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ABSTRACT Mechanical properties of living cells can be determined using atomic force microscopy (AFM). In this study, a novel
analysis was developed to determine the mechanical properties of adherent monolayers of pulmonary microvascular endothelial
cells (ECs) using AFM and finite element modeling, which considers both the finite thickness of ECs and their nonlinear elastic
properties, as well as the large strain induced by AFM. Comparison of this model with the more traditional Hertzian model, which
assumes linear elastic behavior, small strains, and infinite cell thickness, suggests that the new analysis can predict the me-
chanical response of ECs during AFM indentation better than Hertz’s model, especially when using force-displacement data
obtained from large indentations (.100 nm). The shear moduli and distensibility of ECs were greater when using small inden-
tations (,100 nm) compared to large indentations (.100 nm). Tumor necrosis factor-a induced changes in the mechanical
properties of ECs, which included a decrease in the average shear moduli that occurred in all regions of the ECs and an increase
in distensibility in the central regions when measured using small indentations. These changes can be modeled as changes in a
chain network structure within the ECs.

INTRODUCTION

Changes in the mechanical properties of tissues and living

cells accompany numerous pathophysiological processes,

including inflammation, certain forms of cancer, and cardio-

vascular disease (1–4). Elucidating the mechanisms of these

changes associated with pathophysiological processes re-

quires determining the mechanical properties at the cellular

and subcellular level using models that can approximate the

mechanical response of the cells. Mechanical properties of

living cells are usually determined by analyzing the stress-

strain or force-displacement relationship. Atomic force

microscopy (AFM) is one technique used to measure the

force-displacement relationship of the cells by recording the

displacement of cells in response to the force applied by

the AFM probe (5). AFM has the capability of measuring

force-displacement curves combined with topographical in-

formation, providing spatial maps of mechanical properties

over the apical surface of the living cells.

Traditional analyses of AFM indentation of adherent cells

are based on analytical solutions of force-displacement rela-

tionships during contact between a rigid indenter and an

elastic half-space, assuming that the strain is infinitesimal

(6,7). However, these analyses have two major problems.

First, the half-space assumption (i.e., the cell is infinitely

thick) is not biologically relevant for indentation on the thin

adherent cells, and second, the infinitesimal strain is not the-

oretically relevant for the large strain applied by AFM probe.

Previously, analytical solutions for the contact problem of the

indentation made by a rigid indenter on an elastic layer of

finite thickness were derived using linear elastic theory based

on the assumptions that strain levels are small (8–11). These

solutions were applied in recent studies for analyzing a

spherical AFM probe pressing on an elastic layer of finite

thickness (12,13). In these studies, microspheres were at-

tached to the AFM tip to distribute the load applied by the

AFM cantilever, which allowed the use of small strain elastic

theory. While an elegant approach, these relatively large

beads did not allow for the full lateral resolution possible, with

a bare AFM tip, to be used. Performing these experiments

using a standard AFM cantilever with a sharp pyramidal tip to

compress thin regions of adherent cells with a thickness of

,1 mm requires a theoretical model that considers the re-

sulting large strains.

Previous studies used finite element modeling to simulate

AFM indentation and determined the cellular strains induced

by the indenter, or examined the effect of indentation depth,

tip geometry, and material nonlinearity on the finite inden-

tation response (14,15). Na et al. (16) generated a theoretical

framework for incorporating the nonlinear kinematics and

material responses as well as the finite thickness of the cells

by developing constitutive models of the thin adherent cells

and using finite element modeling to simulate qualitative

mechanical responses during AFM nanoindentation. Other

investigators used finite element modeling to simulate the

AFM nanoindentation on fibroblasts and fungal hyphae to

predict the quantitative changes in the mechanical properties

of fibroblasts during cytoskeleton disassembly and to deter-

mine the elastic response of the cell wall (17,18). Ohashi et al.

(19) determined the nonlinear elastic properties of endothe-

lial cells before and after exposure to shear stress using finite
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element modeling, in which they modified the traditional

Hertz’s equation describing the force-displacement relation-

ship by adding a first-order term of displacement. Finite el-

ement modeling of axisymmetric microindentation tests has

been used to determine nonlinear elastic parameters of limb,

brain, heel pad, liver, and breast tissues (3,20–24).

Our study built upon these studies by developing a me-

chanical model of contact between the rigid AFM indenter

and thin adherent cells that incorporated both nonlinear kine-

matics and nonlinear material properties of the cells. Using

this model, the mechanical properties of living cells were

determined from the AFM force-displacement data using the

eight-chain hyperelastic model developed by Arruda and

Boyce (25) and employing finite element analysis. The eight-

chain model predicted the mechanical response of endothelial

cells better than the traditional analysis using Hertz’s model,

especially when using large indentations (.100 nm). This

approach was used to determine the mechanical properties

of confluent monolayers of endothelial cells, as well as the

effect of tumor necrosis factor-a (TNF-a) on the mechanical

properties. TNF-a is a proinflammatory cytokine secreted by

macrophages, endothelial cells, and other cells during an in-

flammatory response. TNF-a induces intracellular signaling

pathways in endothelial cells, resulting in increased surface

expression of adhesion molecules, remodeling of cytoskeletal

components including F-actin and microtubule, and disrup-

tion of endothelial barrier function (26–31). Our results

demonstrate that TNF-a induces a global decrease in shear

moduli, which can be modeled as changes in a chain network

structure within the endothelial cells (ECs).

METHODS

Linear elastic constitutive model and the
eight-chain model

The models most widely used in AFM studies of mechanical properties

of biological materials are based on Hertz’s and Sneddon’s studies (6,7).

Hertz’s theory is used to model the contact between two elastic spheres based

on Hooke’s law assuming linear elastic constitutive relationships. The con-

stitutive equation according to Hooke’s law may be derived from the fol-

lowing free energy function,

C ¼ mtrðe2Þ1 1

2
gðtreÞ2; (1)

in whichC¼ Helmholtz free energy function, m and g are the two constants

of Lamé, and e is the small strain tensor.

