
Mechanobiology is a multidisciplinary, fast-​growing field 
aiming at understanding how mechanical forces control 
cell function, physiology and disease1–12. In nature, most 
biological systems, from viruses to human tissues, are 
subject to mechanical forces either self-​generated or 
imposed by their environment. A key question there-
fore centres around the mechanisms developed by living 
cells to cope with mechanical cues by which they exert, 
sense and respond to mechanical force. For instance, 
how does bacterial cell behaviour depend on fluid shear 
stress, such as in the blood or in the urinary tract, and to 
what extent does this dependency contribute to host col-
onization and infection? How do cells, tissues and organs 
incorporate mechanical cues to orchestrate development 
and physiology or, in case of non-​physiological forces, 
trigger diseases? To answer these questions, one of the 
most versatile platforms for probing cellular interactions 
in both whole cells and single molecules is atomic force 
microscopy (AFM)-​based force spectroscopy (AFM-​FS).

Mechanical forces and cell functions
Mechanical forces play essential roles in cellular pro-
cesses such as adhesion, migration, signalling, sensing 
and tissue development, as well as diseases such as can-
cer, fibrosis and bacterial infection13. Specific molecular 

interactions that bear these mechanical forces result 
from a complex interplay of fundamental hydrophobic, 
electrostatic, van der Waals and hydrogen bond forces. 
Knowledge of the biophysical details of these specific 
molecular interactions such as strength, dynamics, 
energy landscape and reaction kinetics is thus criti-
cal to our understanding of the basic processes of life. 
Biomolecular forces can range from a few pN that single 
molecular motors, such as the motor proteins myosin 
and kinesin14,15, can exert to 20–250 pN that single pro-
teins16,17 and most receptor–ligand interactions18,19 can 
bear before unfolding and dissociating, respectively.  
In comparison, the force required to rupture a single 
covalent bond is in the order of 2–4 nN (ref.20). When 
it comes to whole cells, the cellular adhesion force can 
range from hundreds of pN to several tens of nN, as up 
to several hundreds of biomolecular interactions are gen-
erally probed in parallel13. In contrast to bulk biological 
methods that probe large ensembles of molecules or cells, 
AFM can manipulate single cells and single molecules 
in living and physiologically relevant conditions to ena-
ble the discovery of new and unanticipated behaviours, 
properties and interactions. Furthermore, compared with 
optical and magnetic tweezers used in molecular biol-
ogy21–23, AFM offers the possibility to measure a much 
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wider range of forces, typically from as low as 5 pN up  
to >100 nN (refs24–27), and stiffnesses from about 100 Pa to  
the low GPa range28,29. AFM can also simultaneously 
localize receptors on cells that participate in the probed 
interactions with a lateral resolution of ~50–100 nm 
depending on the size of the probed molecules and cel-
lular topography. This is an important asset as biomo-
lecular interactions in living cells are directly linked to 
the dynamic formation of structures and compartments.

In addition to biological forces, cell elasticity also 
regulates numerous cellular processes during healthy 
and disease states. The elasticity of mammalian cells, 
often expressed in terms of the Young’s modulus E, 
can depend on cell shape, membrane tension, the acto-
myosin cortex or cellular compartments, all of which 
change dynamically during the cell cycle, in response 
to mechanical impediments or as the result of bio-
chemical signalling1,30,31. For instance, cortical elasticity 
fulfils a regulatory function during physiological pro-
cesses such as cell division32,33 whereas cell mechanical 
properties can significantly change during cell devel-
opment and disease such as cancer34–36. As opposed to 
mammalian cells, which are relatively soft (E smaller 
than ~10 kPa), microbial cells such as bacteria or yeasts 
possess a thick and stiff cell wall (E can exceed several 
MPa)37–39. Mammalian and microbial cells often feature 
local elasticity variations due to the complex, aniso-
tropic composition of their membranes, walls and inner 
components40. As is discussed below, nanoindentation 
experiments using AFM-​FS have become an invalu
able approach to measure the local elastic properties of 
living cells in relation to function while simultaneously 
imaging their topography.

