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Abstract—The atomic force microscope (AFM), a member of
the scanning probe family of microscopes, generates height
maps of sample surfaces with subnanometer resolution.
Importantly, AFM offers the opportunity to image samples
with little or no treatment and under physiologically-relevant
conditions, making it well-suited for investigating the struc-
ture of biological samples, including fixed or living cells and
tissues. In addition to its high-resolution imaging capability,
AFM used in force spectroscopy mode is a sensitive force
measuring device, able to detect or exert forces ranging from
the pico- to the nanonewton scale. Here we review a broad
range of cell biological applications of AFM, including high
resolution imaging of adherent cells, measuring cell adhesion
down to the single-receptor level and characterizing the
mechanical properties of cells. Furthermore, we present
recent examples of how the combined use of AFM and
advanced light microscopy techniques can provide comple-
mentary structural information.
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INTRODUCTION

Soon after its invention more then 20 years ago as a
high resolution imaging tool for inorganic materials,10

the atomic force microscope (AFM) emerged as a
powerful tool to study biological samples.22,46 A vital
advancement in applying AFM for biology was the
introduction of an optical cantilever deflection sys-
tem,4,53 allowing imaging at ambient temperature, and
the introduction of a fluid cell which permitted imaging
samples in solution.16 This offered the possibility to

maintain biological samples in a physiological envi-
ronment and provided a unique high-resolution
imaging technique for living cells. Although AFM thus
first evolved as an imaging tool, it has subsequently
also been used extensively to exert or probe forces on
cells, providing insight into their adhesive and
mechanical properties.8,14,64 Here we provide an
overview of how AFM has been used to study the
morphology of substrate-adhering cells. We further-
more introduce AFM techniques that can be used to
measure cellular adhesion both with a single molecule
force resolution and at the single cell scale. We then
present ways of characterizing mechanical properties
of cells by indenting cells using the AFM tip. Finally,
recent developments complementing AFM with optical
microscopy are presented and an outlook is given on
future developments and applications of AFM to
nano-biological systems.

Principles of AFM and AFM Imaging

In AFM a sharp tip connected to a flexible canti-
lever (Fig. 1a) is scanned over the sample in a series of
horizontal sweeps.10 For imaging cells or cellular
compartments, two AFM imaging modes are most
frequently employed. In contact mode, the tip is in
direct contact with the sample and consequently traces
height changes during scanning (Fig. 1b). Tip move-
ment leads to bending (deflection) of the cantilever,
which is detected by recording the deflection of a
LASER beam reflected off the end of the cantilever
with a set of photodiodes.4,53 Using a feedback loop,
the deflection signal is used to minimize the force
applied to the sample, either by moving the sample
(sample scanner) or the tip (head scanner) up and
down via a piezo-driven servo system. In this way, the
scanning force is maintained constant regardless of the
sample topography. The sample topography (height
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image) is then reconstructed from the piezo movement.
At the same time, the cantilever deflection provides
information about sample height changes and can be
represented as the error or deflection image.

In intermittent contact mode32,63 (also known as
‘‘tapping’’ mode), the AFM cantilever is oscillated
close to its resonance frequency while scanning the
sample (Fig. 1c). Upon approaching the sample sur-
face, tip oscillation is progressively dampened and the
cantilever amplitude decreases. Again using a feedback
system, the full cantilever amplitude can be continu-
ously restored by adjusting the piezo position, hence
generating a topographic image of the sample. Because
the tip only contacts the sample briefly at the end of its
downward move,74 lateral friction forces are reduced
in tapping mode, which facilitates imaging weakly
immobilized samples. In addition, specific sample
surface properties, such as rigidity or friction may shift
the cantilevers oscillation frequency (phase shift), an
effect used in phase mode imaging. Phase images may
be used to visualize stiffness variations on the surface
of living cells.57 While contact mode is most frequently
employed for scanning fixed or living cells, tapping
mode may prove useful when scanning flexible cellular
structures, such as filipodia or microvilli or when
scanning specific membrane subdomains.43,44,56,63

