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a b s t r a c t 

Breast cancer cells (MCF-7 and MCF-10A) are studied through indentation with spherical borosilicate glass 

particles in atomic force microscopy (AFM) contact mode in fluid. Their mechanical properties are ob- 

tained by analyzing the recorded reaction force–time response. The analysis is based on comparing ex- 

perimental data with predictions from finite element (FE) simulation. Here, FE modeling is employed to 

simulate the AFM indentation experiment which is neither a displacement nor a force controlled test. 

This approach is expected to overcome many underlying problems of the widely used models such as 

Hertz contact model due to its capability to capture the contact behaviors between the spherical in- 

dentor and the cell, account for cell geometry, and incorporate with large strain theory. In this work, 

a non-linear viscoelastic (NLV) model in which the viscoelastic part is described by Prony series terms 

is used for the constitutive model of the cells. The time-dependent material parameters are extracted 

through an inverse analysis with the use of a surrogate model based on a Kriging estimator. The pur- 

pose is to automatically extract the NLV properties of the cells with a more efficient process compared 

to the iterative inverse technique that has been mostly applied in the literature. The method also allows 

the use of FE modeling in the analysis of a large amount of experimental data. The NLV parameters are 

compared between MCF-7 and MCF-10A and MCF-10A treated and untreated with the drug Cytochalasin 

D to examine the possibility of using relaxation properties as biomarkers for distinguishing these types 

of breast cancer cells. The comparisons indicate that malignant cells (MCF-7) are softer and exhibit more 

relaxation than benign cells (MCF-10A). Disrupting the cytoskeleton using the drug Cytochalasin D also 

results in a larger amount of relaxation in the cell’s response. In addition, relaxation properties indicate 

larger differences as compared to the elastic moduli like instantaneous shear modulus. These results may 

be useful for disease diagnosing purposes. 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

The knowledge of mechanical characteristics of biological cells

s essential for various applications. Such an application is the

anufacture of engineered polymeric synthetic cells that can

imic and replace real cells [1] . For this purpose, it is necessary

o make synthetic cells mechanically resemble real cells by match-

ng their mechanical properties. Therefore, understanding cells’

echanical responses is beneficial in the selection of materials for

he manufacture process as well as examining the effectiveness of

he engineered cells. Another application is related to the study

f the physiology of biological cells. As many cells’ functions

nd processes have been known to be significantly influenced
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y external mechanical stimuli [2–7] , the knowledge of cell

echanics might lead to better quantification of many cells’

hysiological mechanisms. Additionally, cell mechanics is closely

inked with alterations in cytoskeletal structures, which may be

ssociated with invasive diseases such as cancer. Therefore, such

nowledge might also play an important role in formulating

otential biomarkers for disease detection. For example, the differ-

nce in cell stiffness between cancerous and their corresponding

ormal cells have been investigated in several studies [8,9] . Initial

esults indicated that certain types of diseased cells might be

ofter and more deformable. Furthermore, changes in cell stiffness

ave been reported between different states of cancer. The studies

n [10–13] showed that as cells transform from benign to malig-

ant stages, the stiffness exhibits a decreasing trend. In addition

o stiffness, the viscoelastic behavior of the cells has also been

bserved [12–15] , but this still requires further investigation, espe-

ially at the large deformation range. Preliminary results suggest

http://dx.doi.org/10.1016/j.mbs.2016.03.015
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Fig. 1. Illustration of working principle of AFM indentation test on cells. 
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that viscoelastic characteristics may be effective indicators and

biomarkers for better diagnosis and treatment of this dangerous

disease, and could also aid testing the efficiency of anti-cancer

drugs to combat cancer. 

