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A New Technical Approach to Monitor the Cellular 
Physiology by Atomic Force Microscopy
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Atomic force microscopy (AFM) has become an important medical and biolo- 
gical tool for non-invasive imaging and measuring the mechanical changes of 
cells since its invention by Binnig et al. AFM can be used to investigate the 
mechanical properties of cellular events in individual living cells on a nanoscale 
level. In addition, the dynamic cellular movements induced by biochemical acti- 
vation of specific materials can be detected in real time with three dimensional 
resolution. Force measurement with the use of AFM has become the tool of 
choice to monitor the mechanical changes of variable cellular events. In addition, 
the AFM approach can be applied to measure cellular adhesion properties. 
Moreover, the information gathered from AFM is important to understanding 
the mechanisms related to cellular movement and mechanical regulation. This 
review will discuss recent contributions of AFM to cellular physiology with a 
focus on monitoring the effects of antihypertensive agents in kidney cells.
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Introduction

Since the first invention of atomic forced microscopy

(AFM) by Binnig et al., it was recognized as an important 

imaging tool in biological research1). AFM differs from 

conventional optical and electron microscopy, because it 

is performed by sensing the interacting force between its 

probe tip and sample surface. Furthermore, measuring 

the force acting between its probe tip and the sample, 

by means of force-distance curves, is important in defin-

ing the sample’s physical property. Thus, the AFM force 

curve can be used to evaluate the stiffness and adhesive 

properties of cell membranes as the tip moves to and 

from the sample surface2). Early on, AFM was recognized 

for its potential to observe living animal cells3). As a result 

of technical innovations, it is now also possible to per-

form imaging in any environment including aqueous sol-

utions using AFM.

In renal physiology, AFM is mainly used to image in-

tact renal cells, or to study sub-cellular structures. However, 

workers interested in renal cells and their membrane tran- 

sporter function, can now use AFM since it is an ideal 

method for examining membrane structures. These expe- 

riments are still essential and continue but they are now 

complemented by studies in other aspects of living cells’ 

function, such as the measurement of cellular stiffness and 

cell adhesiveness4,5). 

This review will discuss some recent contributions of 

AFM to renal physiology with a focus on monitoring the 

effect of BP (blood pressure) lowering agents on cellular 

biological and mechanical responses.

Principle of AFM

AFM consists of a cantilever with a sharp tip which is 

used to scan the specimen surface. When the tip is placed 

near the sample surface, the force between the tip and 
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Fig. 1. Atomic force microscopy schematic diagram.

Fig. 2. Force-distance curves obtained in a single mesangial cell. The slope of approach curve (A). The slope
of retraction curve (B) (adopted from Ref 15).

the sample lead to a deflection of the cantilever (Fig. 1). 

Laser light is reflected off the back of the deflected canti-

lever and collected by photodiodes. This interaction be-

tween the probe tip and sample surface is then translated 

into an appropriate image.

In contrast, when the AFM tip is pressed against the 

cell, the membrane is indented. This mechanical change 

evokes the distortion of the AFM cantilever, which serves 

as a spring constant. The cantilever deflection permits 

force-distance curves of the sample surface (Fig. 2). The 

slope of the approach curve, the first half of force-dis-

tance curve where the tip approaches the sample surface, 

is used to measure the stiffness of the surface. After the 

AFM tip has indented the sample surface, the cantilever 

bends upward (Fig. 2A).

The retraction curve, the second half of force-distance 

curve where the tip pulls away from the sample surface, 

is used to determine the adhesion force. Adhesion force 

between the tip and the surface causes the cantilever to 

bend downward (Fig. 2B).

A new technical approach to monitor the 
effects of anti-hypertensive agent by AFM

AFM has become an important biological tool for non- 

invasive imaging and measuring the mechanical property 
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of cells and materials in renal physiology.

By using AFM, Oberleithner et al.6,7) recently demon-

strated that stimulation of the aldosterone receptor chan- 

ges the endothelial cell stiffness and this phenomenon 

is related to the endothelial dysfunction observed in high 

blood pressure. Aldosterone increases plasma membrane 

roughness, which is detectable only with AFM in cardio- 

myocytes scanned under physiological conditions8).

Angiotensin II (Ang II) is a potent systemic vasocons- 

trictor and plays an important role in renal injury by pro-

moting cell apoptosis and inflammation9,10). We recently 

used AFM to observe Ang II induced dynamic contraction 

and elastic changes in live and fixed mesangial cells11). We 

observed structural changes and the stiffening of mesan- 

gial cells induced by Ang II. To measure changes in live 

cell stiffness, force-distance curve measurements were per- 

formed on mesangial cells before, and after Ang II appli- 

cation. Ang II activates Ang II type 1 (AT1) receptor at the 

surface of endothelial, mesangial cell and smooth muscle 

cells. Activation of the AT1 receptor induces various sig-

naling pathways leading to actin cytoskeletal remodeling 

and contraction of the cell12). Cuerrier CM et al. recently 

extended the use of AFM to monitor AT1 receptor activa-

tion-induced mechanical responses in renal cells13). The 

main feature of the AT1 receptor activation is the large 

upward displacement of the cell membrane with contra- 

ction. It is important to mention that these nanoscaled 

cell contractions and membrane displacements cannot be 

detected using conventional optical techniques.

