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Abstract 

The procedure commonly adopted to characterize cell materials using atomic force 

microscopy neglects the stress state induced in the cell by the adhesion structures that 

anchor it to the substrate. In several studies, the cell is considered as made from a single 

material and no specific information is provided regarding the mechanical properties of 

subcellular components. Here we present an optimization algorithm to determine separately 

the material properties of subcellular components of mesenchymal stem cells subjected to 

nanoindentation measurements. We assess how these properties change if the adhesion 

structures at the cell-substrate interface are considered or not in the algorithm. In particular, 

among the adhesion structures, the focal adhesions and the stress fibers were simulated. We 

found that neglecting the adhesion structures leads to underestimate the cell mechanical 

properties thus making errors up to 15%. This result leads us to conclude that the action of 

adhesion structures should be taken into account in nanoindentation measurements 

especially for cells that include a large number of adhesions to the substrate.  

  

 

Keywords: stress fibers, focal adhesion, finite element method, cytoskeleton, cell cortex, cell 

mechanics  
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1. Introduction 

Atomic Force Microscopy (AFM) is a commonly utilized technique to characterize the 

mechanical behavior of cell materials [1]. The effect of cell sample size [2] as well as of cell 

spreading and contractility [3] on stiffness measurements using AFM was investigated. The 

issues related to the AFM tip shape and to how this affects the mechanical characterization 

of cell materials were also addressed in previous studies [4,5]. AFM has been so far 

successfully applied to investigate different cell types, such as endothelial cells [6], 

leukocytes [7], hair cells [8], skeletal muscle cells [9], cardiocytes [10], erythrocytes [11,12], 

chondrocytes [13], oocytes [14–16], colorectal [17–19] and oral [20] cancer cell lines. 

Among the other cell lines, also stem cells have been characterized by AFM [21–24]. The 

knowledge of stem cells mechanical properties is of fundamental importance to investigate 

their mechanobiological behavior. Most of the computational mechano-regulation models 

available in the literature [25–29] that define the relationships between the biophysical 

stimulus acting on stem cells and how they differentiate into different phenotypes, rely on 

the accurate knowledge of stem cells mechanics and their structural response to mechanical 

stimuli.  

In almost all the studies available in the literature, the determination of the cell 

mechanical properties via AFM is carried out by implementing the Hertz contact theory [30]. 

This theory, based on specific hypotheses, establishes an explicit relationship between the 

force F exerted by the indenter, the indentation δ (i.e. the displacement) imposed to the 

indenter, and the cell Young’s modulus EH. Nowadays, most of the AFM devices available 

on the market are equipped with software tools that implement this theory. The hypotheses 

of the Hertz contact theory are very strict: (i) the strains induced in the indented material are 
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infinitesimal, (ii) the dimension of the contact area is small; (iii) the bodies put in contact 

behave as linearly elastic materials; (iv) the indented material behaves as an infinite elastic 

half-space. In general, not all the above-mentioned hypotheses are satisfied in the cell 

nanoindentation process. Cells can experience very large deformations and typically behave 

as hyperelastic (and not simply elastic) materials [31]. Another important limitation of the 

approach based on the Hertz contact theory is that it neglects the pre-stress/strain state acting 

on the cell – which is typically attached to a substrate – before the nanoindentation process 

takes place. It is commonly known that a cell attached to a substrate experiences a 

stress/strain state that is, in general, different with respect to that of the same cell free to move 

[32]. Adhesive structures, i.e. specialized protein complexes, anchor the cell to the substrate. 

Among the adhesive structures, certainly, focal adhesions and stress fibers play a crucial role 

in establishing and maintaining cell-substrate interactions. Focal adhesions are micron-sized 

protein assemblies mediated by integrins, which are transmembrane receptors that establish 

the adhesion and the mechanical coupling between the ventral side of the cell and the 

extracellular matrix (ECM) [33–35]. On the cytoplasmic side of these structures, the terminal 

ends of microfilament bundles known as stress fibers, are anchored [36]. Stress fibers are 

contractile bundles of actomyosin that mechanically interact not only with focal adhesions, 

– through focal adhesions the stress fibers are anchored to the integrins, and therefore to the 

substrate – but also with additional cellular structures, including neighboring stress fibers and 

the cell cortex [37]. Due to the interaction between the focal adhesions and the stress fibers 

a complex stress/strain state acts on the cell which will certainly affect the nanoindentation 

and hence, the mechanical characterization process [32]. Another limitation of the Hertz 

contact theory is that the cell is hypothesized to be made from a single material, which means, 

in other words, that the Hertz theory cannot characterize distinctly the material properties of 
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different subcellular components such as the cell cortex, the cytoskeleton, and so on. 