Currently, in order to obtain the mechanical characteristics of

biological cells, techniques such as micropipette aspiration [2,16–

18] , atomic force microscopy [2,6] , magnetic twisting cytometry

[2,3,19] , and optical trap [20] based testing are available. Amongst

them it appears that contact of a cell with a “rigid” indentor,

followed by measurement of the sample response to controlled

motion of the indentor, is a common technique by which the cell

properties are probed. The measured data is then interpreted by

formulating and solving a corresponding boundary value problem

with an assumed constitutive model for the cell material. However,

this interpretation is still a challenging problem and highly de-

pendent on the chosen model. In the case of AFM indentation test

[6,11–13,21,22] , the Hertz contact model [23] has been frequently

used to analyze the data. Nevertheless, this model is only valid

under the restrictions of many assumptions such as small strain,

infinitesimal elastic deformation [23,24] which are not normally

satisfied in the actual context of an AFM indentation test. In order

to account for the cases where large deformation occurs, AFM in-

dentation tests should be studied using approaches which can in-

clude the consideration of non-linear mechanics. Such an approach

interprets the experimental data using the FE method to take into

account many aspects of the indentation process, including the di-

mensions of the probe and the sample, contact features, and non-

linear material models [24,25] . This method can better capture the

response at the large strain range but the computational cost asso-

ciated with FE models is a drawback for inversely extracting mate-

rial properties [26] . Furthermore, the number of unknown material

parameters needed to identify mechanical behavior and the large

amount of experimental data increase the difficulty of the inverse

process. In addition, in determining the nonlinear viscoelasticity of

biological cells, a complex platform of experimental inputs that is

composed of different loading histories might be needed [24,27] ,

contributing to an increased cost in the inverse analysis. In the

literature, recent work by [24] employed an inverse FE approach

for interpreting AFM experimental data. Nevertheless, details re-

lated to these computational issues have still not been thoroughly

discussed. Additionally, in many cases of AFM indentation, the

experiment is neither force nor displacement controlled because of

the manner by which an AFM operates. This is normally neglected

during FE modeling, which is also another source of inaccuracy. 

This paper focuses on using AFM indentation techniques to

investigate the correlation between NLV properties of breast can-

cer cells (MCF-7 and MCF-10A) and alterations in the cytoskeletal

structures utilizing two approaches. In the first, breast cancer

cells at the benign (MCF-10A) and malignant (MCF-7) states were

indented in their culture medium using spherical probes in AFM

contact mode in fluid. A two-step indentation loading input was

employed. It was comprised of applying a small force to initiate

the contact between the probe and the cell, followed by control-

ling the AFM piezo movement in a ramp-reverse and ramp-hold

manner. In the second, the same indentation procedure was

applied to investigate the effect of the drug induced cytoskeletal

structure on the cells’ NLV characteristics due to a drug treatment

with Cytochalasin D. The indentation experiment was simulated

using the FE method in which the cell material constitutive rela-

tionship is a large strain viscoelastic model. The non-linear elastic

part of the material is captured by a hyper-elastic model while the

viscoelastic part composes of a two term Prony series to describe

the time dependent relaxation. In order to simulate the actual op-

eration in the AFM, the FE model also includes the AFM cantilever

in the modeling by using a spring with the same stiffness. Once an

FE model is constructed, an inverse analysis is needed to optimize
he error between the experimental data and FE predictions. The

terative inverse approach is computationally expensive, as noted

n [26] . Therefore an inverse technique based on a surrogate

odel with the use of a Kriging estimator [27–33] is employed to

ddress this issue. The procedure allows an automatic and efficient

xtraction of the NLV parameters. The variation of the shear

elaxation modulus for each tested cell is, therefore, obtained. Sta-

istical comparisons using the shear relaxation modulus and the

mount of relaxation for the two cases (MCF-7 versus MCF-10A,

nd untreated versus treated MCF-10A) were also conducted to

nvestigate differences in terms of these mechanical properties. 

. Experiment details 

.1. Sample preparation 

Human mammary epithelial cells (MCF-10A) were cultured in

ammary epithelial growth medium (MEGM, Lonza) with the

A-10 0 0 replaced by 100 ng/ml cholera toxin (Sigma). Human

reast cancer cell line (MCF-7) was maintained in Dulbecco’s

odified eagle medium (DMEM, Life Technologies) supplemented

ith 10% fetal bovine serum (FBS, Life Technologies), 1% peni-

illin/streptomycin (P/S, Life Technologies), 1% fungizone (Life Tech-

ologies), and 5 g/ml gentamycin (Life Technologies). For preparing

amples for AFM tests, cells were resuspended and seeded onto

lass coverslips at density of 40,0 0 0–80,0 0 0 cells per coverslip.

ells were cultured under 37 ◦C and 5% CO 2 for at least overnight

efore any test was performed. For pharmacological treatment as-

ays, MCF-10A cells were incubated with 500 μM Cytochalasin D

Life Technologies) for 2 h and then tested by indentation. 

.2. AFM indentation experiment setup 

The working principle of an AFM Bruker Dimension Icon instru-

ent [34] is illustrated in Fig. 1 . The sample is fixed to a rigid sub-

trate and compressed by a probe attached to one end of an AFM

antilever (for indenting cells, a spherical probe is often used to

educe damage during the tests). The other end of the cantilever

s connected to a piezo. As this piezo extends, the probe moves

ownward and comes into contact with the sample. On the other

and, as the piezo retracts, the probe moves upward. 

Upon contact, the sample’s reaction force F causes the can-

ilever to bend leading to a shift of the laser beam on the pho-

odiode. The amount of shifting is related to the deflection d of

he cantilever, which is in turn related to the reaction force by a

inear relation F = kd. Here, k is the spring constant of the can-

ilever calibrated using the built-in thermal tune function in the

FM instrument [35] . The deformation δ of the sample is the dif-

erence between the piezo distance Z and the cantilever deflection
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Fig. 2. Applied input Z for controlling the AFM piezo movement: (a) the entire step. 

(b) Zoom-in view of the RR (ramp-reverse) cycles. 

Table 1 

Number of breast cancer cells tested in three AFM indentation setups. 

