Fig. 2. 
Validation of the model comparing numerical and AFM force-indentation curves of 

untreated cells. (A) The average of the force-indentation curves obtained for U2OS cells 

(black) with average rigidity of 1.3 ± 0.8 kPa (N = 18) matches the numerical prediction 

(red). The two curves are not statistically different (p > 0.05). Force-indentation curves 

obtained experimentally for those cells are consistent with the computed force-indentation 

relationship of the model. (B) Force-indentation curves of all the cells tested (N = 34) 

considering 3T cells (N = 16) and U2OS cells (N = 18) are presented. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 3. 
Contribution of each component of the cytoskeleton during compression and effect of 

interaction between the elements of the cytoskeleton. Axial force for maximum compression 

is compared for the different models.
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Fig. 4. 
Distribution of strain (major principal strains) in the cortex, cytoplasm and nucleus during 

maximum compression and in the discrete elements representing microtubules and actin 

bundles.
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Fig. 5. 
(A) Comparison of overall Young’s modulus (E) obtained numerically and with AFM, 

before and after CSK disruption for 3T3 and U2OS cells. The E calculated for the living 

cells is an average of the E of all cells measured. The results for the control are normalized 

with respect to the average value obtained for each cell type in order to analyze the changes 

in cell rigidity when CSK components are disrupted. Fluorescence images of actin structures 

of 3T3-NIH fibroblasts (phalloidin staining) are used for (B) control with intact actin 

structures and high concentration of actin in the cell edge that can be related to the cortex, 

and (C) actin disruption after being exposed for 30 min to cytochalasin-D. Microscopic 

images of GFP-actin for U2OS cells (D) before and (E) after exposure to cytochalasin-D, 

during AFM experiments. Comparison of numerical and experimental force-indentation 

curves of U2OS cells with the same rigidity before and after disruption with (F) nocodazole, 

(G) cytochalasin-D and (H) both drugs.
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Table 1

Material properties of the continuous and discrete elements of the model cell.

E ν Reference

Cytoplasm 0.25 kPa 0.49 [33]

Nucleus 1 kPa 0.3 [46]

Actin cortex 2 kPa 0.3 [47]

Microtubules 2 GPa 0.3 [48]

Actin bundles 340 kPa 0.3 [29]
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