Practically, the Hertz theory allows determining just an “average” value of the mechanical 

properties of the entire cell considered as a homogeneous entity made from a single type of 

material. However, neglecting the subcellular components leads to make incorrect 

evaluations of the cell mechanical properties. For instance, as demonstrated by Vargas-Pinto 

et al. [38], implementing the Hertz theory and neglecting the presence of the cell cortex leads 

to obtain different values of mechanical properties depending on the specific shape of the 

AFM tip utilized in the nanoindentation measurements.  

In this study, we developed a hybrid approach for the mechanical characterization of 

mesenchymal stem cells (MSCs). MSCs were first nanoindented with AFM, then the 

obtained force-indentation curves were incorporated within an optimization algorithm that 

iteratively compares them with those predicted via a finite element model. The proposed 

hybrid approach allows: 

(i) taking into account the pre-stress/strain state acting on the cell due to the action of 

adhesive structures at the cell/substrate interface; 

(ii) determining separately the values of the mechanical properties of sub-cellular 

components such as the cell cortex and the cytoskeleton; 

(iii) overcoming the limitations of the Hertz contact theory knowing that the related 

hypotheses are not fully satisfied in the nanoindentation process. The model 

utilized in this study takes into account the hyperelastic constitutive behavior and 

the regimen of large deformations.  

We found that neglecting the effect of adhesive structures leads to underestimate the 

cell mechanical properties.  
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2. Materials and methods 

2.1.  Cell culture 

 

Mesenchymal stem cells from human primary material (hMSCs), donated by the Professor 

Ho group from the Department of Medicine V, Heidelberg University, were used for AFM 

indentation studies. hMSCs were isolated and cultured as described in previous studies 

[39,40]. Briefly, bone marrow from healthy donors for allogeneic transplantation was taken 

after written consent using guidelines approved by the Ethic Committee on the use of Human 

subjects at the Heidelberg University. After seeding of the mononuclear cell fraction evolving 

colonies were separated and hMSC further expanded in plastic culture flasks.  

 

 

2.2.  Sample preparation  

 

hMSCs were detached with Accutase (Sigma Aldrich) from the flask and plated on glass 

cover slips (24×24 mm2; Menzel Gläser, Braunschweig, Germany), previously coated with 

1 mg/mL of Fibronectin (Sigma) diluted in PBS. 20 nM of bone morphogenetic protein 2 

(purchased from R&D Systems Inc. Minneapolis, MN, USA) has been added to the media to 

induce osteogenic differentiation of hMSCs. This differentiation media has been replaced 

once during the first week and just before the experiment. 

  

2.3.  Nanoindentation measurements  
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The cell indentation experiment was realized with an AFM (Nano Wizard, JPK Instruments, 

Berlin) combined with an inverted optical microscope (Zeiss Axiovert 200) as previously 

reported in Vaiani et al. [41]. Cantilevers (CP-qp-SCONTBSG from sQUBE) with a colloidal 

probe (radius R = 5 µm) made of borosilicate glass were used.  

The stiffness of hMSCs one week after osteogenic media replacement was tested. We 

set the AFM to have a maximal indentation value no larger than 200 nm. In this range, the 

forces applied by the cantilever to the sample were always <5 nN. For the calculation of the 

cellular mechanical properties we averaged five curves taken at the highest point of the cell 

and we repeated the measurements on ten different hMSCs. The “average” curve obtained 

for each of the ten cells, was hence used in the optimization algorithm described below.   

 

2.4.  Finite element model of the nanoindented mesenchymal stem cell 

 

Utilizing the CAD tools available in ABAQUS 6.12®, the finite element model simulating 

the nanoindentation process of stem cells was built. The dimensions hypothesized for the 

model (Figure 1) are the average dimensions typically measured for cells of mesenchymal 

origin [42]. The subcellular components included in the model were: the nucleus (highlighted 

in red, Figure 1), the cytoskeleton (highlighted in yellow, Figure 1), and the cell cortex 

(highlighted in blue, Figure 1). Nucleus and cytoskeleton were discretized with 4-node linear 

tetrahedrons, hybrid, with linear pressure elements C3D4H available in Abaqus, whereas the 

cell cortex was modeled with 6-node linear triangular prisms, hybrid, with constant pressure 

elements C3D6H (Figure 1). According to a previous studies[19,41], the cell cortex thickness 

was set equal to t = 200 nm (Figure 1). To reduce the computational cost of the analyses, 1/4 

of the entire model, delimited by the symmetry planes 1 and 2, was considered and 
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Figure 1. One-quarter finite element model of the nanoindented mesenchymal stem cell utilized in the study and detailed view of the cell region coming in contact with the AFM tip.