Nevertheless, the effective forces exerted on the sample
during cantilever oscillation remain to be established.
In any case, when scanning fragile biological samples,
it is crucial to maintain low scanning forces to avoid
sample distortion. Scanning in liquid not only provides
a physiologically-relevant environment for cells, but

also eliminates strong capillary forces between tip and
sample occurring in air.78 In liquid scanning forces can
be adjusted to 50–100 pN (10-12 N), which is usually
sufficient to prevent irreversible deformation of bio-
logical samples,54,68 including living cells.46

AFM Force Spectroscopy

In force spectroscopy mode, the AFM cantilever is
stationary in xy-direction but ramped at a given posi-
tion in z-direction. Measuring cantilever deflection as a
function of piezo position compiles force-extension-
curves (Fig. 2). For small deflections the AFM canti-
lever approximately constitutes a Hookean spring and
the cantilever deflection is therefore linearly related to
the acting force causing the deflection. If the cantilever
spring constant is known (for instance through cali-
bration against a reference cantilever or by deduction
from its thermal oscillation spectrum12), the cantilever
deflection can be converted into a corresponding force.
Fragile biological samples require soft cantilevers.
Suitable commercially available cantilever feature
spring constants as low as 6 pN/nm (Biolever, Olym-
pus) or 10 pN/nm (MLCT, Veeco).

IMAGING CELLS AND CELLULAR

COMPARTMENTS

AFM is becoming increasingly popular among cell
biologists to investigate the morphology of adherent
cells at high resolution. Pioneering studies demon-
strated the general possibility to image cell surfaces by
AFM with high spatial resolution.31 An important
advantage of AFM over other high-resolution imaging
techniques, such as electron microscopy or tomogra-
phy, is the possibility to maintain the sample under
physiological conditions. In addition, preparing cells
for AFM imaging usually does not require cell labelling
or other preparation steps leading to potential struc-
tural artefacts, such as detergent extraction, sample
drying, coating, or cutting. Importantly, because cells
can be maintained in cell culture medium, living cells
can be imaged for extended periods of time. Thus,
AFM is the only label-free method for high-resolution
imaging of living cells and has been successfully
employed to image a wide variety of primary cells and
cell lines (see Refs. 25,44–46,60 and references therein).

Fixed or Living Adherent Cells

AFM cell imaging requires that cells are firmly
attached to a support so that they are not displaced by
the probe during scanning. Well-adhering cells, such as
fibroblasts or epithelial cells, can be directly imaged on

FIGURE 1. Basic components of an AFM. (a) A laser is used
to read on a diode the deflection of a very soft lever equipped
with a sharp tip. The sample is moved in the three directions
of space with a sub-nm accuracy using piezo-electric ceram-
ics. (b, c) Two main AFM modes are used to image biological
samples. (b) Contact mode. The tip is in continuous contact
with the sample. The deflection of the lever is kept constant
(resulting in a constant force applied to the sample) and the
z-motion of the piezo is the read-out of the surface topology.
(c) Intermittent contact mode. A secondary piezo is used to
vibrate the lever close to the surface, resulting in soft touches.
This mode present the advantage of being more gentle with
soft objects and to reduce the lateral dragging force created
by the raster scans of the surface since the contact is largely
reduced compared to contact mode.
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coated or uncoated glass supports. Weakly or non-
adherent cells may be immobilized on poly-L-lysine-
coated supports, while suspension cells, including yeast
and bacteria may be immobilized using microwells or
porous membranes.2,17,18 In this case, however, only
the top surface of the cell is accessible for imaging since
the walls of the microwell supports block access of the
AFM tip to lateral cell areas.

Initial concerns that the passing AFM tip would
disrupt the cell membrane or cause cell death during
scanning proved unfounded. If the scanning parame-
ters are adjusted carefully (low scanning force and
speed) and suitable AFM tips are used (non-oxidation
sharpened tips), cells can be scanned continuously for
hours and remain viable for days after scanning.
Experiments using dye-loaded cells demonstrated that
under optimized scanning conditions tip penetration of
the membrane occurs neither in contact nor tapping
mode.36,67 It has been postulated that a repulsive net
force between the AFM tip and the cellular glycoca-
lix33 may prevent cell damage despite the direct tip/cell
interaction.

Although membraneous material originating from
the scanned cells has been observed to accumulate at
the AFM tip after prolonged scanning, this does not
appear to adversely affect cell behaviour.67 However,
the accumulation of cellular debris on the AFM tip will

gradually decrease the lateral resolution of the AFM
scan.

