
R E S E A R CH A R T I C L E

Direct monitoring of drug-induced mechanical response of
individual cells by atomic force microscopy

Van-Chien Bui1,2 | Thi-Huong Nguyen1,3

1Institute for Immunology and Transfusion

Medicine, University Medicine Greifswald,

Greifswald, Germany

2ZIK HIKE, University of Greifswald,

Greifswald, Germany

3Institute for Bioprocessing and Analytical

Measurement Techniques, Heilbad

Heiligenstadt, Germany

Correspondence

Dr. Thi-Huong Nguyen, Institute for

Bioprocessing and Analytical Measurement

Techniques, Rosenhof 1, 37308 Heilbad

Heiligenstadt, Heiligenstadt, Germany

Email: thi-huong.nguyen@iba-heiligenstadt.de

Phone: +49(0)3606671600

Fax: +49(0)3606671200

Funding information

German Federal Ministry of Education and

Research (BMBF), Grant/Award Number: FKZ

03Z2CN12; German Research Foundation,

Grant/Award Numbers: DFG, NG 133/1-2

Abstract

Mechanical characteristics of individual cells play a vital role in many biological processes

and are considered as indicators of the cells’ states. Disturbances including methyl-

β-cyclodextrin (MβCD) and cytochalasin D (cytoD) are known to significantly affect the

state of cells, but little is known about the real-time response of single cells to these drugs

in their physiological condition. Here, nanoindentation-based atomic force microscopy

(AFM)was used tomeasure the elasticity of human embryonic kidney cells in the presence

and absence of these pharmaceuticals. The results showed that depletion of cholesterol in

the plasma membrane with MβCD resulted in cell stiffening whereas depolymerization of

the actin cytoskeleton by cytoD resulted in cell softening. Using AFM for real-time mea-

surements, we observed that cells mechanically responded right after these drugs were

added. In more detail, the cell´s elasticity suddenly increased with increasing instability

upon cholesterol extraction while it is rapidly decreased without changing cellular stability

upon depolymerizing actin cytoskeleton. These results demonstrated that actin cytoskele-

ton and cholesterol contributed differently to the cell mechanical characteristics.
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1 | INTRODUCTION

Mechanical properties of cells play an important role in various biolog-

ical processes including cell migration, growth, proliferation, or divi-

sion.1-3 It can reflect changes in the chemical medium4 and is

dependent on various factors such as microridges, microvilli, and

cilia,5 actomyosin,6 or salts.4,7 Several methods including optical

stretcher,8 micropipette aspiration,9 and atomic force microscopy

(AFM),10 are commonly used to measure mechanical properties of

cells in the adherent or suspended states over a wide range of physio-

logical conditions. Optical traps and micropipette aspiration are

always utilized for suspended cells while AFM is used for substrate-

anchored or adherent cells. Among these techniques, AFM has been

widely used to directly measure the mechanics of substrate-anchored

or substrate-adherent cells with a high spatial resolution (�1 nm) and

sensitivity (�1 pN) under physiological cell culture environments.11,12

The elastic response to the external force of individual cells is nor-

mally characterized by an established contact model derived from

continuum mechanics (Hertz model).13 This model describes the elas-

tic deformation of a homogenous continuum with a spherical indenter

in the absence of adhesion and is proved to be useful to get an overall

bulk elasticity of the measured cells.14,15

The shape of cells is formed by a connection of a cell membrane

with an actin cortex (also called actomyosin cortex) via various pro-

teins like those belonging to the ezrin/radixin/moesin (ERM) protein

family.16,17 Cell membrane mainly formed by proteins and lipids is the

outermost layer that envelopes cytoplasm of the cell and protects the

cell integrity along with supporting and maintaining the cell's shape. It
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plays a key role in regulating cell function and controlling the move-