Symmetry constraints

Cytoskeleton
(C3D4H)

AFM tip

Nucleus
(C3D4H)

RBEAD = 5 µm

t = 200 nm

Cell cortex
(C3D6H)

RNUCLEUS = 5 µm

2

1

Constraints simulating the 
action of focal adhesions
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submitted to finite element analyses (Figure 1). To guarantee the reliability of the predicted 

results, a very fine mesh (minimum element size 10 nm) was utilized in proximity of the 

region where the AFM bead comes in contact with the cell. The AFM tip was hypothesized, 

according to the experiments carried out and previously described, to indent the cell in its 

highest point; an indentation depth of δ = 200 nm was imposed to the indenter along the 

vertical direction. Following previous studies [16,31], the contact between the cell and the 

AFM bead was assumed to be frictionless. Symmetry constraints were imposed to the faces 

of the model lying on the symmetry planes 1 and 2 (Figure 1). Stress fibers were simulated 

as pre-tensioned cables with a cross-sectional area of 0.05 µm2 [43,44], a Young’s modulus 

of 300 kPa [43], subjected to a tensile force of 10 nN [45,46]. These cables were hypothesized 

to exert only tensile forces; to this purpose, the option ‘no compression’ was enabled so that 

no compressive stress was allowed. Three types of stress fibers were simulated: ventral stress 

fibers (highlighted in green, Figure 2), dorsal stress fibers (highlighted in red, Figure 2), and 

transverse arcs (highlighted in blue, Figure 2). Following Vassaux and Milan [47], Rogge et 

al. [48] and Nagayama and Matsumoto [49], nine stress fibers were modeled in the simplified 

one-quarter model. In detail, the dorsal stress fibers connect the nodes of the upper region of 

the cell cortex to nodes of the lower region of the cell cortex (Figure 2) located in proximity 

of the substrate. The ventral stress fibers, instead, are practically parallel to the plane where 

the cell lies and connect nodes of the cell cortex located in proximity of the substrate (Figure 

2) [36]. The focal adhesions anchoring the dorsal and the ventral stress fibers to the substrate 

were simulated by including constraints at the bottom cell surface preventing any relative 

displacement between the cell and the substrate. The transverse arcs, which do not directly 

attach to focal adhesions [50], connect circumferentially the dorsal stress fibers (Figure 2).  
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Figure 2. Orthographic representations (a) and axonometric view (b) of the cell model with stress fibers. The model includes dorsal stress fibers (highlighted in red), ventral stress

fibers (highlighted in green) and transverse arcs (highlighted in blue) that were modelled as no-compression pre-tensioned cables.

(b)

(a)
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Given that the cell mechanical properties are orders of magnitude smaller than those of 

the AFM bead, we modeled the indenter as a rigid spherical surface with a 5 µm radius, which 

is the same radius of the indenter utilized in the experiments above described. Following a 

previous study [19] all the three (i.e. the cytoskeleton, the cortex, and the nucleus) cellular 

subcomponents were modeled as hyperelastic materials. In detail, the Arruda-Boyce 

constitutive law was implemented since it is well suited for modeling incompressible 

materials. This law describes the strain energy function as a function of two constants, the 

shear modulus 8chain and the distensibility λL. Further details on the Arruda-Boyce 

hyperelastic constitutive model are reported in a previous study [16]. The Young’s modulus 

EAB associated to this hyperelastic constitutive law is given by: 

 

𝐸𝐴𝐵 = 2(1 + 𝜈)𝜇8𝑐ℎ𝑎𝑖𝑛          (1) 

 

being ν the Poisson’s ratio that, to account for material incompressibility, can be set equal to 

0.4999.  