In this study, the constitutive relationship for the cell was selected to be

the eight-chain model, which is a hyperelastic model originally developed by

Arruda and Boyce (25) to describe the mechanical responses of incom-

pressible rubber composed of a polymer chain network structure. The con-

stitutive models using limiting chain distensibility are applicable to modeling

the mechanical response of soft biological tissues such as arterial walls (32).

The eight-chain model was used in our analysis, since this theory predicts the

strain-hardening behavior of an incompressible material using two material

constants—shear moduli and distensibility. Moreover, the structural prop-

erties of the polymer chain network can be calculated from the mechanical

properties provided by the eight-chain model. The eight-chain model was

previously used to determine mechanical properties of human skin tissue,

considering the mechanical effects of filamentous collagen networks within

the tissue (33).

The constitutive relationship of the eight-chain model for an isotropic and

incompressible material is derived from the following free energy function (25),

C ¼ m8chain
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where m8chain ¼ shear moduli; I1 ¼ first invariant of the right Cauchy-Green

strain tensor C, which is related to the Green-Lagrangian strain tensor E as

C ¼ 2E 1 I where I is the rank 2 unit tensor; and lL ¼ distensibility or

limiting network stretch, the ratio of the contour length to the initial end-to-

end length of a polymeric chain, rL/r0. The five-term approximation of the

eight-chain model is used in this study. In this study, the endothelial cell was

assumed to be incompressible as previously reported (34,35).

Comparison of Hertz’s model and the eight-chain
hyperelastic model for the uniaxial extension

TheHertz’s model describes the relationship between force and displacement

during a contact between two bodies and is based on Hooke’s law. This

model is appropriate for materials subjected to small deformations of ,1%.

However, the eight-chain model was originally developed for incompressible

polymeric materials subjected to large deformations, and is based on the

assumption that the elasticity of the material is dependent only on the en-

tropic changes in the chain network configuration.

Computational stress-stretch relationships during a uniaxial stretch of a

linear elastic incompressible material (n ¼ Poisson’s ratio ¼ 0.5) can be

determined using Hooke’s law as

sHooke ¼ Ee ¼ 2ð11 nÞmHookeðl� 1Þ ¼ 3mHookeðl� 1Þ;
(3)

where Young’s modulus is E and the stretch l is defined as the ratio of

deformed length to the initial length.

When using the eight-chain model, the stress-stretch relationships during

a uniaxial stretch are given as

s8chain ¼ 2 l
2 � 1

l

� �
@C
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Using the definition in Eq. 2,
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where I1 ¼ l2 1 2/l for the uniaxial stretch, and N ¼ l2L.

The computational stress-stretch curves for the Hooke’s law and the eight-

chain model were determined from Eqs. 3 and 5, assuming a constant shear

moduli (m8chain and mHooke) of 1 Pa and the distensibility (lL) of the eight-

chain model varying between 2 and 4 as shown in Fig. 1 A. When the dis-

tensibility lL decreased, the stress-stretch curves from the eight-chain model

showed a greater degree of strain-hardening and deviated further away from

linear stretch-stretch curve defined by Hooke’s law (Fig. 1 A).

The elastic moduli can be calculated as the slope of the stress-stretch

curve when the stretch is one, which is 3mHooke for Hooke’s law, and
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ð@s8chain=@lÞjl¼1 for the eight-chain model. When distensibility is large, the

elastic modulus of the eight-chain model is similar to the Hooke’s model,

which is three times the shear modulus (mHooke). As the distensibility ap-

proaches unity, the elastic modulus increases rapidly in the Arruda-Boyce

model (Fig. 1 B). These observations underline the very different physical

bases of these two models.

Modeling AFM indentations on cells

Hertz’s model for blunt-conical indenters

Hertz’s original solution was based on the contact between two elastic

spheres, and Sneddon modified Hertz’s solution to different geometries of

the indenter, including cylindrical and conical indenters. A modified

Hertzian model for the indenters with blunt-conical geometry was also re-

ported, which is close to the geometry of a typical AFM probe (36). This

modified model gives the following force-displacement relationship for a

blunt-conical probe with a spherical tip with radius r, half-open angle u,

contact radius a, and point of transition between cone and sphere b ¼ rcosu,

pressing with a displacement w0 on a linear elastic semi-infinite half-space

with Young’s modulus E and Poisson’s ratio n, when

w0 #
b
2

r
; F ¼ 4E
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2Þ r
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with the contact radius a calculated from the equation
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Hyperelastic finite element analysis using the eight-chain
constitutive model

Finite element analysis is widely used to simulate the mechanical behaviors

of materials and structures without using an analytical solution. This is useful

because analytical solutions are often not available for the mechanical

problems in the case of complicated geometry, large deformation, or non-

linear material constitutive relationships. AFM indentation on thin adherent

cells was modeled as an axisymmetric compression by a rigid blunt-conical

probe with tip radius of 100 nm and half-open angle of 37.5� on a hyper-

elastic layer using a finite element program Abaqus 6.4.1 (Abaqus, Provi-

dence, RI, Fig. 2 A). A nominal Young’s modulus of silicon nitride used

for the standard AFM probe is ;300 GPa, which is at least six orders-of-

magnitude greater than the highest value of elastic moduli (;100 kPa) of

ECs measured by AFM. Based on this, the indenter was assumed rigid in

the finite element modeling. During our indentation experiments, the maxi-

mum value of compressive force was typically in the range of 1–2 nN, which

was modeled by applying a concentrated force of 1.5 nN on the rigid blunt-

conical indenter in the direction parallel to the axis of symmetry, resulting in

compression of a layer under the indenter. The cell was modeled as an in-

compressible, isotropic, and homogeneous disk with a density of 1 g/cm3 and

a radius of 30 mm. The thickness of the cell was varied between 0.5 and

3 mm. The cell consisted of minimum of 5939 to maximum of 18,968 nodes

distributed over 2727–9241 deformable axisymmetric six-node triangular

hybrid shell elements. Near the contact region between the cell and the rigid

indenter, a biased mesh was used to generate greater numbers of elements.

Boundary conditions used in the finite element analysis

The axisymmetric axis is given as axis 2 as depicted in Fig. 2 A. Boundary

conditions during the compression were given as follows:

1. No displacement along the axis 1 or 2 at the bottom face of the hyper-

elastic layer, to model the firm adhesion of the cell on the substrate

(U1 ¼ U2 ¼ 0).