ment of substances in and out of the cell. It also protects the cell from

external environment and participate in various cellular processes

such as cell adhesion, signal transduction, energy conversion, ion con-

ductivity, cellular transport, survival, surface recognition, or prolifera-

tion.18,19 Cellular characteristics and functions can be directly affected

by any change in the structure of the cell membrane.20,21 One of the

main components of the plasma membrane in all mammalian cells is

cholesterol where cholesterol/phospholipids molar ratio may be as

high as 1:1.22 Changes in the level of cholesterol in the plasma mem-

brane are known to have a major impact on the physical properties of

the membrane lipid bilayer, such as changes in membrane fluidity,

ordering of the phospholipids, and membrane deformability (elastic-

ity).23 Actin cortex, formed by an actin-rich network consisting of F-

actin filaments, actin-binding proteins, and myosin motors,24,25 is a

cytoplasmic protein layer attached to the inner side of the cell mem-

brane via membrane-anchoring ERM proteins. The dynamic alteration

of the actomyosin plays a major role in cellular processes associated

with cell shape remodeling and cellular contraction, as well as modu-

lating membrane behavior and surface mechanical properties.17,26

The diverse interplay between the plasma membrane and the cell

cortex requires a well-established biological model with limited distur-

bance from cell migration, growth, and proliferation. Although the cell

mechanical characteristics are significantly affected by changes in

membrane cholesterol23,27 or actin contents,28-31 the real-time

mechanical response of the cell against the devoid of these composi-

tion remains unclear. The goal of this study is to understand the

impact of cholesterol and actin in the deformability of the membrane-

cytoskeleton complex.

Here, we use nanoindentation-based AFM to directly monitor the

mechanical response of the human embryonic kidney (HEK) cells, a

cell line transformed with adenovirus32 that shows cancer-like behav-

ior in tissue culture, upon depletion of the membrane cholesterol

and/or disruption of the actin cytoskeleton. Although the mechanical

characteristics of HEK have been investigated, there is still a large var-

iation in the reported results. Kagiwada and coworkers used a

200 nm-diameter nanoneedle for nanoindentation measurements

reported that HEK cell elasticity is 6.5 ± 2.5 kPa33 while Shimizu and

coworkers used spherical tip for AFM experiments and reported that

HEK cell elasticity is ~0.4 kPa.34 As a result, we first reexamined the

elasticity of the untreated cells and used as a control and then investi-

gated the effect of the disruption of membrane cholesterol by methyl-

β-cyclodextrin (MβCD) and of the depolymerization of actin cortex by

cytochalasin D (cytoD) on cell mechanics in real-time.

2 | MATERIALS AND METHODS

2.1 | Cell preparation

About 24 mm round glass coverslips (Plano GmbH, Wetzlar, Germany)

were sonicated in turn in acetone, ethanol, and DI water for 5 minutes.

The coverslips were then dried under a nitrogen stream, immersed into

0.02% poly-L-lysine (PLL) (Sigma Aldrich, Harmburg, Germany) for

30 minutes, and dried again with N2 blow. HEK293T cells (Life Technol-

ogies, Darmstadt, Germany) were trypsinized by 0.25% Trypsin-0.02%

EDTA (PAA-BioPharm, Darmstadt, Germany) in PBS for 2 minutes at

37�C followed by rinsing with PBS (PAA-BioPharm, Darmstadt, Ger-

many). Cells were cultured on PLL-coated coverslips placed in a steril-

ized six well plate in Dulbecco's-modified Eagle's medium (DMEM) (Pan-

Biotech) supplemented with 1% Penicillin/Streptomycin, 1% L-

glutamine and 10% heat-inactivated fetal calf serum (PAA-BioPharm,

Darmstadt, Germany) at 37�C under a 5% CO2 humidified atmosphere

for 5 hours prior to experiments. Actin cytoskeleton depolymerization

and cholesterol extraction were induced by treating the cells with cytoD

andMβCD (Sigma-Aldrich, Steinheim, Germany).

2.2 | Force measurements

Force measurements on HEK cells were carried out in cell culture

medium at 37�C by Nano Wizard 3 AFM (JPK Instruments AG, Berlin,

Germany) combined with an inverted microscope (Olympus IX

81, objective 20x/0.45). This combination allows the AFM probe to be

positioned on any region of interest of the cell surface. A commercial

5 μm silica bead was attached to the end of a backside gold-coated

Si3N4 tipless cantilever (model MLCT-O10, Bruker AFM Probes, Cama-

rillo, CA) by the glue NOA68 (Norland Products) under short wave-

length UV light (254 nm) for 15 minutes followed by exposing to

oxygen plasma for 1 minute to remove organic components. The actual

bead size of 4.2 ± 0.05 μm was measured again by scanning electron

microscopy (SEM) (Carl Zeiss AG, Jena, Germany). The spring constant

of the cantilevers of 12 ± 2 pN/nm was calibrated right before each

measurement using the thermal noise method (JPK Instruments AG).