For live-cell imaging, the softest available cantile-
vers are commonly used. However, even these soft
cantilevers are still at least 10 times stiffer than the
plasma membrane of epithelial cells.36 When scanning
living cells it is therefore important to keep scanning
forces minimal (£50 pN) to prevent tip penetration of
the membrane and the dislodging or dissecting of fine
cellular surface structures, such as microvilli and fili-
podia. In addition, high scanning forces frequently
induce cellular retraction out of the scanning path of
the AFM tip. Despite the direct contact of the AFM
tip, living cells can be imaged for several hours without
noticeable changes in cell morphologies.36 Because of
the influence of temperature on cell migration, mor-
phology and adhesion, meaningful images of living
cells should be acquired at 37 �C using a temperature-
controlled sample holder.

Nevertheless, in unfixed cells highly flexible struc-
tures, such as microvilli, can frequently not be resolved
in contact mode36 because they are moved along the
scanning direction by the tip. Chemical fixation with
glutaraldehyde, paraformaldehyde or UV-activatable
cross linkers can render such flexible structures more
rigid, leading to the resolution of small features that
remain stable when the tip passes.60

FIGURE 2. Force mode of the AFM. The schematics are depicting the z-motion of the piezo that leads to a deflection vs. piezo
movement curve, a so-called force curve (on the right). (a) The lever is far from the sample and is not deflected. (b) The tip is
brought to (‘‘pressed’’) and touches the sample, the lever is deflected and follows the movement of the piezo. (c) When the piezo
retract (‘‘pulled’’), the cantilever can be subjected to an hysteresis due to the interaction with the sample. The height of the force
jump when the tip jumps off the contact is called the adhesion force. (d) Similar to (a), but at the end of the cycle. The insert
describes how to convert the deflection into the exerted force, by using the system sensitivity and the thermal noise determination
of the spring constant of the lever.
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In cell imaging unsharpened AFM tips (radius ~20–
50 nm) frequently yield better images than ultra-sharp
tips (radii <10 nm). The reduction in resolution
(limited to ~20–100 nm) is often offset by better con-
trol over the tip-cell interaction, improved cell contour
tracking, and reduced cell scaring and tip contamina-
tion.56 Generally, low scanning speeds (tip velocity as
low as 5 lm/s) will improve sample tracking by the tip
and consequently provide higher-resolution AFM
images of living cells.

The structural detail revealed in AFM images of
living cells is also influenced by the scanning force
applied. At low scanning forces, the AFM tip will only
minimally deform the cell membrane and the scan
therefore provides an accurate representation of cell
contours. With increasing scan force, the AFM tip will
deform the compliant membrane and force it against
the much stiffer underlying cortical actin cytoskeleton.
Higher scanning force AFM images of living cells are
therefore visualization of variations in ‘‘surface stiff-
ness’’ correlating with submembraneous cytoskeletal
structures.65,66 The high pliability of the plasma
membrane can be exploited to image the underlying
cortical cytoskeleton in living cells with high resolu-
tion36 when the scanning force is increased. As
chemical fixation strongly increases membrane stiff-
ness, the membrane-underlying cytoskeleton in fixed
cells contributes less to image contrast generation
(Fig. 3).

Observing Dynamic Cell Processes

An exciting application of AFM is the possibility to
directly observe morphological changes associated
with the dynamic restructuring of the plasma mem-
brane and the underlying cytoskeleton. For example,
live-cell time-lapse AFM imaging revealed highly
dynamic membrane processes involved in neurite
extension.58 In addition, dynamic interactions of cel-
lular protrusions with compartments of the extracel-
lular matrix can be followed with a resolution
approaching molecular dimensions.25 Furthermore, it
has been possible to monitor granula fusion during
platelet activation,27,28 or the formation of membrane
pits after receptor-stimulated secretion.72