The specific values given to the shear modulus and to the distensibility of the 

cytoskeleton (i.e. 8chain_cyto and λL_cyto, respectively) and the cell cortex (i.e. 8chain_cortex and 

λL_cortex, respectively) of the nanoindented MSCs were determined via the optimization 

algorithm described below. The hyperelastic parameters for the nucleus were 8chain_nucleus = 

12000 Pa and λL_nucleus = 3.07, where the nucleus shear modulus corresponds approximately, 

to the average value of the cell cytoskeletons material properties (the average was computed 

over the ten stem cells investigated) obtained with the optimization algorithm for the ten cell 

samples, increased by one order of magnitude, while the nucleus distensibility corresponds 
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to the average value of the distensibility predicted for the ten cells. Indeed, the proposed 

optimization algorithm, due to the large distance between the AFM tip and the nucleus, was 

not capable to extract the nucleus material properties. Therefore, as proposed in Deguchi et 

al. [51], we hypothesized that the nucleus material properties are approximately one order of 

magnitude larger than those computed for the other cell components.  

 

2.5.  Finite element analyses  

 

Two-step nonlinear finite element analyses were carried out. In the first step, the tensioning 

of the stress fibers was simulated: a tensile force of 10 nN was applied to the stress fibers. 

Due to the action of the stress fibers, the upper region of the cell experiences a localized 

vertical displacement δSF (with respect to the initial configuration, Figure 3) which is in the 

nanometer range. The deformed cell configuration resulting from the stress fibers tensioning 

represents the starting configuration for the second step, in which the force exerted by the 

stress fibers was kept constant while a nanoindentation of δ = 200 nm was imposed to the 

AFM bead. At the end of the entire analysis the upper region of the cell experienced a total 

vertical displacement: 

𝛿𝑇𝑂𝑇 = 𝛿𝑆𝐹 + 𝛿          (2) 

The modeling strategy of the two-step finite element analysis was adopted to simulate what 

occurs in vitro where a given stem cell that is attached to a substrate – and hence is subjected 

to the tensile forces of adhesive structures acting on it  (initial condition simulated in the first 

step) – is subjected to nanoindentation measurements (second step). 

 

2.6.  Optimization algorithm for mesenchymal stem cell characterization  
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Figure 3. A two-step nonlinear finite element analysis was carried out. In the first step (b) the tensioning of the stress fibers was simulated: a tensioning force of 10 nN was applied to each of the

modelled stress fibers. In the second step (c), the force exerted by stress fibers was kept constant while a nanoindentation of δ = 200 nm was imposed to the AFM bead. The three dashed lines were

shown as a reference. In the first step, due to the action of the stress fibers, the cell experiences a vertical displacement δSF (with respect to the initial configuration (a)) which is in the nanometer

range. At the end of the entire analysis the cell experiences a total vertical displacement δTOT= δSF + δ

(a)

Initial configuration
Step 1: stress fibers

tensioning
Step 2: indentation

δ
S

F

δ
S

F
+

 δ
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(b) (c)
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The finite element model described above was incorporated within an optimization algorithm 

coded in Matlab® environment and utilized to characterize the cell mechanical properties 

(Figure 4), i.e. to determine the specific values of 8chain and λL for the ten nanoindented 

MSCs. Generally speaking, the algorithm compares the force-indentation curve 

experimentally retrieved (Blocks {0} and {1}, Figure 4) with that numerically predicted and 

perturbs the material properties (implemented in the cell finite element model) many times 

until the difference between the two curves is minimized thus becoming smaller than an a-

priori fixed quantity ε.  

The algorithm first asks the user to initialize the cell material properties to be 

implemented in the finite element model, (Block {2}, Figure 4). Then, it acquires the value 

specified by the user (Block {3}, Figure 4), applies the boundary conditions (Block {4}, 

Figure 4), the tensile force on stress fibers, and runs the first step of the analysis (Block {5}, 

Figure 4). At the end of the first step, the algorithm reads the value of the displacement δSF 

experienced by the highest point of the cell and computes δTOT according to the Equation (4) 

(Block {6}, Figure 4). Therefore, the second step starts, where an indentation depth equal to 

δTOT is imposed to the spherical AFM tip (Block {7}, Figure 4). (Note: Abaqus refers the 

nanoindentation depth not to the current position occupied by the model but to its initial 

configuration. For this reason, we imposed an indentation depth δTOT that is the sum of the 

displacement experienced by the cell in the first step and the indentation depth δ = 200 nm 

that we want to impose on the cell). Then, the algorithm extracts the numerical force-

indentation curve (Block {8}, Figure 4), multiplies the values of the force by four to account 

for the use of the simplified one-quarter model and compares the resulting numerical curve 
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Figure4. Scheme of the optimizationalgorithmimplemented to determine the materialpropertiesof the ten cell samples investigated.
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with the experimental one (Block {9}, Figure 4). Based on the least square method, the 

optimization algorithm attempts to identify the optimal hyperelastic properties of the 

cytoskeleton and the cell cortex. Further details on the error functional Ω minimized by the 

algorithm (Block {10}, Figure 4) and the lower and the upper bounds fixed in the 

optimization process are reported in a previous study [19].  