2. No displacement along the axis 1 along the axisymmetric axis of the cell

(U1 ¼ 0).

3. No displacement along the axis 1, and no rotation around the axis 3 for

the rigid indenter (U1 ¼ UR3 ¼ 0).

The AFM indentation was simulated by applying a concentrated force of

1.5 nN on the reference point of the rigid indenter in the �2 direction, re-

sulting in deformation of the cell. The contact between the rigid probe and the

cell was modeled as a frictionless, finite-sliding interaction between a de-

formable and a rigid body, which is used to allow separation and sliding of

finite amplitude and arbitrary rotation of the surfaces.

Experimental procedure

Measuring force-displacement data on adherent endothelial
cells using AFM

Human pulmonary microvascular endothelial cells (ECs) were purchased

from Cambrex (Walkersville, MD) and plated on fibronectin-coated glass

FIGURE 1 The computational stress-stretch curve (A)

and the elastic moduli determined as the initial slope of the

stress-stretch curve (B) during uniaxial stretch determined

using the eight-chain model and Hooke’s law when m8chain

and mHooke are ¼ 1 Pa. (A) Stress-stretch curves exhibited

greater strain-hardening behavior upon decreasing lL
(distensibility) in contrast to the linear relationship pre-

dicted by Hooke’s law. (B) The elastic moduli from

Arruda-Boyce model and from Hooke’s model (E(8chain)
and E(Hooke)) are calculated as the initial slope of the

stress-stretch curve in panel A when stretch ¼ 1. When the

distensibility is large, E(8chain) is similar to E(Hooke), but

increases rapidly as the distensibility decreases toward

unity.
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coverslips according to manufacturer’s protocols. Confluent ECs between

passages 7 and 15 were exposed to buffer only (10 ml of 0.1% bovine serum

albumin in PBS added to 1 ml of culture media) or to TNF-a (equal volume

in the same buffer added to 1ml of culture media, final concentration of 20

ng/ml) for 4 or 24 h before experiments. AFM images and force-displace-

ment curves of ECs were obtained using a Nanoscope IV Bioscope AFM

(Digital Instruments, Santa Barbara, CA) equipped with a G-type scanner,

and a silicon nitride cantilever/probe with nominal spring constant of 0.06

N/m (Digital Instruments). AFM data of the ECs were obtained while the

cells were covered with culture medium. Force-maps were generated by

obtaining a cycle of loading and unloading force-displacement curves at

every pixel on a topographical image. All AFM data were obtained at room

temperature (25�C), and each force-displacement curve was obtained with a

rate of 8 Hz. All images were obtained in a square area of 10,000 mm2

consisting of 64 3 64 data points (pixel size 1.56 mm). The range of

Z-displacement during force-displacement data acquisition was 1 mm, and

the loading rate of each force curve was 0.125 mm/s.

Visualization of F-actin distribution in endothelial cells

Confluent ECs between passages 7 and 15 were used. ECs were exposed to

TNF-a (20 ng/ml, R&D Systems, Minneapolis, MN) for 0, 4, or 24 h before

experiments. These cells were fixed with 0.1% paraformaldehyde and in-

cubated with fluorescein isothiocyanate-labeled phalloidin (0.663 10�6 M,

Sigma, St. Louis, MO) for 0.5 h. The coverslips were mounted using a

mounting media containing DAPI for fluorescent labeling of DNA (Vector

Laboratories, Burlingame, CA). The cells were imaged using a Leica TCS

SP2 AOBS laser scanning confocal microscope (Leica Microsystems, Hei-

delberg, Germany). For each area, a stack of images with 0.2 mm of section

width was taken, and an average projection image was generated using Leica

Confocal Software 2.0 (Leica Microsystems).

Analysis of the mechanical properties of the ECs

Determining thickness of each spatial position of ECs from
the AFM force map

The thickness of each pixel of the ECs was calculated by combining topo-

graphical information and deformations calculated from the force-displace-

ment data. Since the topographical information is relative, a reference value

for the underlying substrate was necessary to calculate the thickness of the

cell; the minimum value in the topographical image was used for this ref-

erence value since it represents the baseline height of the substrate exposed

between the ECs. The deformed height of each pixel was calculated by

subtracting this single reference value from the relative height value of each

pixel in the topographical image measured by AFM.

The contact point between the AFM probe and the EC was identified in

the force-displacement curve as the point where the difference between the

force-displacement curve and a straight line through a point 500 nm away on

the x axis from the starting point (x0–500 nm, y0) and the last point (xmax,

ymax) of the curve was maximal. Topographical information recorded by

AFM is the height of the pixel after a given compressive force is applied by

the probe, and thus, represents the thickness of the cell after deformation. The

deformation of each pixel of the force map was calculated as the indentation

depth in the force-displacement data. Therefore, the actual thickness for each

pixel is calculated from the relative height of the pixel minus the minimum

height in the topographical image plus the indentation depth from force-

displacement data of the pixel.

Simulating mechanical responses of thin adherent cells
during AFM indentation using finite element modeling

AFM indentation on a confluent monolayer of the ECs grown on cell culture

polystyrene dish was modeled as a rigid blunt-conical indenter pressing on a

hyperelastic layer adherent on a rigid substrate using finite element analysis

as described in Modeling AFM Indentations on Cells. Logarithmic strain LE
is defined as

LE ¼ ln v ¼ +
3

i¼1

ln linin
T

i ; (9)

where v ¼
ffiffiffiffiffiffiffiffiffi
FFT

p
is the left stretch tensor, li the principal stretches, and ni

the principal stretch directions in this configuration (i.e., Eigen vectors of v).
Logarithmic strain in the direction parallel to the axis 2 (LE22) was computed

after a compressive force of 1.5 nN was applied by the rigid blunt-conical

indenter on a 1-mm thick cell withm8chain of 500 Pa and lL of 1.05 (Fig. 2 B).

LE22 reached up to ;130% in the elements under the center of the probe,

indicating that the cell suffers a large strain during AFM indentation. The

indentation depth reached up to;450 nm which is close to the experimental

results of 300 ;500 nm.