Cell groups Expt. #1 Expt. #2 Expt. #3 

MCF-10A (benign) n = 23 n = 24 

MCF-7 (malignant) n = 23 n = 24 

MCF-10A (untreated) n = 17 

MCF-10A (treated) n = 17 

k (N/m) 0.120 0.083 0.080 

Probe no. 1 2 3 

t  
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w  

u

 

f  
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 : δ = Z − d. With this working principle, the sample’s deformation

, therefore, cannot be controlled. In other words, in the AFM, the

ontrol modes can only be either controlling the piezo movement

 or using a feedback loop to control the deflection d , which is

orrelated to the force F . The first control mode, in which the in-

entation is performed by ramping and reversing the piezo move-

ent Z , is frequently employed. However, this leads to variations in

he loading inputs upon changing samples and setups. In addition,

ariations in cell heights and properties also contribute to this is-

ue. Therefore, in order to get almost the same input and also to

ombine many aspects into the loading process, such as loading

ate dependencies, hysteresis and relaxation behaviors, the follow-

ng procedure was employed. 

Indentation experiments were performed in a cell culture

edium at room temperature using the contact mode in fluid of an

FM Bruker Dimension Icon system (Electron Microbeam Analysis

aboratory, University of Michigan). Before indentation on cells, the

eflection sensitivity (DS) for converting the photodiode (or laser)

ignal of the cantilever deflection from Voltage to nm was cali-

rated by obtaining force curves on a clean glass slide and measur-

ng their slope values. Once the DS value was attained, the thermal

une option [35] was used to measure the cantilever spring con-

tant. The clean glass slide was then replaced by a glass coverslip

ith the cells seeded on the top. When replacing the coverslip, the

aser sum signal was maintained the same to minimize the change

n DS value [36] . Next, the spherical indenter was positioned at the

enter region of each selected cell, and indentation tests were con-

ucted using the script mode, that included two steps as follows: 

Step 1: Ramping the set-point (force) to engage the probe on

he cell’s surface with a small force value (ramp velocity: 1 nm/s,

d = 4 nm, and the applied force value was about 0.3–0.5 nN).

his step was to initiate the contact between the probe with the

ample’s surface. A small value of force was utilized to reduce its

ffects on the subsequent step, in which the piezo movement ( Z )

as controlled. 

Step 2: A sequence of RR (hysteresis) and RH (relaxation) load-

ng processes, as shown in Fig. 2 , was applied to the piezo. It was

mployed to study the hysteresis as well as relaxation responses

f the cells. This loading series consisted of one load–unload cycle

t rate 10 μm/s, one load–unload cycle at rate 5 μm/s, and one

oad–unload cycle at rate 1 μm/s followed by a fast ramp at rate

0 μm/s and a hold period of 50 s. In the first RR cycle, the piezo

oved down by an amount of 2 μm, then retracted by an amount

f 1 μm. These positions of loading were repeated in the follow-

ng cycles. These values were chosen to examine a relative large

eformation, and also to reduce the negative range of the force–

ime responses in the unloading paths due to the characteristics

f viscoelasticity under displacement control of the AFM piezo. For

ach cell, the probe was also moved to nearby locations by an off-

et amounts of 1 μm or 2 μm in order to acquire force–time data

t these neighboring positions (2–4 locations per cell were used).

n this work, data for each individual cell is the average of these

ocal measurements. 

.3. Experimental data 

For the purpose of investigating the roles of viscoelastic prop-

rties in establishing biomarkers for cancer detection purpose, two

pproaches were studied with the described indentation proce-

ure. In the first, experiments were conducted on two groups

f benign (MCF-10A) and malignant (MCF-7) cells to study the

hanges of viscoelastic parameters at different states of breast can-

er. In the second approach, the drug Cytochalasin D, which can

isrupt the cytoskeleton structure, is used to treat MCF-10A cells.

he hypothesis here is that alteration in the cytoskeleton struc-
ure, either by cancer transformation [12,13] or by drug treatment

37,38] , is correlated with the change in viscoelastic behavior. 

Data obtained from three setups is presented to validate this

ypothesis. Table 1 is a summary of the number of cells tested as

ell as the value of the calibrated spring constant of the cantilever

sed in each setup. 

Mean and standard deviations for MCF-10A and MCF-7 groups

rom the first setup are shown in Fig. 3 . The top figure shows the

orce–time responses for both RR (hysteresis) and RH (relaxation)

oading types. The bottom one is a zoom-in view of the force–time

ehavior in RR (hysteresis) cycles. Similarly, Fig. 4 presents the

ean and standard deviations for MCF-10A and MCF-7 groups

cquired from the second setup. Data obtained from the drug
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Fig. 3. AFM experimental data (mean and standard deviations) for MCF-10A and 

MCF-7 cells obtained in the first setup: (a) both RR (ramp-reverse) and RH (ramp- 

hold) responses. (b) Zoom-in view of the RR (ramp-reverse) responses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. AFM experimental data (mean and standard deviations) for MCF-10A and 

MCF-7 cells obtained in the second setup: (a) both RR (ramp-reverse) and RH 

(ramp-hold) responses. (b) Zoom-in view of the RR (ramp-reverse) responses. 
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treatment approach is presented in Fig. 5 which includes the

mean and standard deviations for the untreated MCF-10A cells as

compared to the treated cells. Due to the nature of biological cells,

large variations were observed. Additionally, the magnitudes of the

peak forces are significantly influenced by the loading rates. As

shown in Figs. 3 –5 , in all three setups, the peak force value drops

as the loading rate decreases. This suggests a relaxing behavior of

the cell, which also corresponds to the relaxation parts during the

ramp-hold (RH) periods. 