Principles of AFM
The AFM is a multifunctional tool capable of imaging the  
topography of biological systems at nanometre resolu-
tion under physiological conditions and of quantifying 

biophysical properties and molecular interactions. 
The heart of an atomic force microscope consists of a 
sharp tip, typically ended with a nanometre-​sized apex, 
attached to the free end of a soft cantilever (Fig. 1a). The 
principle of operation is to monitor the forces acting 
between the tip and the sample surface. The tip–sample 
interaction forces cause the cantilever to deflect, which is 
recorded via a laser beam that is focused on the free end 
of the cantilever and reflected onto a position-​sensitive 
photodiode. The cantilever deflection, d, is directly pro-
portional to the force, F, acting between the tip and the 
sample, through the relationship ⋅F k d= − , with k being 
the spring constant of the cantilever. A piezoelectric 
scanner that moves either the cantilever or the sample 
allows the tip to scan the sample surface in x and y direc-
tions whereas a feedback loop between the deflection 
of the cantilever and the z-​piezo allows control of the 
precise position of the tip and the applied force.

In topographic imaging, the atomic force micro-
scope raster scans the tip along the sample to contour its 
three-​dimensional topography41. Topographical mapping 
can be achieved using contact mode AFM, where the tip 
is in permanent contact with the sample and the applied 
force is kept constant by continually adjusting the vertical 
distance — the height — of the tip or sample through 
the feedback loop. In dynamic mode AFM, the tip is 
oscillated near the sample surface, either in non-​contact 
or intermittent contact, and the oscillation amplitude or 
frequency is kept constant through the feedback loop. 
For soft samples such as animal cells, dynamic modes 
might be advantageous to lower the force acting on the 
sample and minimize surface damage or image artefacts. 
Large forces acting between the tip and the sample dur-
ing imaging may also dramatically reduce the image res-
olution and cause molecular damage or displacement.  
In theory, the spatial resolution achieved on flat and 
smooth surfaces can be ≤1 nm in the horizontal plane 
and as low as 0.1 nm in the vertical plane41.
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Fig. 1 | General principles of AFM-FS. a | In atomic force microscopy (AFM), 
a sample is probed with a very sharp tip attached to the free end of a flexible 
cantilever. A laser is focused on the cantilever above the tip and reflected via 
a mirror onto a photodiode. Forces exerted by the sample on the tip cause 
deflection of the cantilever and change the path of the laser, which is 
detected by the photodiode and recorded by a computer. Recorded data can 
be converted into units of force. A feedback system controls a set of piezos 
that, in turn, control the x–y–z position of the sample. b,c | Generation of force 
versus time (part b) and force versus distance (part c) curves using AFM-​based 
force spectroscopy (AFM-​FS). (1–3) The z-​piezo brings the tip (blue) and a 

sample (for example, the cell shown in yellow) into contact (2) and, eventually, 
repulsive forces exerted by the sample on the tip lead to an upward cantilever 
deflection registered as a positive force (3). (3–5) Once an arbitrary applied 
force is registered, the feedback system reverses the motion of the z-​piezo 
and the sample is displaced away from the tip. Attractive forces between the 
tip and sample cause a downward deflection of the cantilever (4). Upon 
rupture of the tip–sample contact, the cantilever returns to its rest position 
(5). c | Force–distance curves can be analysed to extract the adhesion force 
and the elasticity of a cell. When the tip is functionalized with bioligands, the 
strength of single receptor–ligand interactions can be measured.
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In this Primer, we focus on the ability of AFM to 
work as an ultra-​sensitive force sensor using the force 
spectroscopy modality13. The basic idea is to acquire 
force–distance or force–time curves, in which the force 
applied or experienced by the AFM tip is monitored 
as a function of the distance between the tip and the 
sample surface or as a function of time (Fig. 1b,c). As  
the tip approaches the sample, comes into contact with it,  
pushes on it and, finally, retracts, the sample’s biophys-
ical properties such as elasticity and adhesion can be 
obtained. Functionalizing the tip or the cantilever with 
cells, biomolecules or chemical groups enables measure-
ment of single-​cell adhesion, and specific biological and 
chemical interactions.