The effects of varying m8chain, thickness, and lL of the eight-chain model

on the computational force-displacement data generated using finite element

modeling of AFM indentation, were determined (Fig. 3, A–C). When the

FIGURE 2 Finite element models of AFM indentation on thin adherent

cells. (A) The contact between the AFM probe and a confluent layer of thin

adherent cells was modeled as an axisymmetric compression by a rigid

blunt-conical indenter with tip radius of 100 nm and half-open angle of 37.5�
on a thin layer by using Abaqus 6.4.1. The three axes of the configuration are

depicted as 1, 2, and 3 along with the direction of the axes. (B) Strain field in

the thin adherent layer of cells during AFM indentation computed by FEM.

Strain in perpendicular direction (LE22) reached up to ;130% in the

elements under the center of the probe, indicating that the regions near this

element suffered large strain during AFM indentation.
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shear moduli were varied from 100 to 10,000 Pa while the distensibility and

thickness were held constant at 1.05 and 2 mm, the force-displacement data

exhibited the greatest changes in the range of shear moduli values between

100 and 1000 Pa, as shown in Fig. 3 A. When the thickness was decreased

from 3 mm to 0.5 mmwhile the other parameters were fixed at lL of 1.05 and

m8chain of 500 Pa, the force was greater at the same value of displacement

(Fig. 3 B). As the sample thickness decreased, the same displacement results

in a larger strain and therefore a larger stress, thus increasing the load needed

to attain that displacement. The distensibility was varied in the range of 1.01

to 3, which is the reported range of the parameter for biological tissues

(24,33). Lower values of lL resulted in higher forces corresponding to the

same displacement as shown in Fig. 3 C, indicating that the material appears

stiffer when distensibility of polymer network within the material is de-

creased, as expected by the definition of distensibility.

Based on these results, variable intervals were used for m8chain, 500 Pa in

the range of 100 and 1000 Pa, 1000 Pa between 1000 and 5000 Pa, 5000 Pa

between 5000 and 50,000 Pa, and 10,000 Pa between 50,000 and 100,000 Pa

(Table 1). Similarly, the distensibility or limiting network stretch of 1.01,

1.05, 1.1, 1.2, 1.3, 1.5, 2.0, 2.5, and 3 were chosen to generate computational

force-displacement curves using the eight-chain hyperelastic finite element

models (FEMs) (Table 1). The computation of force-displacement data took

between 20 and 120min for each combination of parameters using a personal

computer with a Pentium IV 2.4 GHz processor and 512 MB RAM.

Determining the mechanical properties of the cell by
comparing experimental and computational
force-displacement curves

To determine the mechanical properties of the living cells, the AFM force-

displacement data were compared to the computational force-displacement

relationship from the eight-chain hyperelastic FEMs (Fig. 4). Since com-

putation of force-displacement data took between 20 and 120 min for each

variation of parameters and the number of force-displacement data per AFM

force map exceeded 4000, performing curve fitting for each experimental

force-displacement curve could not be completed within a reasonable

amount of time. To expedite the analysis, the following approach was used in

our study.

First, FEMs of indentations were generated by varying thickness, dis-

tensibility, and m8chain parameters of the cell using a custom-written code in

Python 2.0 (Python Software Foundation, Ipswich, MA). For each combi-

nation of these parameters, AFM indentation on the cell was simulated using

Abaqus 6.4.1, and the magnitude of force and displacement in axis 2 (U2)

were recorded. As a result, a database of computational force-displacement

curves was generated for all the possible combination of the three parameters

varying within the given range (Table 1).

Second, the thickness obtained from the experimental data was compared

to the computational database from the FEMs, and the subset of the com-

putational data with the closest thickness was selected. The unloading part of

the experimental force-displacement data was compared with the computed

force-displacement data within the selected FEMs, and the difference be-

tween the experimental data and the model was calculated using the coeffi-

cient of correlation (R2), which represents the fit between the model and

experimental data. The coefficient of correlation is defined as

R2 ¼ 1� SSE

SST

¼ 1�
+
n

i¼1

ðyi � ŷiÞ2

+
n

i¼1

ðyi � �yÞ2
; (10)

FIGURE 3 FEM force-displacement data during AFM indentation. (A)
Force-displacement curves upon varying shear moduli from 100 to 10,000

Pa with fixed values of lL at 1.05 and thickness at 2 mm. (B) Force-

displacement curves upon varying the thickness from 0.5 to 3 mm with fixed

values of lL at 1.05 and m8chain at 500 Pa. The force increased at the same

value of displacement when the thickness decreased, especially in the range

of ,1 mm. (C) Force-displacement upon varying lL from 1.01 to 5 with

fixed m8chain at 5000 Pa and thickness at 2 mm. Decreased distensibility of

the polymer chain network (lL) within the material resulted in increased

force at the same displacement.

TABLE 1 Range of material parameters used in the analysis

Parameter Range

Thickness 0.5–3 mm with increments of 0.5 mm

m8chain 100, 500, 1000, 2000, 3000, 4000, 5000, 10,000, 15,000,

20,000, 25,000, 30,000, 35,000, 40,000, 45,000, 50,000,

60,000, 70,000, 80,000, 90,000, 100,000

lL 1.01, 1.05, 1.1, 1.2, 1.3, 1.5, 2, 2.5, 3
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where SSE is error sum of squares, SST is total corrected sum of squares, yi is

the ith point of the experimental data, ŷi is the i
th point of the computational

data from the FEMs, �y is the mean of the experimental data, and n is the

number of the points in the experimental data. The distensibility and the shear

modulus were determined from the parameters in the computational data

from the FEMs that had the greatest R2 value for the force-displacement data.

The pixels with R2 values #0 were excluded from the analysis.

The experimental and computational force-displacement data are defined

in different discrete domains. To compare the two data, the computational

data were represented by a polynomial equation determined from a standard

least-squares curve-fitting module, Polyfit, in MatLab 7.0.1 (The Math-

Works, Natick, MA), in which the R2 values exceeded 0.999 in all curve

fittings. The experimental force-displacement data were compared to the

polynomial representation of the computational data. The R2 values between

the experimental and the polynomial representation of computational data

were calculated using a custom-written code in MatLab 7.0.1.