One of the limitations of time-lapse AFM experi-
ments for studying dynamic processes at the cell
membrane are comparatively long image acquisition
times of usually around several minutes. If restruc-
turing events of the cell membrane occur at a similar
time scale, the image will not provide a snap-shot of
the cell but will be blurred comparable to a long-
exposure photography shot. Although high-speed
(intermittent contact mode) AFM imaging techniques
are beginning to become available,59 so far they have

not been employed for cell imaging. Scanning of tall
cells requires AFMs featuring larger z-ranges (up to
15–20 lm) to be able to track from low membrane
structures (filopodia, lamellipodia) to high areas on the
cell (for instance above the nucleus). These relatively
large height variations along the scan pass require
large compensatory z-piezo movements of the cantile-
ver which can exceed the response capabilities of the
feedback loop. However, frame acquisition times can
be reduced by limiting the scan frame to a cellular
subsection and by decreasing the number of pixels per
scan line. Higher scan speeds and consequently shorter
frame acquisition times (~60 s) can also be achieved
when relatively flat regions of cells are scanned, such as
lamellipodial extensions of well-spread cells or the
apical region of a cell monolayer.

AFM and Light Microscopy

The x,y-scan ranges of commercially available
AFMs usually range between ~30 and 150 lm. While
the resulting maximum scan frames may contain one
or several individual cells, they are frequently too small
to provide overview scans of larger groups or colonies
of cells. It is therefore useful to combine AFM with
optical microscopy by mounting the AFM on top of an
inverted light microscope. In this way, optical and
AFM images can be directly correlated in the same
experimental setup. Potentially interesting cellular
regions are first identified by light microscopy. The
AFM cantilever is then repositioned and the regions
are imaged by AFM at increased resolution.

The combination of AFM with fluorescent micros-
copy techniques is proving a valuable tool in the
investigation of selected cellular compartments.23,29,76

Using immunofluorescence labeling or expression of
recombinant fluorescent fusion proteins, interesting
regions are first identified on the cell scale. Labeled
subregions are then imaged at superior resolution by
AFM (Fig. 4). Because the AFM can be easily
accommodated on a standard inverted optical micro-
scope, common fluorescent microscopy techniques,
such as confocal laser scanning microscopy (CLSM)70

(Fig. 5) or total internal reflection fluorescence (TIRF)
microscopy and even single-molecule fluorescent
techniques, such as fluorescence correlation spectros-
copy (FCS),15 can be readily incorporated into the
setup.

The integration of fluorescent microscopy is not
limited to the identification of specific cellular struc-
tures or organelles. By correlating fluorescence
intensities with the height information contained in
the AFM topographs, information about differential
vertical localization of fluorophores can be obtained
with higher spatial resolution than optical sectioning
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techniques provide.23 Furthermore, in living cells
expressing fluorescently-labeled proteins, morpholog-
ical changes can be correlated with changes in the

intracellular localization of specific proteins. Fluo-
rescent microscopy can be used as a read-out of
mechanical stimulation using the AFM tip.13

FIGURE 3. Imaging cell surface. Living REF-52 fibroblasts imaged in AFM contact mode (a, deflection and b, height image). Stiff
actin-containing cytoskeletal fibers become apparent underneath the comparatively soft cell membrane when scanning with
slightly increased force. In glutaraldehyde-fixed cells (c, deflection and d, height), cytoskeletal fibers are preserved (e, phase
contrast image and f, double fluorescence staining for actin filaments and the focal adhesion marker paxillin) but not revealed in
the AFM images because of increased cell membrane stiffness. The full range of the height scale corresponds to 2.4 lm (b) and
4 lm in (d). Each image is 80 3 80 lm2.
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Cell Compartments

As a surface-sensitive technique, AFM is most
commonly applied for studying the extracellular side of

the cell membrane. Nevertheless, AFM has also been
successfully employed to visualize intracellular com-
partments. However, this requires that these structures
are made accessible to the AFM tip first. Adherent
cells can be opened using hydrodynamic shear, gentle
sonification or detergent extraction (references in
Franz and Müller23). If the intracellular structures of
interest, such as the basal cell membrane43 or matrix
adhesion complexes23 remain attached to the support
in ‘‘de-roofed’’ cells, they can then be directly scanned.
Alternatively, membraneous compartments can be
isolated from suspended cells and immobilized on glass
or mica support for AFM scanning. Examples include
nuclear pore complexes from Xenopus eggs,73 voltage-
dependent ion channels from mitochondrial mem-
branes30 or the purification of functional gap junction
domains from HeLa cells.55