For a preliminary, qualitative comparison, each force–time

curve is normalized by the value of its maximum peak force. The

corresponding normalization data from these setups is plotted in

Figs. 6 –8 . As observed in Fig. 6 , the force–time responses of MCF-

7 cells exhibited more relaxation than the ones obtained from

MCF-10A cells. Specifically, at the end of the loading range, the

mean force–time of the MCF-10A group dropped by about 57.72%,

while an amount of about 76.86% was seen in the MCF-7 group.

This trend is also observed in Fig. 7 . Here, the mean force–time
f the MCF-10A group decreased by about 50.62% as compared to

bout 77.19% drop in MCF-7 group. Similarly, the treated MCF-10A

roup also experienced more relaxation than the untreated MCF-

0A group. Data presented in Fig. 8 showed that, at the end of

he loading range, the decreases in the force–time responses for

he untreated and treated groups were about 53.13% and 87.23%,

espectively. These may imply that changes in the cytoskeleton, ei-

her due to disease states or a drug treatment, can be correlated

ith the viscoelastic (history-dependent) properties, especially the

elaxation characteristics. 

. FE modeling 

The FE method with the commercial code ABAQUS [39] was

mployed to model the two-step indentation process described in

ection 2.2 . The seeded cell was assumed to be an isotropic, ho-

ogenized, axisymmetric body having an oblate-shape with a cir-

ular base [26] . For each tested cell, the diameter of the base was

stimated as the square root of the product of two representative
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Fig. 5. AFM experimental data (mean and standard deviations) for MCF-10A cells, 

untreated and treated with the drug Cytochalasin D, obtained in the third setup: 

(a) both RR (ramp-reverse) and RH (ramp-hold) responses. (b) Zoom-in view of the 

RR (ramp-reverse) responses. 

d  

t  

i  

n  

u  

t  

u  

a  

o  

o  

t  

4  

t  

s  

g

 

s  

H  

Fig. 6. Normalization by the peak force for MCF-10A and MCF-7 cells (first setup). 

Fig. 7. Normalization by the peak force for MCF-10A and MCF-7 cells (second 

setup). 

Fig. 8. Normalization by the peak force for MCF-10A cells and MCF-10A cells 

treated with the drug Cytochalasin D (third setup). 
istances taken from its optical images [24] . A typical image for a

ested cell is shown in Fig. 9 . The cell height was estimated us-

ng the contact points of force-curves on the cell body and on the

earby glass surface [24] . For this purpose, after the measurements

sing the above two-step indentation process were conducted, the

ypical indentation procedure, in which the AFM ramp mode was

sed to ramp the piezo movement in a ramp-reverse loading, was

lso performed to acquire the force curves on specified locations

f the cell body and the glass coverslip’s surface. A trigger value

f 50 nm was selected to limit the amount of the maximum can-

ilever deflection, which corresponded to a limit value of about

–6 nN for the maximum applied force. A typical comparison be-

ween force curves on the cell body and on the glass substrate is

hown in Fig. 10 . The difference between the two contact points

ives an estimation for the cell height. 

For the first setup, an axisymmetric FE model for a repre-

entative cell, using the mean height and diameter values of

 = 12 . 22 μm and D = 28 . 88 μm, was used to simulate the
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Fig. 9. An optical image of a single breast cancer cell on a glass substrate captured 

by the optical microscopy in an AFM Bruker Dimension Icon. 
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indentation process. The cantilever with the spherical probe was

modeled as a spring connected to a rigid sphere of diameter 5 μm.

The spring stiffness was set equal to the calibrated value ob-

tained from the AFM experiments, which was 0.12 N/m in this

case. The spherical probe was modeled as a rigid body. Its con-

tact with the cell was assumed to be frictionless, and the nor-

mal behavior was modeled by the hard contact option in ABAQUS.