Determining hyperelastic properties in different regions
of ECs

To determine the mechanical responses of ECs during small and large in-

dentations, the total range of indentation depths in the AFM and computa-

tional force-displacement curves were divided into two regions: the

indentation depths of 0–100 nm, and.100 nm. The indentation depth of 100

nm exceeds the thickness of the phospholipid bilayer of a cell membrane,

which is ;5 nm. Because of our choice of digitization rate in collecting the

data, AFM force-displacement data within 5 nm of indentation depth did not

include enough data points to determine elastic moduli. Moduli were ob-

tainable within 100 nm of displacement, and this depth may include the

molecules expressed on the cell surface, such as glycocalyx, plasma mem-

brane, membrane-bound F-actin, and the linker proteins that bind F-actin to

the plasma membrane. Mechanical properties were determined from the best

fit FEM of the AFM data as depicted in Fig. 5. The shear moduli from the

eight-chain model were categorized according to the indentation depths

used in determining them, m8chain 0-100nm for indentation depths 0–100 nm,

m8chain.100nm for indentation depths .100 nm, and m8chain total for the total

indentation depths.

Average shear moduli and distensibility were determined for the entire

surface of each cell, except for the tall area near nuclei. The regions overlying

nuclei were outlined by hand in the topographical images and excluded in the

analysis, since the height of these regions often exceeded the vertical scan-

ning range of our AFM. Subsequently, each cell was divided into peripheral

(within 10 mm from cell borders) and central regions. Maps of peripheral

and central regions of each cell were outlined from the topographical AFM

images using ImageJ (National Institutes of Health, Bethesda, MD). The

average mechanical properties for the peripheral, central, and entire region of

each cell were determined from the maps of elastic moduli derived from each

region using a custom-made program in MatLab 7.0.1.

Determining elastic properties using Hertz’s model

The shear moduli of the ECs from the finite element analysis were compared

to the shear moduli determined from the same cells using the blunt-conical

Hertz’s model described in Eqs. 6–8.

Shear moduli were calculated from Young’s moduli (E) determined in the

Hertz’s model and Poisson’s ratio (n) as in Eq. 11,

mHertz ¼
E

2ð11 nÞ: (11)

In the analysis using the blunt-conical Hertz’s model described in Eqs. 6–8,

the cells were assumed to be incompressible, i.e., Poisson’s ratio was

assumed to be 0.5.

The Hertzian shear moduli for different ranges of indentation depths,

mHertz total, mHertz 0-100nm, and mHertz.100nm, were determined by optimization

of the elastic moduli parameter in Hertz’s force-displacement equations for

each range using the Nelder-Mead simplex algorithm (37). The average

mHertz total, mHertz 0-100nm, and mHertz.100nm values from Hertz’s model were

determined in the different regions of the ECs as described above.

FIGURE 4 Flow diagram of the parametric approach for determining the

mechanical properties using finite element analysis. A database of compu-

tational force-displacement curves was generated using parameters varying

between 0.5 and 3 mm for the thickness, 1.01–3 for the distensibility, and

100–100,000 Pa for the shear moduli in the eight-chain hyperelastic FEMs.

For each combination of the thickness and shear modulus parameters, AFM

indentation on the cell was simulated while recording the magnitude of total

force (TF:magnitude) and displacement in axis 2 (U2) at the reference point

of the rigid indenter. The thickness of the EC region at which the AFM data

was determined and compared with the thickness used in all FEMs. A subset

of FEMs with the closest thickness was selected. AFM force-displacement

data were then compared with the force-displacement data from the subset

of FEMs, and the mechanical properties were determined from the shear

modulus and distensibility of the best fit FEMs.

FIGURE 5 Determining mechanical properties from AFM force-

displacement data measured on ECs using FEM. The thickness of EC at

which AFM data was obtained was determined from the height in the AFM

topography image and the indentation depth in the force-displacement data.

The force-displacement data were divided according to the indentation depth

of 0–100 nm, .100 nm, and in the total indentation depth. The mechanical

properties in these indentation depths were determined from the best-fit

FEMs that simulate the experimental force-displacement curve most closely.
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Statistical analysis

Mechanical properties are expressed as average 6 standard error unless

otherwise specified. Differences in the shear moduli were identified by paired

student’s t-tests for the comparison of the shear moduli of different regions of

the same cell and by one-way ANOVA for the comparison of more than two

groups. Differences were regarded significant if P , 0.05.

RESULTS

Mechanical properties of the ECs were
determined using the eight-chain hyperelastic
FEMs and Hertz’s model

The mechanical properties of the confluent monolayers of

ECs without TNF-a treatment were determined from the

experimental force-displacement curve generated from each

pixel of the AFM force maps, and reconstructed as maps of

thickness, R2
8chain, m8chain, and lL. Representative maps of

thickness, R2
8chain,m8chain total, and lL values are shown in Fig.

6, A–D. In Fig. 6 A, topographical information is given as the

value of each pixel, which is represented as the color scale

shown in the bar on the right. Taller regions such as regions

containing nuclei appear brighter in Fig. 6 A. Fig. 6 B is a map

of the coefficients of correlation, R2
8chain (Eq. 10). The value

of each pixel is a measure of how closely the computational

hyperelastic force-displacement curve from the FEMs fits

the experimental force-displacement data of that pixel, the

brighter pixels meaning greater R2
8chain values. Regions con-

taining nuclei of the ECs were often taller than the upper limit

of thickness used in the FEM (open pixels, Fig. 6 A), and are
solid areas in the map of R2

8chain (solid arrows in Fig. 6 B).
Except for the regions containing nuclei, most of the area

covered by cells exhibited R2 value .0.9, indicating that the

ranges of parameters used in creating the database of com-

putational force-displacement curves from the FEMs were

sufficient to predict mechanical behavior of the cells with

good agreement.

Fig. 6, C and D, shows maps of hyperelastic material

constants,m8chain total and lL, used in the FEMs that generated

the best-fit computational force-displacement curve to the

experimental data for each pixel. The map of lL (Fig. 6 D)
showed that the distensibility of ECs had a high variability in

the range of values used in the analysis, between 1.01 and 3.