Several studies have documented the role of BP lower- 

ing agent on cells including endothelial cell and mesangial 

cell. Recently, AFM was performed to measure the effect 

of BP lowering agent on cellular stiffness, cell volume and 

apical surface. Specific β1 receptor blocker, nebivolol, de-

creases endothelial cell stiffness, which is associated with 

a significant increase in endothelial cell size14). These 

morphological and functional modulations observed in 

endothelial cells may explain the improved endothelial 

function with nebivolol treatment. A nanoscopy of the 

cell surface revealed that aldosterone-induced roughness 

and increase of cell surface are inhibited by spironola- 

ctone8). These nano-scaled observations obtained through 

experiments on individual cells, improve our understan- 

ding of the regulation of spironolactone in physiological 

processes. It could be explained that aldosterone-induced 

rearrangements of the cytoskeleton may influence the 

membrane surface of cells. These rearrangements were 

effectively prevented by spironolactone.

In addition, AFM has been introduced to directly meas-

ure the interaction forces between living cells and the 

AFM tip. We demonstrated for the first time the use of 

AFM force-distance curves on live mesangial cells to dire- 

ctly monitor changes in surface adhesion and stiffness of 

cells upon treatment with telmisartan in real time15). The 

main finding of our study was the observation of an inhi- 

bition of the contractile response to Ang II in mesangial 

cells pre-treated with telmisartan, which was associated 

with alterations in cell stiffness15). We also demonstrated 

that telmisartan-pretreated cells showed smaller pull-off 

forces than did the mesangial cells before treatment15). 

Measuring the stiffness and adhesive properties of mesan- 

gial cells after telmisartan treatment allowed us to explore 

the roles of Ang II receptor blocker in structural and dyna- 

mic changes of mesangial cells. This approach could impli- 

cate several advantages in the in vitro experiments using 

cultured kidney cells.

The ability to image and study the surface of living cells 

is one of the important tools of AFM(Fig. 3). Fig. 3 shows 

a time series of topography and three dimensional images 

of live mesangial cells, showing the movement of mesan- 

gial cells at a 60×60 μm scan range. Images are taken 

before and 20 min after Ang II treatment. Cells moved 

toward the center. This reflects that Ang II induced con-

tractions might lead to movement of mesangial cell. We 

could obtain the high quality images of live cells with AFM. 

However, it is difficult to demonstrate delicate cytoskele-

tal structures of the cell. With respect to AFM image, 

we found that the cytoskeletal elements of fixed cells 
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Fig. 4. Representative topography images (left panels) and defle-
ction images (right panels) of fixed mesangial cells in liquid con-
ditions: before angiotensin II (A), 20 min after Ang II (B) and 20
min after Ang II stimulation under telmisartan treatment (C). 
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elucidating the biological and physical mechanism of renal 

injury.

 1. Binnig G, Quate CF, Gerber C: Atomic force microscope. 
Physical Review Letters 56:930-933, 1986

 2. Volle CB, Ferguson MA, Aidala KE, et al.: Quantitative 
changes in the elasticity and adhesive properties of esche- 
richia coli zk1056 prey cells during predation by bdellovi- 
brio bacteriovorus 109. J Langmuir 24:8102-8110, 2008

 3. Radmacher M, Tillamnn RW, Fritz M, et al.: From mole-
cules to cells: Imaging soft samples with the atomic force 
microscope. Science (New York, NY) 257:1900-1905, 1992

 4. Radmacher M, Fritz M, Kacher CM, et al.: Measuring 
the viscoelastic properties of human platelets with the 
atomic force microscope. Biophysical Journal 70:556- 
567, 1996

 5. Schneider SW, Yano Y, Sumpio BE, et al.: Rapid aldoster-

10



Electrolyte Blood Press 10:7-11, 2012 • http://dx.doi.org/10.5049/EBP.2012.10.1.7 11

Copyright © 2012 The Korean Society of Electrolyte Metabolism

one-induced cell volume increase of endothelial cells 
mea- sured by the atomic force microscope. Cell Biology 
International 21:759-768, 1997

 6. Oberleithner H: Aldosterone makes human endothelium 
stiff and vulnerable. Kidney International 67:1680-1682, 
2005

 7. Oberleithner H, Riethmuller C, Ludwig T, et al.: Aldo- 
sterone remodels human endothelium. Acta physiologica
(Oxford, England) 187:305-312, 2006

 8. Kliche K, Kuhn M, Hillebrand U, et al.: Direct aldoster-
one action on mouse cardiomyocytes detected with atom-
ic force microscopy. Cell Physiol Biochem 18:265-274, 
2006

 9. Klahr S, Morrissey J: Angiotensin ii and gene expression 
in the kidney. Am J Kidney Dis 31:171-176, 1998

10. Mezzano SA, Ruiz-Ortega M, Egido J: Angiotensin ii and 
renal fibrosis. Hypertension 38:635-638, 2001

11. Lee GJ, Park EJ, Choi S, et al.: Observation of angio-
tensin ii-induced changes in fixed and live mesangial cells 

by atomic force microscopy. Micron 41:220-226, 2010
12. Auger-Messier M, Turgeon ES, Leduc R, et al.: The con-

stitu- tively active n111g-at1 receptor for angiotensin ii 
modifies the morphology and cytoskeletal organization 
of hek-293 cells. Experimental Cell Research 308:188- 
195, 2005

13. Cuerrier CM, Benoit M, Guillemette G, et al.: Real-time 
monitoring of angiotensin ii-induced contractile response 
and cytoskeleton remodeling in individual cells by atomic 
force microscopy. Pflugers Arch 457:1361-1372, 2009

14. Hillebrand U, Lang D, Telgmann RG, et al.: Nebivolol 
decreases endothelial cell stiffness via the estrogen re-
ceptor beta: A nanoimaging study. Journal of Hyperten- 
sion 27:517-526, 2009

15. Jeong KH, Lee TW, Ihm CG, et al.: Real-Time Moni- 
toring of the Effects of Telmisartan on Angiotensin II- 
Induced Mechanical Changes in Live Mesangial Cells 
Using Atomic Force Microscopy. Kidney Blood Press Res 
35:573-582, 2012

11