The entire procedure of the two-step indentation as described in

Section 2.2 was simulated, in which the input was applied to

the free end of the spring. The cell deformation was extracted

as the displacement of the other end of the spring. The differ-

ence between the displacements of these two ends of the spring

is how much the cantilever bends during the indentation pro-

cess, and is related to the reaction force by the linear relation:

F = kd. The boundary conditions of the problem were imposed by

fixing the bottom surface with the assumption that the cells at-

tach firmly to the coverslip. This approach was also used to model

the indentation processes in the other two setups. Specifically,

for the second setup, the dimensions of the representative cell

were H = 11 . 96 μm and D = 31 . 00 μm, and the spring constant

stiffness was 0.083 N/m. For the third setup, these values were

H = 8 . 84 μm, D = 27 . 63 μm, and k = 0 . 080 N/m. Convergence
Fig. 10. Cantilever deflection versus the piezo movement (with the reference correspond

on the glass surface. The difference between the two contact points gives an estimation o

the deflection deviates from its horizontal baseline. 
tudies were also performed by varying the mesh size of each

odel. Three cases of meshing used for the first setup are illus-

rated in Fig. 11 . The numbers of total elements are: (a) 1192, (b)

213, and (c) 16,582. The force–time responses from the last two

esh sizes were converged, and were only slightly different from

he response obtained from the first mesh. In this work, the mid-

le mesh size was used to simulate the indentation for the first

etup. The same process was applied to determine the optimum

esh size in modeling the second and the third setups. 

. Results and discussions 

.1. Implementation of the inverse analysis 

At a relatively large imposed displacement ( Fig. 2 ), the cell be-

avior is better captured using a non-linear constitutive relation.

ere, the built-in NLV model in ABAQUS presented in Section 4.8-

 of ABAQUS Theory Manual version 6-10 [39] was employed to

escribe the time-dependent behavior of the cells. For simplicity,

 neo-Hookean type model for the nonlinear elastic part was uti-

ized. With the incompressibility assumption, for each tested cell,

ve unknown material parameters need to be characterized, and

ts shear relaxation modulus as a function of time is constructed

s follows: 

 (s ) = G ∞ 

+ 

2 ∑ 

k =1 

G k e 
−s/τk = G 0 

[ 

g ∞ 

+ 

2 ∑ 

k =1 

g k e 
−s/τk 

] 

, (1)

here G 0 = G (0) is the instantaneous shear modulus, which also

as the meaning of the neo-Hookean parameter C 1 , is used to cap-

ure the nonlinear elastic part. G ∞ 

= G (∞ ) is the long term shear

odulus of the cell at its totally relaxed (long term equilibrium)

tate. g ∞ 

= G ∞ 

/G 0 is the ratio between the long term and instanta-

eous shear moduli. The relaxation process of the cell is described

sing two term Prony series ( g k , τ k ), k = 1 , 2 . Here g k = G k /G 0 for

 = 1 , 2 are dimensionless quantities associated with the relative

hanges in the amount of relaxation. Note that g 1 + g 2 + g ∞ 

= 1 ,

hus g 1 + g 2 < 1 . τ k , k = 1 , 2 are the relaxation times which de-

cribe how fast the relaxation is. 

The inverse analysis based on surrogate modeling with a

riging estimator [28–33] was employed. Details about the im-

lementation of this analysis for extracting NLV properties from

xperimental data were presented in [27] . For brevity, only the

ain steps in the inverse procedure are included in this paper.
s to the highest location of the scanner): (a) on a breast cancer cell body and (b) 

f the cell height. The contact point was visually determined as the point at which 
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Fig. 11. FE model for an AFM indentation test on breast cancer cells with three cases of meshing: (a) 1192 elements, (b) 4213 elements, and (c) 16,582 elements. 

Table 2 

Boundary of the material domain used in the process of deter- 

mining the NLV properties of the tested breast cancer cells in 

three setups. 

C 1 (kPa) g 1 τ 1 (s) g 2 τ 2 (s) 

Lower bound 0.08 0.01 0.01 0.01 2 

Upper bound 4 1 2 1 40 
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he material properties for all tested cells were searched within

he material domain given in Table 2 . 

For each FE model discussed in Section 3 , within the given

aterial domain, the MATLAB’s function “lhsdesign ”, in which the

atin Hypercube sampling technique was implemented, was ap-

lied to generate N and N 

1 sets of material properties for a training

roup and a checking group, respectively. With the condition that

 1 + g 2 < 1 , a training group composed of N = 970 sets of x i ( G 0 , g 1 ,

1 , g 2 , τ 2 ), i = 1 , N was used in this work. A checking group com-

osed N 

1 = 354 sets of x i ( G 0 , g 1 , τ 1 , g 2 , τ 2 ), i = 1 , N 

1 , which are

ifferent from the sets in the training group, was also generated.

ince these sets of material parameters are independent, FE simu-

ations were evaluated and the corresponding force–time responses

ere extracted in parallel. In this work, each force–time response

as represented by m = 5095 discrete times, which were used to

iscretize the total loading time in the ramp-reverse and ramp-

old cycles. Specifically, N = 970 sets of ( t j , F ( t j )), j = 1 , m and

 

1 = 354 sets of ( t j , F 1 ( t j )), j = 1 , m were obtained for the train-

ng and checking groups, respectively. In other words, the train-

ng group has N = 970 sets of material parameters x i ( G 0 , g 1 , τ 1 ,

 2 , τ 2 ), i = 1 , N , which correspond to N = 970 sets of force val-

es y i ( F ( t j )), i = 1 , N , j = 1 , m . Similarly, the checking group con-

ains N 

1 = 354 sets of material parameters x i ( G 0 , g 1 , τ 1 , g 2 , τ 2 ), i =
 , N 