The average values for m8chain total, m8chain 0-100nm, and

m8chain.100nm were determined for each EC (N ¼ 15 cells

from five AFM images). The average values of mHertz total,

mHertz 0-100nm, and mHertz.100nm of the same cells were

determined using Hertz’s model. Images of mHertz total and

FIGURE 6 Maps of thickness (A), R2
8chain (B), m8chain total

(C), lL (D), EHertz total (E), and R
2
Hertz (F) of a representative

region of EC monolayers. Scale bars in the right represent

the range of the values of thickness, R2
8chain, m8chain, lL,

EHertz total, and R
2
Hertz in each map. Regions near nuclei with

thickness .3 mm or near cell junctions with thickness

,0.5 mm correspond to dark areas in R2
8chain map (solid

arrows in B), because the thickness of these regions falls

out of the range used in the FEMs.
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R2
Hertz are shown in Fig. 6, E and F, for the same cells as in

Fig. 6, A–D.
The average m8chain total value of the entire surface of ECs

determined using finite element modeling was 2815 6 163

Pa. The average m8chain total values of the central and pe-

ripheral regions were 2667 6 191 Pa and 2929 6 160 Pa,

respectively. The average mHertz total values were 67916 490

Pa, 63496 555 Pa, and 71596 467 Pa, for the entire surface

and the central and peripheral regions, respectively.

For each region, m8chain total was�mHertz total. The average

mHertz value for the entire surface is ;2.4 times greater than

the average m8chain value for total indentation depths, 2.5

times for indentations .100 nm, and 1.7 times for indenta-

tions of 0–100 nm. Fig. 1, A and B, indicates that the eight-
chain model predicts that the stress-stretch curve will have a

greater initial slope than the Hooke’s model for the same

shear modulus and that the stress-stretch curve from the

eight-chain model appears stiffer than Hooke’s curve as

stretch increases, which is due to strain-hardening. Thus, if

the same experimental force-displacement data were ana-

lyzed using the eight-chain model, the shear modulus would

appear less than when using Hertz’s model, and the differ-

ences between the two moduli would become greater for

large indentations compared to small indentations.

To determine the fit of the eight-chain model and Hertz’s

model to the mechanical response of ECs during AFM inden-

tation, the R2 values for Hertz’s model and for the eight-chain

model were compared (Fig. 7, A and B). A representative

example presented in Fig. 7 A shows that the eight-chain

model closely matched experimental force-displacement

data to a higher degree than Hertz’s model, as shown by the

greater R2 value. The average R2
Hertz was .R2

8chain in 0–100

nm indentations (Fig. 7 B), likely due to multiple iterations of

parameters during the simplex search optimization method

from the analysis using Hertz’s model, but not when the

eight-chain model was used. Notably, R2
8chain was .R2

Hertz

in.100 nm indentations despite the coarse-step optimization

process used for the hyperelastic FEMs; this suggests that the

mechanical properties of ECs in large indentation depths are

better modeled using a hyperelastic constitutive model such

as the eight-chain, rather than the linear-elastic, model.

Average shear moduli and distensibility of ECs
were greater when using indentations 0–100 nm
than indentations >100 nm

Mechanical properties of ECs were determined using the

eight-chain and Hertz’s models averaged over entire surface

of each EC and in the peripheral and central regions for 0–100

nm and .100 nm indentations. The values of m8chain 0-100nm

were significantly greater than m8chain.100nm when averaged

over the entire surface and in the peripheral and central re-

gions of the ECs (Fig. 8 A, P, 0.001). Distensibility (lL) of
ECs was greater for indentations of 0–100 nm than for in-

dentations.100 nm (Fig. 8 B, P, 0.001). In contrast, when

analyzed using Hertz’s model, the values of mHertz 0-100nm

were not significantly different from mHertz .100nm in any of

the cell regions (Fig. 8 C).

TNF-a induced F-actin cytoskeletal remodeling
and a decrease in shear moduli of ECs

Remodeling of F-actin in ECs induced by TNF-a was dem-

onstrated by F-actin staining (Fig. 9, A–C). Before TNF-a
treatment, most of the F-actin was found in peripheral bands

near the intercellular junctions (Fig. 9 A). TNF-a induced

disruption of the well-defined peripheral bands and an in-

crease in F-actin stress fibers in the cell body after 4 h of

treatment (Fig. 9 B). After 24 h of TNF-a treatment, ECs

became elongated in shape, and F-actin stress fibers were

increased in numbers and rearranged in parallel to the long

axis of the cell body (Fig. 9 C).
The average m8chain total, m8chain 0-100nm, and m8chain.100nm

or mHertz total, mHertz 0-100nm, and mHertz.100nm values of ECs

treated with TNF-a for 0, 4, and 24 h were determined for the

entire EC surface, and in the central and peripheral regions of

the ECs (Fig. 10, A–D). TNF-a induced a significant decrease

in the average m8chain total for the peripheral and central re-

gions of ECs after 24 h of treatment (data not shown, P ,
0.01). TNF-a induced a significant decrease in the average

m8chain 0-100nm in the central and peripheral regions of the ECs

after 4 and 24 h of treatment (P , 0.01, Fig. 10 A). The
average m8chain .100nm exhibited similar changes in the

FIGURE 7 The fit of the eight-chain model and Hertz’s

model to the AFM force-displacement data. (A) A repre-

sentative example shows that the eight-chain model mim-

icked experimental force-displacement data closer than

Hertz’s model, as indicated by the greater R2 value. (B)
R2
8chain and R

2
Hertz averaged for entire area of each EC when

using the eight-chain model or Hertz’s model for the entire

indentation depths, and for 0–100 nm and .100 nm

indentations are shown.
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central and peripheral regions after 24 h of TNF-a treatment

(P, 0.05, Fig. 10 B). When analyzed using Hertz’s model, a

significant decrease in mHertz 0-100nm was found for the entire

EC surface and in the central regions after 24 h of TNF-a
treatment (P , 0.05, Fig. 10 C). The value of mHertz.100nm

tended to decrease, but not significantly (Fig. 10 D).
TNF-a induced a significant increase in the average dis-

tensibility (lL) in the central regions for 0–100 nm depths

after 4 h of treatment (Fig. 11 A), but not when analyzed using
indentation depths .100 nm (Fig. 11 B).