Major technical advances made in biological AFM-​FS 
started with the invention of AFM in 1986, its imple-
mentation to analyse living cells in buffer solution42–44, 
the quantification and mapping of molecular forces 
by recording single force–distance curves45,46 or force– 
distance curve arrays (also called force volume47–49) and the  
development of multiparametric AFM, which simulta-
neously provides images of the sample surface and maps 
its biophysical properties and molecular interactions at 
very high resolution49–54. Today, platforms correlating 
AFM-​FS with advanced optical microscopy techniques 
have become very popular as they allow coupling the 
optical morphology and protein localization of complex 
biological samples with their mechanical and adhesive 
properties55,56.

This Primer focuses on the use of AFM-​FS for stud-
ying complex biological systems including viruses, 
bacteria, yeasts, and mammalian cells and tissues. As 
such, it does not cover AFM-​FS experiments on puri-
fied biomolecules (for a review see ref.25), AFM topo-
graphic imaging of cellular systems per se (see ref.41) or 
AFM-​FS indentation experiments in great detail (for 
a recent exhaustive review see ref.31). The examples 
discussed in this Primer were mainly obtained with 
commercially available AFM hardware and software, 
but the main principles and approaches (experimental 
set-​up, force–distance curve generation and data analy
sis) also apply to custom-​built hardware. We hope this 
Primer is useful to AF microscopists but also for new-
comers from biophysics, cell biology and microbiology, 
who generally use ensemble rather than single-​cell and 
single-​molecule experimental techniques. We start with 
an Experimentation section in which we outline the 
fundamental principles of the main AFM-​FS modalities 
and provide general guidelines to how force spectros-
copy experiments are conducted. In the Results section, 
we discuss how to extract and present relevant parame-
ters for the various modalities, which we follow with an 
Applications section using examples of successful studies 
across fields and disciplines. We also discuss statistics 
and reproducibility, and limitations and optimizations 
of the method, and speculate on the grand challenges in 
the area for the next decade.

Experimentation
After explaining how force–distance curves are 
obtained, we survey the fundamental principles of the 
main AFM-​FS modalities in biology: single-​molecule 

and single-​cell force spectroscopy (SMFS and SCFS), 
multiparametric imaging, force and height clamp, and 
nanoindentation experiments. We also detail sample 
preparation procedures and tip (SMFS) or cantilever 
(SCFS) functionalization, which are key factors for 
successful experiments.

How to record force–distance curves
A force–distance curve is obtained by monitoring the 
deflection of the cantilever via the reflection of a laser 
beam as a function of the vertical displacement of the 
cantilever through a piezoelectric scanner. Thereby, 
the cantilever displacement is measured either by cal-
ibrated piezoelectric elements or by a capacitive sen-
sor. Further, the set-​up records voltage variations on a 
position-​sensitive photodiode caused by movement of 
the laser in response to the cantilever deflection that are 
converted into force through determination of both the 
cantilever sensitivity, s (metres per volt), and the spring 
constant, k (newtons per metre). The cantilever sensi-
tivity is determined by recording a force–distance curve 
on a stiff surface such as mica or glass and extracting  
the slope of the contact portion. The spring constant of the  
cantilever can be determined by different approaches, 
including reference cantilever57,58, resonance frequency 
and thermal noise methods59, the latter of which are 
currently the most frequently used in commercially 
available systems. As the distance signal in force– 
distance curves contains piezo displacement and canti-
lever deflection in the contact region, the piezoelectric 
scanner displacement needs to be converted into a tip–
sample separation distance. This requires the identifica-
tion of the contact point, which for deformable cells can 
be delicate. Various automated approaches have been 
proposed for determination of the contact point60–65.