This cantilever was used for all measurements with a tip speed of

2 curves/s and a loading force of 150-200 pN. Other parameters were

optimized for the measurements. To evaluate the mean elasticity of

cells, 64 to 100 force vs distance (F-D) curves were recorded on top

(nuclear region) of single cells and 100 untreated cells, 91 cells pre-

incubated with 10 mM MβCD for 2 hours, and 103 cells preincubated

with 10 μM cytoD for 30 minutes were collected. To directly monitor

the cell response, the drugs were added during elasticity measurements

on untreated cells. F-D curves were then converted to force vs indenta-

tion curves, which were the slope difference of the F-D curves mea-

sured on top of the cell and on a glass surface, followed by fitting with

Hertz model13,35 using Equation 1:

F =
4E

ffiffiffi

R
p

3 1−ν2ð Þδ
3
2 ð1Þ

where R is the radius of the bead, δ is the indentation depth, and ν is

Poisson's ratio (assumed to be 0.5 for a soft sample) to calculate elas-

ticity E of the cell. These processes were carried out with JPK data

processing software version spm-4.4.18+. Data analyses were done

with origin software (version 9.1, Origin Lab Corporation, Northamp-

ton, MA, USA).
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3 | RESULTS

To examine the mechanical properties of cells, we prepared AFM

spherical tips and cells for nanoindentation experiments by AFM

(Figure 1). Figure 1A shows an SEM image of a spherical bead firmly

stuck to the end of an AFM tipless cantilever which was used to

indent the cells. Figure 1B shows a model for nanoindentation mea-

surement on adherent cell cultured on PLL coated glass substrates.

Applying a force F to the cell when the bead is in contact with the cell

surface will help the bead to indent the cell and make cantilever bent.

This bending of the cantilever will be recorded by AFM and will serve

as input parameters of the F-D curve (Figure 1C). The difference

between force curves measured on the hard glass and soft cell sur-

faces shows the deformation of the cell under the tip load, that is,

how much the tip indents the cell. This deformation will be converted

into force-indentation curves which will then be fitted with the Hertz

model to calculate Young's modulus of the cell.

Figure 1D is an overlay of the fluorescence and optical image

showing the silhouette of an AFM cantilever end carrying silica bead

placed on the top (nuclear region, blue) of a cell for force measure-

ments. An important parameter in nanoindentation measurement is

the height of the sample of interest. It is said that if the indentation

depth exceeds 10% of the cell height, the complication of the underly-

ing hard substrate should be taken into account.36 Therefore, we mea-

sured the cell height by approaching the cell top and glass surface to

the bead and recorded the cantilever position on these two surfaces

(total five cells, ranging from smallest to largest cells). The measured

difference of the cantilever position on top of the cell and on the glass

surface is 6 to 10 μm which is approximately equal to the cell height.

Figure 2 shows the elasticity measurement of the HEK cell.

Figure 2A is a representative force-indentation curve with an inden-

tation depth <10% of the cell height derived from an F-D curve mea-

sured on a cell using AFM data processing software. To verify the

stability of single cells, we continuously measured the elasticity on

top of individual cells and observed that the elasticity of single cells

varies in a range of around 400 Pa, but the median elasticity remains

stable for more than 30 minutes (Figure 2B). The corresponding

mean elasticity of individual cells is shown in Figure 2C. The error

bar on each data point is a SE of the mean (s.e.m). Figure 2D pre-

sents the elasticity histogram which is fitted with a Gaussian disper-

sion model (solid line) to get the mean elasticity ± s.e.m of 100 cells

of 259.3 ± 8.6 Pa.

F IGURE 1 Measuring cellular mechanics by nanoindentation-based AFM. A, SEM image showing a silica bead glued at the end of an AFM

cantilever. Scale bar is 4 μm. B, Cartoon showing the force measurement on a cell on PLL-coated glass substrate. C, Schematic showing an
approaching force vs distance curve measured on hard glass (dashed line) and cell (solid line) surface by AFM. When the tip is far from the sample
surface, the cantilever is not bent (i) and therefore no change in the force can be observed. Upon contact with the surface (ii), the cantilever starts
to bend, and the force starts to increase. On the hard glass surface, the bending of the cantilever (iii) is proportional to the extension of the AFM
piezo stage while on soft cell surface the bending of the cantilever (iv) will follow an inward course. The difference of the force curves measured
on these two surfaces corresponds to the indentation depth (δ) of the cell. D, Overlay of the fluorescence and bright-field images showing a
silhouette of an AFM cantilever on top of an adherent cell. Blue region is nuclear of the cells labeled by DNA dye DRAQ5
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To understand the impact of cholesterol depletion on mechanical