DISCUSSION

In this study, a novel analysis was developed to determine

subcellular mechanical properties of adherent ECs using

AFM and finite element modeling. This analysis used me-

chanical models that incorporated the finite thickness and

nonlinear elasticity of the cells as well as the large strain

induced by AFM, which are more physiologically relevant

and theoretically accurate than the traditional analysis using

Hertz’s model. Using this analysis, our data demonstrate that

the mechanical responses of the ECs measured using small

(,100 nm) or large (.100 nm) indentation depths are dif-

ferent. The ECs appeared stiffer when the mechanical prop-

erties were calculated using small compared to large

indentation depths. The data also show that TNF-a induced

changes in the mechanical properties of ECs. The average

shear moduli (m8chain) decreased in the central and peripheral

regions. The distensibility of the TNF-a-treated ECs in-

creased in the central regions when measured using a small

indentation.

The force-displacement curves obtained during AFM in-

dentation have inherent nonlinearity for several reasons that

make analyses complex. Hertz’s model does consider the

constantly changing contact area between the AFM tip and

the cell surface, one source of nonlinearity. However, other

sources of nonlinearities are likely important to consider in

analyzing the force-displacement curves during AFM in-

dentation. For example, during loading on cells adherent to a

rigid substrate, strain levels within the cells often exceed the

FIGURE 8 The average shear moduli (A) and distensi-

bility (B) for 0–100 nm and.100 nm of indentation depths

for the entire surface, peripheral, and central regions from

the FEMs and the average m8chain 0-100nm and m8chain.100nm

from Hertz’s model (C). The values m8chain 0-100nm

were �m8chain.100nm in the entire surface, peripheral,

and central regions of the ECs when analyzed using

FEM (#-columns in panel A, P , 0.05). The value lL
was significantly greater in the indentation depths 0–100

nm than in the depths .100 nm (#-columns in panel B,

P , 0.05). When Hertz’s model was used in the analy-

sis, mHertz 0–100nm were not significantly different from

mHertz . 100nm in any region of the cells.

FIGURE 9 Representative confocal laser scanning mi-

croscopy images of the ECs stained against F-actin (green)

and nuclei (blue) after 0 (A), 4 (B), and 24 (C) h of TNF-a

treatment. (A) Most F-actin was in peripheral bands near

intercellular junctions before TNF-a treatment. (B) After

4 h of TNF-a treatment, the peripheral bands were dis-

rupted, and more F-actin stress fibers were observed in the

central region of the ECs. (C) After 24 h of TNF-a treat-

ment, ECs were elongated in shape and F-actin stress fibers

were increased. Scale bar ¼ 50 mm.
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range suitable for small strain theory, and the mechanical

response of the cells is nonlinear. Thus, hyperelastic consti-

tutive models are appropriate in modeling the mechanical

response of flat adherent cells. The eight-chain model is one

of the hyperelastic constitutive models intended to describe

the entropy change upon stretching long-chain molecules.

The eight-chain model was used in our analysis, since this

model predicts the strain-hardening behavior of an incom-

pressible material with a simple model that uses two material

constants—shear moduli and distensibility. These constants

are related to the structural properties of the polymeric chain

network of rubbery materials, which include chain density

and number of rigid segments within a chain. The mechanical

properties of human skin tissues were determined using the

eight-chain model, in which the filamentous collagen net-

works within the tissue were taken into account (33).

To process the large amount of data which is required to

construct maps of subcellular properties of entire cell surface,

a computational force-displacement database was created

using parameters of thickness, distensibility, and shear mo-

duli that were varied using the intervals described in Table 1.

This database was compared with the experimental force-

displacement data. The mechanical properties were deter-

mined from the best-fit model within the database of com-

putational force-displacement data which estimated the

experimental force curve with minimum error. The nonlinear

elastic properties of ECs determined using this approach

were able to predict the mechanical response of the cells

during AFM indentations with the coefficient of correlations

almost as good or better than Hertz’s model.

Several assumptions were made in our approach to gen-

erating these results. First, the eight-chain model assumes the

cells are an isotropic material and that the changes induced by

TNF-a may not be isotropic. Thus, our isotropic eight-chain

model might only approximate the anisotropic changes in-

duced by TNF-a. Second, the model assumes that the cells

are homogeneous. Our approach to this problem was to

measure the force-displacement curve on each pixel of 1.63
1.6 mm in size, and to divide each curve into 0–100 nm and

.100 nm in the indentation depths, so that the mechanical

properties of different regions of ECs can be more accurately

determined. Third, the finite element modeling assumes that

the indentation was performed away from the outer bound-

aries of the cells. To account for this, pixels with thickness

FIGURE 10 The average values of m8chain 0-100nm,

m8chain.100nm, mHertz 0-100nm, and mHertz.100nm (A–D) for

the entire surface, for the central and peripheral regions of

ECs before and after TNF-a treatment for 4 and 24 h. (A)
The average m8chain 0-100nm values of ECs were significantly

lower than controls after 4 and 24 h of TNF-a treatment in

the entire EC surface and in the central and peripheral

regions (P , 0.05). (B) The average m8chain.100nm values

exhibited similar changes for the entire EC surface and in

the central and peripheral regions after 24 h of TNF-a

treatment (P, 0.05). (C) The average mHertz 0-100nm values

for the entire EC surface and for the central regions were

significantly lower than controls after 4 and 24 h of TNF-a

treatment (P , 0.05). (D) The values of mHertz.100nm

tended to decrease, but not significantly.

FIGURE 11 The average lL values for (A) 0–100 nm

and (B) .100 nm of indentation depths for the entire

surface and for the central and peripheral regions of ECs

before and after TNF-a treatment for 4 and 24 h. (A) The
average lL value for 0–100 nm in the central region was

significantly greater than controls after 4 h of TNF-a treat-

ment (P, 0.05). (B) The lL-value for .100 nm tended to

be lower than controls after 24 h of TNF-a treatment, but

not significantly.
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,0.25 mm were excluded from the analysis. The ECs were

confluent monolayers at the time of the experiment, and thus,

only a few cells had a free outer edge. Fourth, the hyperelastic

properties of ECs were obtained by the eight-chain finite

element model that maximizes the fit with the experimental

data within the range of 100–100,000 Pa in shear modulus

and 1.01–3 in distensibility. Thus, the hyperelastic properties

determined in this study represent a unique solution within

these physiologically relevant ranges.