1 , which correspond to N 

1 = 354 sets of force values y i ( F 1 ( t j )),

 = 1 , N 

1 , j = 1 , m . The MATLAB’s Dace Toolbox [29] is, therefore,

pplied to the training group to construct a non-linear functional

elationship between X (5, 970) and Y (5095, 970). Its accuracy is

hecked through the checking group X 

1 (5, 354) and Y 1 (5095, 354).

or the specific problem considered here, since no experimental

orce–time curve obtained in the three setups has a peak force

alue smaller than 4 nN, an extra criterion is utilized to remove

he force responses which violate this observation in both train-

ng and checking groups. This extra criterion is used to help the

onstruction of the surrogate model easier and reduce the need of

dding more training points. Typically, with this criterion, about
–10 cases were removed from the training group, and about 2–

 were removed from the checking group. The specific numbers

epend on the FE model used in generating the surrogate model.

or brevity, this section only discusses the surrogate model and the

riging predictor constructed using one particular FE model from

he first setup. Surrogate models and Kriging predictor for other

E models were also constructed using the described procedure

27–33] . 

In particular, a surrogate model with a Kriging predictor was

onstructed, using the FE model for a representative cell of H =
2 . 22 μm and D = 28 . 88 μm (first setup). It is a non-linear re-

ationship between sets of material properties X (5, 962) and sets

f the corresponding force responses Y (5095, 962). The accuracy

f this Kriging predictor was verified through the checking group,

hich is composed of X 

1 (5, 349) and Y 1 (5095, 349). For these 349

ases, the root mean square error (RMSE) values were evaluated as

ollows: 

MSE(i ) = 

1 

range (y i 
F E 

) 

√ 

1 

5095 

5095 ∑ 

k =1 

(y i 
F E(k ) 

− y i 
Krg(k ) 

) 2 . (2) 

These values range from 0.03% to 8%. Representative compar-

sons between the actual FE responses and the predictions ob-

ained by Kriging predictor are shown in Fig. 12 . As shown in this

gure, many predictions from Kriging overlayed with the actual

E responses, and the differences between the two corresponding

urves (red and blue) are not visible in this plot. 

Notice that evaluations using Kriging predictor is much faster

han using FE simulations. It is therefore used to replace FE

imulation in the property extraction process to reduce the com-

utational cost of the optimization process. Specifically, the error

etween the obtained experimental data with predictions from

riging predictor is optimized using the MATLAB’s function fmin-

on to extract sets of optimized material properties. FE simulations

ere also evaluated at these extracted sets of material properties

nd then were compared with the experimental data to determine

he quality of the extracted sets of properties. Representative

omparisons between the experimental data and FE evaluations

sing the optimized sets of material properties from this inverse

rocedure are presented in Fig. 13 . 

As shown in Fig. 13 , predictions from FE captured quite well

he complicated responses of the experimental data from five indi-

idual MCF-10A cells in the first setup. The RMSE values for these
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Fig. 12. Representative comparisons between FE and Kriging predictions: (a) both 

RR (ramp-reverse) and RH (ramp-hold) loadings. (b) Zoom-in view of RR (ramp- 

reverse) cycles. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

Fig. 13. Representative comparisons between experimental data and FE predictions 

at the corresponding extracted sets of material parameters: (a) both RR (ramp- 

reverse) and RH (ramp-hold) loadings. (b) Zoom-in view of RR cycles. 
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fittings were evaluated as follows: 

RMSE(i ) = 

1 

range (y i exp ) 

√ 

1 

5095 

5095 ∑ 

k =1 

(y i 
F E(k )) 

− y i 
exp(k ) 

) 2 . (3)

Such values for fitting the data obtained from n = 23 MCF-

10A and n = 23 MCF-7 cells of the first setup lie between 2%

and 8%, with a mean value of about 4%. This indicates reasonable

agreement between FE predictions and experimental data from all

tested cells. With the same approach, NLV properties were also ex-

tracted from the experimental data from the other two setups. 