characteristics of the cell, we incubated the cells with 10 mM MβCD

for 2 hours in cell culture conditions followed by measuring mechani-

cal characteristics on top of the cells (Figure 3). Figure 3A is a histo-

gram showing the elasticity of 91 cells. Applying Gaussian fit to the

histogram (solid line) results in the mean cell elasticity of 1555.5

± 39.5 Pa. Applying statistical analysis with a one-way ANOVA test

showed that the elasticity of the untreated cell shown in Figure 2D is

significantly different from that of MβCD treated cells with P < <.01.

To clarify how long the cell will respond to the appearance of the

chemical, we performed elasticity measurements on top of individual

cells in their physiological condition using a continuous manner and

added MβCD to the final 1 mM and 10 mM during the measurement

(n = 3). Figure 3B and C show elasticity vs time curves which show

the response of the cell right after the drug is introduced into the

medium. We observed that the instability of the cells suddenly

increased at lower MβCD added and increased much more at higher

MβCD added with large variation range (~3000 Pa). This change in cell

elasticity was not observed in the case of adding the same amount of

cell culture medium instead of the drug as a control into the solution

during elasticity measurement (data not shown). Perhaps the amount

of cell culture medium added (1%) was too little to take effect.

Figure 3D and E are histograms showing the frequency of observing

elasticity before and after adding 1 and 10 mM MβCD. They showed

a significant effect of the drugs on the cell elasticity.

The difference from MβCD, cytoD is known to disrupt the actin

cytoskeleton. The response of the cells against actin depolymerization

is presented in Figure 4. Figure 4A is histogram showing elasticity of

103 cells after being treated by 10 μM cytoD. Fitting the histogram

with the Gaussian distribution model results in cell elasticity of 173.8

± 5.9 Pa. This result is approximately equal to 2/3 elasticity value of

the untreated cell. To investigate the influence of this drug on the cel-

lular mechanics, we performed similar nanoindentation measurements

as in the case of MβCD, that is, adding cytoD into the medium to the

final concentration of 10 μM while measuring the force curves on an

untreated cell (n = 3). Figure 4B and C show elasticity vs time curves

before and after adding 1 and 10 μM cytoD, respectively. The elastic-

ity patterns show that at 1 μM cytoD, cell stability increased, and the

median elasticity was slightly changed while the cell elasticity was rap-

idly decreased after adding 10 μM cytoD. The variation range of the

cell elasticity after 10 μM cytoD treatment is ~250 Pa which is in the

variation range of the untreated cells. The median elasticity of the
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treated cell remains stable for more than 80 minutes and is smaller

than that of the untreated cell. Figure 4D and E are histograms show-

ing a frequency of observing elasticity before and after adding 1 and

10 μM cytoD. They showed a certain effect of the drugs on the cell

elasticity.

4 | DISCUSSION

We examined the elasticity of HEK cells proliferating singly on the

glass surface by applying a very low loading force so that the

indentation depth did not exceed 10% of the cell height. This was to

minimize the complication of the underlying hard surface.36 However,

this effect should still be taken into account. Applying correction of

Hertz model by Dimitriadis et al.37 showed that when indenting HEK

cells with a 4.2-μm-diameter tip, the apparent modulus is over-

estimated by 8% for a modulus of 259 Pa and 11% for a modulus of

1555 Pa. This effect is less prominent for pyramidal tips when used

with the Hertz model if the tip creates local strains that do not exceed

the linear-elastic assumption. However, this geometry overestimated

elasticity by 60% when compared to that found with a spherical tip.37

The Hertz model fits well with the data, but still, there are errors in
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the absolute value of elasticity when using this model for the estima-