MEASURING CELL ADHESION

AND MECHANICS

Measuring Adhesive Forces

At Single Molecule Scale

AFM force spectroscopy provides powerful means
of quantifying the complex inter- and intramolecular
interactions that determine the properties of biological

FIGURE 4. Imaging cell substructures. REF-52 cells stably
expressing YFP-paxillin as a focal adhesion marker protein
were de-roofed by a sonication procedure and fixed. Subse-
quently, focal adhesion complexes were identified by detect-
ing the YFP signal (b) and staining for actin filaments using
TRITC-phalloidin (a). The contact mode AFM images (deflec-
tion, c and height, d) reveal ultrastructural detail not available
from the corresponding optical images, such as actin filament
organization. Insert: height profile corresponding to a cross
section taken along the indicated line. The cross section
demonstrates that focal adhesions have a corrugated surface
formed by the parallel array of actin filaments. The full range
of the height scale in (d) corresponds to 500 nm. Each image
is 8 3 6 lm2.23

FIGURE 5. Coupling AFM and laser scanning confocal microscopy. Combined imaging of WM39 melanoma cells. Imaging of
melanoma cells (isolated from a vertical growth phase melanoma) using AFM leads to the visualisation of flexible structures on the
surface of the melanoma cells (a). Confocal imaging of the same cell stained with FITC-phalloidin shows that these ridges are
based on sub-membranous filamentous actin structures (b). An overlay is presented in (c). In addition by comparing TRITC-
phalloidin labelled cells (d) with cells in which the beta1 integrin has been labelled (e) shows that the beta1 integrin is localized to
these surface ridges. Overlay presented in (f). Adapted from Ref. 60, courtesy of Dr. K. Poole.

C. M. FRANZ AND P.-H. PUECH294



molecules and biomaterials.41 In particular, AFM is
frequently applied for investigating unbinding forces
between single molecular interaction partners using
different in vitro systems. Thus, the binding strength of
many receptor/ligand pairs could be measured,14,42

including biotin/streptavidin21; antigen/antibody35 and
cadherin/cadherin.5,19

Such studies have also been instrumental in vali-
dating models describing the physics of bond breakage
under an external force, in particular the Kramers/
Bell/Evans model20,52). Furthermore, mechanical
properties (such as (visco)elasticity) of individual
biomolecules11,38,39,50 have been characterized.
Importantly, force measurements performed at the
single-molecule scale can reveal molecular mechanisms
that are leveled out in ensemble experiments. For
instance, single-molecule studies have unraveled subtle
variations in the unbinding mechanism of some bond
types, such as the ‘‘catch bond’’ (bonds that follow
different unbinding pathways depending on the level of
force they are subjected to48) or shed light on the
influence of bond history on unbinding dynamics.49

By feeding experimental results from single-mole-
cule force spectroscopy experiments into sophisticated
computer simulations of bond rupture, a quantitative
understanding of how molecular composition, archi-
tecture, and dynamics govern specific interactions in
biology is coming within reach.82,84

At Single Cell Scale

AFM-based force spectroscopy can be used to
characterize molecular mechanisms underlying cell
adhesion of living cells and has been adapted to study

cell–substrate62,83 and cell–cell interactions.7,62 For
single-cell force spectroscopy (SCFS), a living cell is
gently attached to a tipless, lectin-functionalized can-
tilever.34 Alternatively, cells can be cultured directly on
the cantilever for several hours or days before adhesion
measurements.8

The cantilever-attached cell is approached to the
substrate (or another cell) until a preset contact force is
achieved. After a defined contact time, the cell is
removed and a force-distance curve is recorded. These
curves provide information about the detachment
work and the maximal detachment force (Fig. 6).
Although other force spectroscopy techniques, such as
the biomembrane force probe52 or optical and mag-
netic tweezers47 offer equal or superior force resolu-
tion, the maximum forces that can be detected or
applied are frequently below the detachment forces
required to remove well-adhering cells. With AFM-
based SCFS, cell detachment forces can be recorded
over a range of roughly 4 orders of magnitude, limited
at the upper end by the maximum strength the
cantilever/cell lectin-coupling can sustain (<100 nN
(10-9N)) and at the lower end by the thermal noise of
the cantilever (>10 pN).34,75