After computing the error functional Ω, the algorithm verifies if the stopping criteria – 

that depend, in turn, on the tolerance values initially fixed by the user – are satisfied (Block 

{11}, Figure 4). If so, the algorithm stops and gives in output the optimal material properties 

of the cytoskeleton and the cell cortex (Block {12}, Figure 4). If not, the algorithm perturbs 

the cytoskeleton and the cortex material properties generating new candidate solutions and 

starting a new optimization cycle (Block {13}, Figure 4).  

This algorithm was utilized to characterize the mechanical behavior of the ten indented 

cells. In other words, for each of the ten investigated cells, five force-indentation curves were 

taken in the highest point, the average curve was computed that, in turn, was utilized in the 

algorithm (Blocks {0} and {1}) to predict the material properties of the ten cells. 

To assess the effect of adhesive structures on nanoindentation measurements, the 

optimization algorithm was changed accordingly and utilized to characterize the cell material 

in the case the adhesive structures are not taken into account. Practically, this new algorithm 

is the same as that shown in Figure 4 with the only difference that it does not include the 

Blocks {5} and {6}, i.e. the Blocks regarding the tensioning of stress fibers. In other words, 

in this new algorithm, the finite element analyses included just one step: indentation. 

All the computations were performed on an HP XW6600-Intel® Xeon® Dual-Processor 

E5-5450 3 GHz – 32 Gb RAM. Each optimization process required to run approximately at 

least 70 cycles (and hence 70 finite element analyses) to find the optimal material properties. 
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Considering that each analysis had a duration of about 4 hours in the case of the model 

including the adhesive structures and about 3 hours in the case of the model neglecting them 

and that ten cell samples were investigated, it follows that a total of 70 (# of cycles/analyses) 

× 4 (duration of each analysis, adhesive structures included) × 10 (# of cell samples 

investigated) + 70 (# of cycles/analyses) × 3 (duration of each analysis, adhesive structures 

excluded) × 10 (# of cell samples investigated) = 4900 hours was required to complete the 

analyses carried out in this study.  

3. Results 

 

Implementing the above-described optimization algorithm, the optimal material properties of 

cytoskeleton and cortex were determined for all the ten cell samples indented. The material 

properties of the indented cells were also computed by implementing the Hertz contact 

theory. Tables 1 and 2 list the obtained results in both cases, adhesive structures included in 

the model and adhesive structures not taken into account, respectively. The last line in both 

tables report the average  standard deviation of the ten cell samples investigated in this 

study. Interestingly, we observed that neglecting the effect of adhesive structures on 

nanoindentation measurements leads to underestimate the value of the shear stress and hence 

of the Young’s modulus EAB associated with the Arruda-Boyce constitutive law (Equation 

(3)). We computed the percent difference between the material properties predicted in the 

absence of adhesive structures and those predicted in the presence of them as: 
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Table 1. Optimal hyperelastic properties predicted for the ten cell samples, in the case of adhesive structures included in the model. 

 
Cytoskeleton 

8chain_cyto [Pa] 

Cytoskeleton 

L_cyto 

Cortex 

8chain_cortex [Pa] 

Cortex 

L_cortex 
Cytoskeleton 
EAB_cyto [Pa] 

Cortex 
EAB_cortex [Pa] 

EH 

[Pa] 

Sample 1 1173.014 3.063 3251.228 3.070 3519.041 9753.683 4110.000 

Sample 2 1763.387 3.065 3229.130 3.070 5290.161 9687.391 6350.000 

Sample 3 1487.424 3.022 3223.649 3.070 4462.273 9670.946 5200.000 

Sample 4 858.358 3.070 3245.838 3.085 2575.074 9737.515 3195.000 

Sample 5 752.610 3.093 3214.918 3.091 2257.831 9644.755 2800.000 

Sample 6 967.037 3.093 3190.000 3.092 2901.112 9570.000 3410.000 

Sample 7 1545.920 3.073 3269.109 3.072 4637.760 9807.327 5550.000 

Sample 8 1517.130 3.022 3243.060 3.067 4551.390 9729.180 5680.000 

Sample 9 1043.050 3.077 3185.068 3.121 3129.150 9555.204 3455.000 

Sample 10 880.026 3.075 3205.980 3.087 2640.078 9617.940 3050.000 

average  s.d. 1198.796 352.630 3.065 0.025 3225.798  27.263 3.083 0.016 3596.387  1057.888 9677.394  81.789 4280.000  1293.194 
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Table 2. Optimal hyperelastic properties predicted for the ten cell samples, in the case of adhesive structures excluded from the model. 