tion of Young's modulus. This is because this model is applied to

homogeneous and isotropic materials while HEK cells, like other cell

lines, have a membrane, cytoskeleton, nucleus, and organelles that

make them inhomogeneous. Regardless of the errors, the Hertz model

remains the main approach to estimate the elasticity of cells. The cell

elasticity in the current study is twice lower than that observed previ-

ously where cells were proliferating in large confluent.14 This means

that those cells had been cultured in high density so they had to prolif-

erate in a narrow space. This condition made the cells inflated due to a

compression of the surrounding cells leading to a tension over the

whole cell surface which might result in higher elasticity like in the case

of cell rounding.29 Current result also shows lower elasticity value than

that observed by Kagiwada et al.33 This may be due to the effect of the

tip geometry and other issues related to AFM technique.38

It is well known that cell surface tension and bending modulus

increased while the amplitude of membrane-cytoskeleton fluctuation

decreased during cholesterol sequestration leading to cell stiffen-

ing.27,39 It is reported that if cells are incubated with 5-10 mM MβCD

for more than 2 hours, 80-90% of total cellular cholesterol will effi-

ciently be extracted and the number of microvilli will be greatly

reduced.40,41 It is also showed that cholesterol depletion will impair

several cytoskeleton-dependent cellular functions, such as cell motil-

ity, polarization, and migration.42-44 Here, we observed that the cells
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were significantly stiffened when lipid rafts were disrupted by choles-

terol depletion. This may be due to the change in the properties of

the submembrane F-actin or its attachment to the membrane, which

is central to a series of cellular responses. Therefore, our observation

suggested that depletion of cholesterol level stabilizes the sub-

membrane cytoskeleton45 and enhances the mechanical scaffold of

the cell membrane, rather than uncouples the plasma membrane from

the submembrane cytoskeleton.23 The observed increase in the cell

stiffness may be either regulated by Rho-GTPases, that have been

reported to partition into lipid rafts46 or due to an affection of choles-

terol depletion on actin stability by sequestering of PIP2.
45 To gain a

more precise measure of how long cells respond to the appearance of

MβCD in their physiological condition, we added this chemical to the

solution while performing nanoindentation measurements on individ-

ually untreated cells. We observed that individual cells responded

immediately upon detecting this drug in their living conditions as

evidenced by a sudden increase in their elasticity with a large mechan-

ical variation range. This suggested that the extraction of cholesterol

occurred right after cells detect MβCD and the depletion process

might require less incubation time than 2 hours. These variations in

membrane mechanics may be due to the rearrangement of the actin

cytoskeleton and stress fiber formation as previously described.27

It is important to note that the increase in cell stiffness may be a

consequence of cholesterol-dependent changes in the properties of

the actomyosin cortex whose full function is maintaining tension in

the cortex.39 To investigate the impact of actomyosin integrity on the

cell surface tension, we incubated the cells with cytoD which is

known to promote disruption of the F-actin filaments. We observed

that the depolymerization of the actin cytoskeleton induced a

decrease in cell elasticity. It should be noted that even actin filaments

are disrupted, cell membrane still attaches to multiple cytoskeleton

proteins and the membrane stiffness is still dominated by the cyto-

skeleton.23 It is apparent that coupling between the cortical cytoskele-

ton and the cell membrane helps maintain the mechanical features of

the cells. The slight decrease in cell elasticity after the F-actin fila-

ments had been disrupted suggested that the ability of contraction of

the cell to respond against the chemical stimuli is reduced. To verify

how single cells responding to the actin depolymerization, we added

cytoD into the cell living environment while measuring the elasticity

of individual cells. We observed that the cells responded immediately

after detecting the appearance of this chemical like in the case of

MβCD but in an opposite way, that is, they were softened and the

variation range of the cell elasticity after treatment was in the range

of untreated cells and was much smaller than that stimulated by

MβCD. This suggested the disruption process of the actin cytoskele-

ton occurred faster than the expected incubation time.

In summary, we have reexamined the elastic modulus of single

HEK cells using recommended parameters for AFM nanoindentation

measurements of soft cells.35 We observed that flattening of the cell

membrane by cholesterol extraction significantly stiffens the cells

whereas depolymerization of the actin cytoskeleton softens the cells.

The mechanical response of the cells against these pharmaceutical

stimuli may be interpreted in terms of cell shape remodeling and

actomyosin-mediated contraction. We introduced here a simple

approach to directly tract the mechanical responses of the cells in

real-time with high temporal resolution. Our approach may be applied

to characterize other biological systems like yeast or bacteria and may

be helpful for the development of cell biology.
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