Unbinding force curves frequently contain a series
of small force jumps corresponding to small discrete
rupture events. The smallest detectable rupture events
correspond to the unbinding of single receptor-ligand
pairs,7,26,75,80 demonstrating the high force-resolution
of the setup. To address the contribution of individual
cell surface receptors to cell adhesion, SCFS can be
performed with single-molecule sensitivity. When
contact time (<1 s) and contact force (<500 pN) are
minimized, cell-substrate interactions are limited to

FIGURE 6. Quantifying cell adhesion at single cell scale. The schematics depicts a cell/cell adhesion experiment using zebrafish
primary mesendodermal cells. The two cells are brought in contact (a, b) and let to interact for a given period of time, and then
separated with a controlled speed (c, d). The experimental force curve shows typical large and small jumps preceded (grey arrows,
tethers) or not (black arrows) by a plateau region. This has been obtained in calcium containing buffer, with a contact time of 10 s
and approaching/retracting speeds of 10 lm/s. The large force jump decreases when calcium is removed from the solution.40
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sporadically occurring discrete adhesion events. By
probing these interactions over a range of loading rates
(pulling speeds), a dynamic force spectrum (DFS) can
be generated from which bond parameters, such as
bond strength, bond life time or the width of the
potential barrier can be determined according to the
Bell/Evans theory of bond rupture under force.6,20 An
important requirement for ensuring that predomi-
nantly single-molecule interactions is detected are a
low binding frequency.24

As substrates pure preparations of one type of
extracellular adhesion molecule should be used to
which the tested cell type binds using a single class of
adhesion receptor. Furthermore, the specificity of the
interaction has to be demonstrated by using blocking
antibodies or excess free ligand/receptor or by chelat-
ing extracellular ions coordinating the adhesive inter-
action.24,80 Under these conditions, SCFS can be
applied to elucidate the contribution of individual cell
adhesion molecules on the cell surface, irregardless of
the heterogeneity of the cell surface and the complex
molecular mechanisms determining overall cell adhe-
sion.

Because of the excellent temporal and spatial con-
trol of the piezo-driven cantilever approach mecha-
nism, the cell/substrate contact time can be precisely
controlled even for short contact times (<1 s). SCFS is
therefore well-suited for studying early events involved
in adhesion formation. For instance, the transgression
from single to cooperative receptor-mediated adhesion
could be monitored during the establishment of inte-
grin-mediated adhesion to collagen type I.75

In contrast to bulk adhesion assays which measure
the mean behavior of the entire cell population, with
SCFS the adhesive properties of different cell subpop-
ulations can be distinguished.75 A further advantage of
SFCS is that the effect of inhibitors or enhancers of
adhesion can be monitored directly on an individual
cell. For instance, inhibitors can be added and flushed
out using perfusion chambers without dislocating the
cell from the cantilever. AFM-based force spectroscopy
is also especially useful when bulk adhesion assays are
not practicable because the number of cells available
for adhesion measurements is limited. For example,
during embryonal development, the specific adhesive
properties of different cell lineages are thought to play
an important role in driving tissue formation but col-
lectively probing adhesion of these cells is difficult due
to their relatively small number in the developing em-
bryo. Using differentiation markers, a limited number
of lineage-specific cells can be isolated at defined
developmental stages and homo- or heterotypic adhe-
sion of cell pairs can be measured.40,62,76

SCFS measurements can be performed using stan-
dard AFM force spectroscopy setups but should be

conducted using a temperature-controlled sample-
holder if mammalian cells are tested. In addition, as
different cell types tend to deform strongly under load
along the pulling direction, complete cell/substrate or
cell/cell separation may require an AFM featuring an
extended z-range pulling range (>80 lm).61

In conclusion, the ability to measure forces with
high resolution over a wide range makes AFM a
valuable tool to study cellular adhesion forces across
dimensions from the single-molecule level to that of the
entire cell in the same experimental setup.61 SCFS
promises to become a valuable tool for quantitating
molecular contributions to adhesion forces in living
cells in a wide range of applications.34

Characterizing Cell Mechanics

Eukaryotic cells are mechanically complex, heter-
ogenous structures exhibiting both elastic and viscous
characteristics. The cell membrane, intracellular
organelles, structural proteins forming the cytoskele-
ton as well as a viscous cytosol all contribute to the
overall mechanical properties of the cell. Furthermore,
the mechanical properties of living cells are not static
but may undergo drastic spatial and temporal changes,
for instance during cytokinesis, differentiation, extra-
vasion or migration. Characterizing changes in cell
mechanics during these processes provides important
insight into the underlying mechanisms regulating cell
morphology and function.