 
Cytoskeleton 

8chain_cyto [Pa] 

Cytoskeleton 

L_cyto 

Cortex 

8chain_cortex [Pa] 

Cortex 

L_cortex 
Cytoskeleton 
EAB_cyto [Pa] 

Cortex 
EAB_cortex [Pa] 

Sample 1 1067.818 3.060 3242.611 3.088 3203.454 9727.833 

Sample 2 1656.340 3.070 3201.720 3.085 4969.021 9605.160 

Sample 3 1385.048 3.042 3201.467 3.100 4155.143 9604.401 

Sample 4 749.359 3.083 3234.576 3.091 2248.076 9703.729 

Sample 5 637.246 3.093 3230.370 3.092 1911.739 9691.110 

Sample 6 830.987 3.099 3239.491 3.093 2492.962 9718.473 

Sample 7 1478.820 3.050 3240.000 3.072 4436.460 9720.000 

Sample 8 1446.368 3.027 3241.850 3.068 4339.104 9725.550 

Sample 9 916.168 3.094 3194.001 3.097 2748.504 9582.003 

Sample 10 802.672 3.092 3214.900 3.091 2408.016 9644.700 

average  s.d. 1097.083  363.142 3.071  0.025 3224.099  19.149 3.088  0.010 3291.248  1089.426 9672.296  57.447 
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�������	����������	[%]

= 	
�. �.�������_��������_����������− �. �.����_��������_����������

�. �.����_��������_����������
× 100					(3) 

being m.p.without_adhesive_structures, one of the material properties (i.e. one of the quantities: 

8chain_cyto, λL_cyto, 8chain_cortex, λL_cortex) computed with the model neglecting the adhesive 

structures and m.p.with_adhesive_structures the same quantity computed with the model including 

them. Small (positive or negative) values of this percent difference were found in the case of 

the parameters λL_cyto, 8chain_cortex and λL_cortex; larger values, all negative, were instead 

computed, in the case of the shear modulus of the cytoskeleton 8chain_cyto (Figure 5(a)). 

Furthermore, we found that, while the distensibility values are very close for the cytoskeleton 

and the cortex, the shear modulus is significantly higher in the cortex than in the cytoskeleton 

(Tables 1 and 2). The Young’s modulus EH computed with the Hertz contact theory assumes 

intermediate values between the values EAB_cyto (i.e. the Young’s modulus associated to the 

hyperelastic constitutive law of Arruda-Boyce and computed for the cytoskeleton) and 

EAB_cortex (i.e. the same quantity computed for the cortex) (Figure 5(b)). 

The rather high correlation coefficient R2 between the predicted and the experimental 

force-indentation curves in both cases, adhesive structures included (Figure 6) and excluded 

(Figure 7), demonstrated the reasonably good capability of the proposed model of 

reproducing the physics of the problem.    

 

4.     Discussion 

 

Page 20 of 35AUTHOR SUBMITTED MANUSCRIPT - NANO-128175.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Figure 5. (a) Percent difference between the material properties computed in the presence and in the absence of adhesive structures.

(b) Equivalent Young’s modulus computed with the proposed optimization algorithm for each sample, compared with the material

properties obtained via the Hertz contact theory.

EAB_cyto EAB_cortex EH (b)

λL_cytoµ8chain_cyto
µ8chain_cortex λL_cortex (a)
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Figure 6. Comparison of force-indentation curves experimentally retrieved and numerically obtained with the optimization

algorithm for the ten cell samples investigated: adhesive cell-substrate structures included in the model.
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Figure 7. Comparison of force-indentation curves experimentally retrieved and numerically obtained with the optimization

algorithm for the ten cell samples investigated: adhesive cell-substrate structures excluded from the model.
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A computational framework was developed to characterize the mechanical behavior of 

mesenchymal stem cells and to assess how these properties change if the adhesive structures 

acting on the cells are taken into account or not.  