At this step, an optimal set of five NLV parameters ( G 0 , g 1 , τ 1 ,

g 2 , τ 2 ) was extracted for each tested cell. For comparison purposes,

the shear relaxation moduli were constructed using Eq. (1) . Results

are discussed in detail in the next section. 
.2. Discussion, limitations, and concluding comments 

Shear relaxation moduli for MCF-10A and MCF-7 cells measured

n the first setup are shown in Fig. 14 (a). Here, the instantaneous

hear modulus values for MCF-10A cells are G (0) = 2 . 94 ± 1 . 35 kPa

s compared to G (0) = 1 . 94 ± 1 . 02 kPa obtained for MCF-7 cells.

he mean results of the instantaneous shear modulus indicate

hat MCF-10A cells are about 1.5 times stiffer than MCF-7 cells

t the instantaneous response. At the long term response, such

s at the end of the loading, t = 52 s, the shear modulus val-

es for MCF-10A and MCF-7 cells obtained in this setup are

 (52) = 1 . 00 ± 0 . 64 kPa and G (52) = 0 . 36 ± 0 . 21 kPa, respectively.

he mean results of this long-term shear modulus indicate a

arger difference of 2.8 times as compared to the corresponding

nstantaneous values. To further determine whether the observed

ifferences here are significant or not, statistical comparisons using
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Fig. 14. Comparisons between MCF-10A and MCF-7 cells (in the first setup): (a) mean and standard deviations of the shear relaxation modulus for n = 23 MCF-10A (blue) 

and n = 23 MCF-7 (red) cells. (b) Statistical comparison: p < 0.05 indicates significant difference. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 15. Mean and standard deviations of the normalized shear relaxation modulus 

G ( t )/ G (0) for MCF-10A and MCF-7 cells (in the first setup). 

t  

t  

s  

a  

t  

s  

b

 

r  

F  

s  

a  

a  

o  

s  

l

 

d  

t  

a  

t  

c  

v  

a  

o  

h  

g  

a  

m  

l  

t  

w

 

b  

t  

s  

B  

m  

i  

l  

r

 

c  

s  

t  

d  

fi  

d  

H  

i  

o  

t  

g  

g  

i

he Wilcoxon rank sum test in MATLAB are used. Fig. 14 (b) shows

hat the two groups exhibit significant differences in terms of the

hear relaxation modulus. The difference becomes more significant

t the long term response. Such results indicate that combining

he history-dependent characteristics into the calculations of the

hear relaxation modulus might help to rule out larger difference

etween these two cell groups. 

In addition to the shear relaxation modulus, the amount of

elaxation G ( t )/ G (0) can also be compared between two groups.

ig. 15 shows the mean and standard deviation of the normalized

hear relaxation modulus for both groups. In this case, the mean

mount of relaxation for the MCF-10A group is about 67%, while

n amount of about 81% is found for the MCF-7 group. At the end

f the loading, statistical analysis using the MATLAB Wilcoxon rank

um test also indicates a significant difference in the amount of re-

axation between the two groups ( p = 1 . 2 × 10 −4 ). 
Similar observations were also obtained from the analysis of the

ata taken from the second setup. As shown in Fig. 16 (a), at each

ime, the shear relaxation modulus of the MCF-10A group exhibits

 higher value than the modulus of the MCF-7 group. The statis-

ical analysis also results in a significantly small p -value for the

omparisons using the shear moduli of both groups. Again, the p -

alue becomes smaller at the long term response which might be

ttributed to the incorporation of viscoelasticity in the calculation

f the shear relaxation modulus function. MCF-7 group also ex-

ibits a larger amount of relaxation as compared to the MCF-10A

roup as presented in Fig. 17 . Specifically, the mean shear relax-

tion modulus for the MCF-7 group drops by 78%, while the shear

odulus for the MCF-10A group decreases by 57% at the end of the

oading. The p -value for this case is p = 9 . 7 × 10 −7 , which means

he difference in terms of the amount of relaxation is significant as

ell. 

So far, the results obtained for MCF-10A and MCF-7 cells from

oth setups exhibit a similar trend for the relative difference be-

ween these two cell groups. The benign cells (MCF-10A) are

tiffer and exhibit less relaxation than the malignant (MCF-7) cells.

y considering viscoelasticity in the characterization of the shear

odulus, the relative difference between them are also exhibited

n terms of the long-term shear modulus. The data exhibited a

arger difference in the long term response as compared to the cor-

esponding difference in the instantaneous behavior. 

Next, the data obtained for the untreated and treated MCF-10A

ells using the drug Cytochalasin D are also compared. Fig. 18 (a)

hows the difference of the shear relaxation modulus between the

wo groups. Treating MCF-10A cells by the drug Cytochalasin D

oes lead to a decrease in the stiffness. The difference is ampli-

ed in the long term response. As shown in Fig. 18 (b), the p-value

rops drastically from the instantaneous to long term responses.

ere, the plot was presented only up to a time t = 3 s for clar-

ty. This agrees with the large difference in terms of the amount

f relaxation obtained from these two cell groups. Specifically, at

he end of the loading, the mean shear modulus of the untreated

roup decreases by about 60%, while the mean value of the treated

roup drops by about 89% ( Fig. 19 ). The p -value for this difference

s p = 1 . 2 × 10 −6 . 
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Fig. 16. Comparisons between MCF-10A and MCF-7 cells (in the second setup): (a) mean and standard deviations of the shear relaxation modulus for n = 24 MCF-10A (blue) 

and n = 24 MCF-7 (red) cells. (b) Statistical comparison: p < 0.05 indicates significant difference. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 17. Mean and standard deviations of the normalized shear relaxation modulus 