Operating an AFM in force spectroscopy mode
and using the AFM tip as a microindentor can be
employed to probe cell mechanics on defined points of
the cell surface. Depending on the size and the shape of
the probe, cell mechanics can be tested on a local or
global scale. Usually, either unsharpened AFM tips
(tip radius >20 nm) or cantilevers carrying polymeric
or glass beads are used as microindentors (Fig. 7a).
Beads can be of micrometer size (i.e. be smaller than
the cell) or measure several tens of micrometers of
diameter (i.e. be larger than the cell). The resolution of
such AFM measurements is determined both by the
probe size and the range of elastic deformation along
the membrane. Beads provide a defined contact
geometry but their comparatively large diameter limits
the spatial resolution of the elasticity measurements.
Instead, using the unmodified AFM tip as a conical
indentor, measurements can be performed with a
higher local resolution of ~50–500 nm.64–66

From force-distance curves recorded during
indentation, information about the local elastic or
Young’s modulus (E) can be extracted, most com-
monly by applying the Sneddon or Hertz model for
elastic indentation.64 However, using such a model
requires knowing the exact tip shape, Poisson ratio
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(directional compressibility under strain) of the cell
and indentation depth. Because a soft cell will start
deforming before a deflection of the stiffer cantilever
can be detected, determining the exact cell/probe con-
tact point is usually difficult and results in erroneous
indentation depths and consequently, in E moduli.
Further errors may result from setting the Poisson
ratio of living cells to 0.5 (i.e. that of an entirely
incompressible body), and by deviations of the tip
geometry. Unsurprisingly, E moduli measured for
different cell types vary greatly (from 1 kPa (103 Pa) to
several 100 kPa). It has been discussed whether abso-
lute values for E moduli obtained by AFM indentation
measurements provide meaningful information, given
the arguments mentioned above and the cells’ struc-
turally heterogeneity.1 In contrast, relative variations
in elasticity across an individual cell or cells in a tissue
may yield relevant information. FIEL (force integra-
tion to equal limits) provides such relative elasticity
data by determining the indentation work required to
obtain a predefined indentation force. Importantly,
FIEL does not require knowledge of probe geometry,
Poisson ratio or the precise position of tip/cell contact.

Because of viscous contributions to cell mechanics,
the time scale of indentation measurements has to

considered. Generally, short (subsecond) indentation
times will probe the visco-elastic response of the cell,
while longer indentation times allow viscous relaxa-
tion, reducing the cellular response predominantly to
its elastic component. Transitions between different
elasticity regimes can be analyzed in more detail by
oscillating the AFM tip over a range of frequencies.3,71

Plastic deformation of cells has also been evaluated in
some cases.81 Since temperature strongly affects vis-
cous relaxation times, performing indentation assays at
physiological temperature is critical.1

When force curves are recorded while the tip is
raster-scanned over the cell in x,y-direction, 2-dimen-
sional elasticity maps can be obtained.64 Comparing
the resulting ‘‘force-map’’ with the corresponding
height image allows correlating elastic properties with
structural features. ‘‘Force-maps’’ usually feature
arrays of 32 9 32 or 64 9 64 force curves. This typi-
cally require acquisition times of between 20 min and 2
h, which complicates force mapping of highly-dynamic
processes, such as cell division. In these cases, elasticity
measurements can be accelerated by restricting the
data acquisition to discrete points or lines.51