The proposed model presents some limitations. First, only the cytoskeleton, the cell 

cortex, and the nucleus were modeled. In reality, the subcellular components are much more 

numerous than the three ones considered. However, the choice of modeling each of them and 

especially those with very small dimensions would necessarily require the use of a very fine 

mesh and hence a very large computational power. Increases in computational power will 

ultimately allow simulating more realistically the cell mechanical behavior. Second, for each 

nanoindented cell, an average – computed over the five nanoindentation measurements – 

experimental force-indentation curve was considered and utilized as a reference in the 

optimization algorithm. Another possible approach consists in considering each of the five 

experimental force-indentation curves, implementing the optimization algorithm on each of 

them and determining the global cell mechanical properties as the average value of the five 

obtained values. Preliminary analyses revealed that adopting such a strategy leads to results 

very close to those obtained by considering the average experimental force-indentation curve. 

For instance, the standard deviation of the mechanical properties obtained considering each 

individual experimental curve for the cell sample 3, does not exceed 195 Pa for EAB_cyto and 

9 Pa for the EAB_cortex.  These values are one order of magnitude smaller than the standard 

deviation values (Table 1 and Table 2) obtained for the ten cell samples investigated in this 

study. Furthermore, the average value obtained considering each individual experimental 

force-indentation curve differs from that obtained by considering the average of the five 

experimental curves by less than 0.5% in the case of the cytoskeleton and by less than 0.2% 

in the case of the cortex. These results led us to adopt the less expensive procedure – from 
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the computational point of view – utilized in previous studies [15,16] based on the use of the 

average experimental force-indentation curve. Third, the nucleus was not characterized. 

Material properties approximately one order of magnitude larger than those of the cell 

cytoskeleton were hypothesized but a direct “measurement” of the nucleus material 

properties is missing. To characterize the nucleus, the AFM tip should indent more deeply 

the cell thus approaching more closely the nucleus. This poses two issues from both, the 

physical and the computational point of view. From the physical point of view, it is likely 

that a deep indentation would damage the cell. From the computational point of view, the 

simulation of deep nanoindentations raises many issues of convergence of the finite element 

analysis. Convergence is all the more problematic the greater the depth of indentation. 

Studies aiming at addressing these aspects should be carried out in the future. However, 

preliminary analyses revealed that the predicted cell material properties are practically not 

affected – or are influenced in a very marginal way – by the specific values hypothesized for 

the nucleus mechanical properties. For instance, the force predicted at the indentation depth 

of 200 nm for the cell sample 3 by setting the nucleus properties to twice (8chain_nucleus = 

24000 Pa and λL_nucleus = 3.07) and half (8chain_nucleus = 6000 Pa and λL_nucleus = 3.07) the 

hypothesized values (8chain_nucleus = 12000 Pa and λL_nucleus = 3.07) differs from that predicted 

for the design hypotheses by less than 0.21%. As a consequence of this, the dispersion of 

results deriving from the use of different nucleus mechanical properties, is approximately 

two orders of magnitude smaller than that existing between the ten cell samples investigated 

(Table 1 and 2).         

However, in spite of these limitations, the proposed computational framework predicts 

cell material properties that are consistent with those reported in the literature. Chen et al. 

Page 25 of 35 AUTHOR SUBMITTED MANUSCRIPT - NANO-128175.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



17 

 

[24] determined by atomic force microscopy and implementing the Hertz contact theory, an 

average Young’s modulus of amniotic fluid-derived stem cells of 3.97  0.53 kPa. Kiss et al. 

[21], characterized with AFM the material properties of human embryonic stem cells and 

found that the Young’s modulus ranges in the interval [0.05 ÷ 10] kPa. Liang et al. [23] 

found, using atomic force microscopy, that after 14 days of culture, the modulus of 

mesenchymal stem cells cultured in osteogenic medium is approximately 3.5 kPa. These 

values are consistent with those measured with the proposed approach and, in particular, are 

overlapping with the values of EAB determined for the ten cell samples investigated (Figure 

5(b)). Interestingly, the values of the Young’s modulus (EH, Table 1) computed with the 

Hertz’s contact theory are, in all the cell samples investigated, smaller than EAB_cortex and 

greater than EAB_cyto. In detail, the computed values of EH are closer to EAB_cyto than to 

EAB_cortex, which is consistent with our expectations, being the cytoskeleton the “principal” 

material included in the cell.    