G ( t )/ G (0) for MCF-10A and MCF-7 cells (in the second setup). 
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The above analysis focuses only on the relative differences

between two cell groups within one setup. The benign cells (MCF-

10A) exhibit higher shear relaxation modulus statistically, as com-

pared to the malignant cells (MCF-7). The amount of relaxation is

also useful to distinguish these two groups of cells. Transformation

into the malignant state might contribute to more relaxation in the

response of the malignant cells. Disrupting the cytoskeleton of the

MCF-10A cells also causes a drop in both shear relaxation modulus

and an increase in the amount of relaxation. These relative dif-

ferences were found to be consistent from setup to setup, which

means that under the same experimental condition, including

viscoelastic characteristics into the determination of the material

properties proves helpful in providing more insight to differentiate

different cell groups for disease detection purpose. Though the

absolute values are not reliable [40] , the values for the shear relax-

ation modulus for MCF-10A and MCF-7 cells found in this work are
ithin the range reported in the literature. For example, [12,13] re-

orted the range for Young’s modulus of MCF-7 cells to be 0.3–

.6 kPa, and the modulus of MCF-10A to be 1.4–1.8 times stiffer;

41] reported the values in the range 15–30 kPa for MCF-7 cells;

nd the value in the work of [37] for MCF-7 cells is 4.7 ± 0.4 kPa.

n this work, a combination of three setups provides a prediction

f the instantaneous modulus of E(0) = 3 G (0) = 6 . 5 ± 3 . 3 kPa

nd E(0) = 3 G (0) = 4 . 2 ± 2 . 7 kPa for n = 64 MCF-10A and n = 47

CF-7 cells, respectively. The predictions for the long term

odulus, at t = 52 s, are E(52) = 3 G (52) = 2 . 5 ± 1 . 5 kPa and

(52) = 3 G (52) = 0 . 8 ± 0 . 5 kPa for n = 64 MCF-10A and n = 47

CF-7 cells, respectively. 

The following limitations and sources of errors are noted in or-

er to further investigate NLV aspects of living cells and evaluate

hether the above differences could be adopted for clinical use.

mong these limitations, several are related to experimental is-

ues, including the uncertainty in determining the contact points

etween cell body and the probe, cell geometric determination,

nd errors in the AFM calibrations. For example, an error of about

0–20% could be associated with the calibration of deflection sen-

itivity and spring constant [42,43] . In addition, the optical res-

lution in the AFM Dimension Icon system should be enhanced

or better estimations of the cell dimensions and shapes. Having

 higher optical resolution also aids the selections of the cells for

ndentation purposes. This might help to reduce scatter due to ge-

metry effects in the measured data. This issue could be addressed

sing an AFM system that has an inverted optical microscopy. Such

 system is the MFP 3D, manufactured by Asylum Research. Other

ources, such as the resolution and backlash in the Z-stepper mo-

or intrinsic mechanical design might cause error in cell height

etermination. Unintended delay can happen in running a script

ith high loading rates, such as in the first ramp-reverse cycle at

he rate of 10 μm/s. This contributes to an artifact in the acquisi-

ion of the force responses. For instance, instead of having a sharp

eak force between the loading and unloading paths, a delay of the

iezo might occur and cause unintended relaxation in the force–

ime response. A possible reason for this issue is the clogging up

f the messaging in the computer operation. Additionally, as a cell

s dynamic and heterogeneous, the model considered here is still a

ery simple model. Though the NLV constitutive model with Prony
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Fig. 18. Comparisons between the untreated MCF-10A cells and MCF-10A cells treated with the drug Cytochalasin D (in the third setup): (a) mean and standard deviations of 

the shear relaxation modulus for n = 17 untreated MCF-10A (blue) and n = 17 treated MCF-10A (red) cells. (b) Statistical comparison: p < 0.05 indicates significant difference. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 19. Mean and standard deviations of the normalized shear relaxation modulus 

G ( t )/ G (0) for untreated and treated MCF-10A cells (in the third setup). 
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eries terms was able to capture various aspects of the responses,

uch as loading rate dependencies and relaxation characteristics,

urther refinement is necessary. For instance, the response associ-

ted with high rate loading and transition between various loading

ates, if improved, is expected to lead to better agreement with the

xperimental data. Furthermore, improvements can be made to en-

ance the accuracy of the current surrogate modeling and Kriging

redictor, including adding more training points in the design site.

In summary, this paper presents a methodology to study the

LV properties of breast cancer cells. Experimental data was ac-

uired at a large strain regime incorporating many aspects, such

s non-linear mechanics, rate dependency, and history-dependent

haracteristics. The data was analyzed using FE models and in-

erse modeling in connection with surrogate modeling and a Krig-

ng predictor to resolve the computational cost issue. Comparisons

ere made based on the extracted shear relaxation modulus and

esults indicated significant differences in terms of the NLV re-
ponses between MCF-10A and MCF-7 cells as well as between un-

reated and treated MCF-10A cells. 
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