OUTLOOK

AFM is unique as an imaging tool for cell biology
because it provides high-resolution topographic images
of cellular surfaces and compartments under physio-
logical conditions. However, native cellular membranes
are heterogeneous and elastic, causing image degrada-
tion due to the dislocation of flexible structures (e.g.
villis, ridges) during scanning and blurring by tip con-
volution. Nevertheless, under optimized scanning
conditions, resolutions down to 10 nm have been
reported on cell surfaces.46 In such high-resolution
scans, however, unequivocally assigning structural
features to specific membrane components is often
problematic since the topographic image contains no
information about the chemical make-up of the sample.
Hence, molecular or even submolecular resolution of
specific membrane components is usually only obtained
on reconstituted membranes containing homogenous
distributions of purified transmembrane proteins. A
current challenge in AFM cell imaging is therefore the
integration of high-resolution fluorescence microscopy
techniques, such as photo-activated localization
microscopy (PALM),9,37 stimulated emission depletion
(STED) microscopy79 or structured illumination. These
powerful new observation methods allow localizing
fluorophores well below the limits of optical diffrac-
tion. In combination with AFM, such light microscopy
implementations could be used to correlate structural
features with the localization of specific cellular

FIGURE 7. Quantifying cell mechanical properties. The use
of different indenter shapes and sizes allow to probe different
regimes/scales of cell mechanics (see text). (a) Using the
blunt pyramidal tip of the lever implies to use the Hertz model
for a cone. It gives a local description of the cell elasticity and
allow its mapping. (b, c) Using a glued bead implies to use the
Hertz model for a sphere and the different diameters allow to
probe either a larger local zone as in (a), or the whole cell
elasticity. (d) Typical force curve recorded while pressing on a
SAOS cell in the situation (a) fitted with the relevant Hertz
model. This allows to extract the local Young modulus of the
cell, here E ~ 1220 Pa (courtesy A. Taubenberger).

AFM in Cell Adhesion Studies 297



components. Likewise, single-molecule fluorescence
techniques are beginning to be integrated into AFM
setups. For instance, FCS and AFM have already been
combined to study single-molecule diffusion processes
in artificial lipid bilayers.15 Similar techniques could be
used to follow receptor aggregation within the plasma
membrane together with nm-changes in membrane
topography.

AFM-based SCFS provides a powerful setup to
study cell adhesion from the single-molecule level to
overall cell adhesion in the same experimental setup.
However, so far SCFS has been mainly used to study
cell adhesion to homogeneously decorated substrates.
In contrast, the native cellular environment is formed
from a complex, flexible scaffold of highly-structured
macromolecules. Transferring experimental results
from SCFS adhesion measurements onto physiologi-
cally-relevant systems will benefit from using flexible
and structured cell adhesion substrates. Through
recent advances in surface functionalization tech-
niques, such as microcontact printing or laserlithog-
raphy have reproducible micro- and nano-structured
supports are now available.69 Determining the impact
of the structure of the presented substrate on cell
adhesion may lead to a better understanding of the
molecular and geometric cues that drive adhesion
formation. Furthermore, performing SCFS simulta-
neously with TIRFM or Interference Microscopy
(RICM) may allow correlating the breaking of adhe-
sive structures (such as focal adhesion sites) with the
rupture force information contained in AFM force
curves. However, due to the stability of the AFM/
optical set-ups, contact times are limited to a few
minutes, limiting the investigation to early adhesion
events.

In a single technique, AFM collects two biologically
crucial types of data: Cells shape from the micrometer
down to the nanometer scale, and cell adhesion, from
single-molecule-mediated adhesion events to dynami-
cally arranged adhesive super-structures. This combi-
nation presents an unique opportunity to link cellular
structure and function in adhesion studies.

ACKNOWLEDGMENTS

The authors want to thank Pr. D.J. Müller for his
invaluable help and for introducing them to AFM. A.
Taubenberger, M. Krieg, J. Friedrich, Dr. J. Helenius
and Dr. K. Poole are thanked for their valuable input
in the described experiments. JPK Instruments’s con-
tinuous support is greatly acknowledged. This work
was supported by the DFG Research Center for
Functional Nanostructures, Karlsruhe, Germany.

REFERENCES

1A-Hassan, E., W. F. Heinz, M. D. Antonik, N. P. D’Costa,
S. Nageswaran, C. A. Schoenenberger, and J. H. Hoh.
Relative microelastic mapping of living cells by atomic
force microscopy. Biophys. J. 74(3):1564–1578, 1998.
2Ahimou, F., A. Touhami, and Y. F. Dufrêne. Real-time
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