The results of this study demonstrate that neglecting the adhesion structures acting on 

cells attached to the substrate leads to underestimate the material properties. This means that 

if the cell adhesive structures are not considered, errors up to 15%, in the evaluation of the 

material properties, can be made. This result can be explained considering how the force-

indentation curve changes if, for the same material properties, adhesive structures are 

considered or not (Figure 8). Interestingly, including the adhesive structures leads to obtain 

smaller values of the force with which the AFM tip indents the cell. The tensioning of the 

stress fibers creates a tensile pre-stress state within the upper part of the cell that facilitates 

the penetration of the indenter and that “diminishes” the resistance opposed by the cell 

material to contrast the compression imposed during indentation. In other words, when the 
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Figure 8. Comparison between the force-indentation curves obtained for the same material properties and computed by the

optimization algorithm including and excluding the adhesion structures action.

ADHESION STRUCTURES INCLUDED

ADHESION STRUCTURES EXCLUDED
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adhesive structures are simulated, it is possible to notice that the overall work to deform the 

cell until it reaches a final deformed state, is partially done from the adhesive structures and 

partially done by the AFM tip, when, conversely, these are not simulated, the entire work to 

indent the cell must be done from the AFM tip. This leads, if the adhesive structures are not 

taken into account, to an apparent reduction of the cell material properties (Table 1 and Table 

2). 

The proposed computational framework presents important advantages with respect to 

the approach traditionally utilized to extract, from the force-indentation curve, the cell 

material properties. The framework, in fact, permits to separately determine the material 

properties of subcellular components with just “one” indentation measurement. 

Hypothetically, to determine through the traditional approach based on the Hertz contact 

theory the material properties of each subcellular component, one should first separate it 

physically from the cell context and successively subject it to nanoindentation, which is a 

very complex or even impossible procedure to carry out. Conversely, with the proposed 

algorithm, without separating the cytoskeleton and the cell cortex from the entire cell, it is 

possible to distinctly determine their material properties.   

   

5. Conclusions 

 

In conclusion, we developed a computational framework that allows determining how the 

material properties of mesenchymal stem cells change if the adhesion of cell-substrate 

structures is considered or not. To this purpose, a model simulating the action of focal 

adhesions and stress fibers was developed. In general, we found that neglecting the adhesive 
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structures acting on stem cells being subjected to nanoindentation leads to underestimate the 

cell material properties. The error of assessment committed if adhesive structures are not 

taken into account can be substantial and up to 15%. This leads us to conclude that the effect 

of adhesive structures cannot be overlooked especially for cells that include a large number 

of adhesive structures. 
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Figure legends 

 

Figure 1. One-quarter finite element model of the nanoindented mesenchymal stem cell 

utilized in the study and detailed view of the cell region coming in contact with the AFM tip. 

 

Figure 2. Orthographic representations (a) and axonometric view (b) of the cell model with 

stress fibers. The model includes dorsal stress fibers (highlighted in red), ventral stress fibers 

(highlighted in green) and transverse arcs (highlighted in blue) that were modelled as no-

compression pre-tensioned cables. 

 

Figure 3. A two-step nonlinear finite element analysis was carried out. In the first step (b) 

the tensioning of the stress fibers was simulated: a tensioning force of 10 nN was applied to 

each of the modelled stress fibers. In the second step (c), the force exerted by stress fibers 

was kept constant while a nanoindentation of δ = 200 nm was imposed to the AFM bead. The 

three dashed lines were shown as a reference. In the first step, due to the action of the stress 

fibers, the cell experiences a vertical displacement δSF (with respect to the initial 

configuration (a)) which is in the nanometer range. At the end of the entire analysis the cell 

experiences a total vertical displacement δTOT = δSF + δ. 

 

Figure 4. Scheme of the optimization algorithm implemented to determine the material 

properties of the ten cell samples investigated. 
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Figure 5. (a) Percent difference between the material properties computed in the presence 

and in the absence of adhesive structures. (b) Equivalent Young’s modulus computed with 

the proposed optimization algorithm for each sample, compared with the material properties 

obtained via the Hertz contact theory. 

 

Figure 6. Comparison of force-indentation curves experimentally retrieved and numerically 

obtained with the optimization algorithm for the ten cell samples investigated: adhesive cell-

substrate structures included in the model. 

 

Figure 7. Comparison of force-indentation curves experimentally retrieved and numerically 

obtained with the optimization algorithm for the ten cell samples investigated: adhesive cell-

substrate structures excluded from the model. 

 

Figure 8. Comparison between the force-indentation curves obtained for the same material 

properties and computed by the optimization algorithm including and excluding the adhesion 

structures action. 
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