When the eight-chain model was used to determine the

mechanical properties of ECs, the average R2
8chain was

,R2
Hertz in 0–100 nm indentations, whereas the opposite was

true when indentations were .100 nm (Fig. 7 B). The opti-
mization method used in the analysis based on the eight-

chain model did not allow multiple iterations of parameters

and was thus unlike the simplex search optimization method

used in the analysis based on Hertz’s model. Therefore, it is

not surprising that R2
8chain was ,R2

Hertz when the indentations

were small. However, our finding that R2
8chain was .R2

Hertz in

.100 nm indentations strongly suggests that the mechanical

properties of ECs in large indentation depths are modeled

more accurately when using a hyperelastic constitutive

model such as the eight-chain model, which accounts for

strain-hardening behavior, compared to a linear-elastic model

such as Hertz’s.

The average shear moduli and the distensibility of ECs

determined from the finite element modeling were greater

when calculated using small indentations (,100 nm) than

large indentations (.100 nm). At least four possibilities may

account for this difference:

1. Different regions of the cells are probed with small

compared to large indentations, and the micromechanical

properties of ECs may vary in these different regions. For

example, the superficial regions (,100 nm) may be

stiffer than the underlying regions (.100 nm), or the

mechanical properties probed in the small area of cell-

probe contact during small indentations of 0–100 nm

may differ from those probed in the larger contact area

during indentations .100 nm.

2. The shear moduli in the large indentations or the disten-

sibility in the small indentations might have not accu-

rately determined, since the mechanical behavior during

the small indentations is dictated by the shear moduli

more heavily than the distensibility, and the opposite is

true in the large indentations.

3. The superficial regions of ECs may exhibit smaller shear

moduli and distensibility when displaced by large inden-

tations after the small indentations than when displaced

by only small indentations. This may be due to the strain-

softening of the superficial regions themselves when

indented .100 nm by the AFM probe.

4. The computed value of strain-hardening (as quantified by

the curvature of the force-displacement curve) might

exceed the actual degree of strain-hardening of ECs during

AFM indentation. The degree of strain-hardening is dic-

tated by the range of distensibility used in the model.

This study used a range between 1.01 and 3.0, based on our

observations that distensibility values .3.0 did not alter the

computational force-displacement curves generated from the

eight-chain hyperelastic FEMs with shear modulus of 200 Pa

and thickness of 2 mm (Fig. 3 C). However, this may not be

the case when thicknesses or shear moduli are very small or

large. A model that overestimates strain-hardening would

result in lower values of moduli and distensibility than the

actual values and thus a decrease in these parameters as strain

increased. Another caveat of our findings is that although our

data found the differences in the mechanical properties for

indentations ,100 nm compared to .100 nm, the mechan-

ical properties are not likely to be discretely different at 100-

nm indentation, but instead change continuously during

progressively deeper indentations.

When ECs were treated with TNF-a, the average shear

moduli were significantly lower than controls not treated with

TNF-a. The average m8chain 0-100nm and m8chain.100nm sig-

nificantly decreased in the central and peripheral regions.

Even though Hertz’s model provides a poorer fit, the values

show similar results in that mHertz 0-100nm decreased when

averaged over the entire surface and in the central regions,

andmHertz.100nm tended to decrease but not significantly. Our

results are consistent with our previous observation that the

stiffness of ECs decreased significantly after 4 h of TNF-a
treatment when measured using magnetic bead twisting cy-

tometry (Q. Wang and C. M. Doerschuk, unpublished obser-

vation). Remodeling of the F-actin network inside the cells

may be responsible for this decrease in EC stiffness, despite in

vitro data suggesting that F-actin stress fibers are stiffer than

F-actinmicrofilaments or G-actin. Intriguingly, the eight-chain

model predicts that the decrease in the shear moduli is due to a

decrease in the density of chains, whichmay happen during the

formation of thick bundles of stress fibers from thinner F-actin

filaments during TNF-a treatment. Furthermore, the changes

in ECs induced by TNF-a such as the expression of adhesion

molecules on the apical membrane, the remodeling of lipid

distribution of the membrane, and the remodeling of cyto-

skeletal components other than F-actin stress fibers might re-

sult in a decrease in the stiffness probed by AFM indentation.

Finally, disruption of the endothelial junction, induced by

TNF-a, affects barrier function of ECs and may relieve the

tension generated at the cell-cell junctions or at the cell-ex-

tracellular matrix, which in turn may induce a decrease of EC

stiffness. Changes in the average distensibility were different

when small or large indentations were used in the analysis.

When only 0–100 nm of indentations within force-displace-

ment curves were analyzed using the finite element modeling,

TNF-a resulted in an increased distensibility in the central re-

gion. The distensibility provides a measure of strain-hardening

behavior as described in Fig. 1 A. Thus, our results that TNF-a
induced an increase in EC distensibility in the 0–100 nm of
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indentations can be interpreted to suggest that TNF-a induces

a decrease in strain-hardening in the central regions near apical

membrane as well as a decrease in the stiffness.

In conclusion, a novel analysis was developed to deter-

mine the nonlinear elastic properties of endothelial cells us-

ing finite element modeling of AFM indentation on flat

adherent cells. This analysis predicted the mechanical re-

sponse of ECs during AFM indentations better than the tra-

ditional analysis using Hertz’s model especially for large

indentations (.100 nm). The shear moduli of ECs were

greater when measured using force-displacement data ob-

tained from small indentation (,100 nm) compared to large

indentation (.100 nm) depths. Tumor necrosis factor (TNF)-

a induced a global decrease in the shear moduli and an in-

crease in the distensibility only in the central region of the

ECs when measured using small indentations, which can

be modeled as changes in a chain network structure within

the ECs.
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