Numerous sample properties and interactions can 
be derived from force–distance curves (Fig. 1c). Upon 
approach, the tip and the sample surface are first far 
enough apart not to interact, resulting in null force. 
Decreasing the tip–sample distance results in diverse 
long-​range and short-​range repulsive or attractive 
interactions (for example, electrostatic or van der Waals 
forces), until the tip makes contact with the surface. As 
the tip is further pushed against the sample, it induces 
an upward deflection of the cantilever. From this contact 
region, dedicated contact models allow the extraction of 
the sample elastic properties such as deformation, elas-
ticity and stiffness. When a predefined force is reached, 
the motion of the tip is halted and reversed. As the tip 
is moved upward the cantilever relaxes, and then often 
deflects downward owing to adhesive forces between the 
tip and sample. This hysteresis between the retract and 
approach portions of the force–distance curve is impor-
tant because it provides the adhesion force of the system 
as the maximum downward deflection of the cantilever 
during retraction and the adhesion work as the integral 
of the force over distance. By functionalizing the AFM 
probe with biomolecules in SMFS or with cells in SCFS, 
the strength of molecular and cellular interactions, 
respectively, can be measured. Finally, the tip–surface 
contact ruptures and the cantilever goes back to its zero 
force position.
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Immobilization of cells for AFM-​FS
For reliable AFM-​FS experiments, microbial or animal 
cells must be immobilized on an appropriate substrate 
using non-​destructive protocols to resist the forces 
exerted by the tip66. For many cell types, smooth hydro-
philic glass and mica are appropriate substrates56,67–71. 
Certain cell types require hydrophobic surfaces to 
strengthen attachment, such as polystyrene Petri dishes 
or solid supports coated with hydrophobic polymers. For 
applications requiring well-​defined surface chemistry, 
self-​assembled monolayers of organic alkanethiols on 
gold are very useful72,73.

One should avoid drying or fixing cells with chemi-
cals such as glutaraldehyde or paraformaldehyde as this 
will alter their functionality, physical properties such as 
elasticity and interactions such as adhesion with their 
environment. Typically, animal cells naturally tend to 
spread and adhere to solid supports44. Rigid microbial 
cells, however, generally require stronger immobilization 
procedures. It is possible to coat the support with poly-
cations, but this can contaminate the AFM tip and make 
it unsuitable for AFM-​FS analyses. A good alternative 
is to mechanically immobilize the bacteria or yeasts in 
a porous polymer membrane with a pore size similar 
to the microbial cell dimensions74,75. The method works 

well for spherical bacterial and yeast cells but typically 
becomes more complicated for rod-​shaped bacteria.

Single-​molecule force spectroscopy
Today, SMFS is routinely applied to probe single- 
​molecule interactions on living cells. This requires mod-
ifying the AFM tip with cognate ligands to detect and 
force probe single-​molecule interactions18. The protocol 
used should ensure strong attachment of the molecules 
while retaining their flexibility, low grafting density to  
guarantee single-​molecule detection, a non-​sticky 
background surface to prevent non-​specific adsorption 
and tip contamination, for example, by the cell glyco
calyx56,67–71, and specific orientation of the ligand for 
some applications.

To this end, a wide repertoire of AFM tip function-
alization strategies has been developed18,76,77 (Fig. 2). 
Biomolecules can be chemically attached using a short 
linker whereas the rest of the tip apex is blocked by 
spacer molecules that help discriminate between spe-
cific and non-​specific interactions. However, high 
coverage of ligands increases the risk of probing mul-
tiple binding events and increases steric hindrance, 
which can interfere with the binding process. Hence, the  
molecule/spacer ratio is usually maintained at about 
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1:100 or 1:1,000 (ref.78) to control the ligand surface den-
sity. The use of rigid and short linkers may also impede 
the conformational mobility of biomolecules, which may 
diminish reciprocal interaction between the interacting 
molecules. By contrast, long, flexible and distensible 
linkers such as poly(ethylene glycol) (PEG) provide 
increased mobility and orientational freedom that may 
favour optimal molecular recognition (Fig. 2a). It has 
been shown that linkers with a chain length of around 
6–10 nm, corresponding to ~18–27 ethylene glycol units, 
provide a good balance between flexibility and narrow 
lateral resolution of the target site79,80. Additionally, 
during tip retraction, the stretching behaviour of a 
PEG linker provides a molecular fingerprint that helps 
identify specific unbinding or unfolding events.

Grafting ligands onto the AFM tip in a controlled 
orientation is an important point to consider in many 
studies. Methods that form covalent linkages via ran-
domly distributed amino acid residues result in random  
orientation of the molecules on the AFM tip77. For 
site-​specific attachment of molecules with controlled 
orientation, an appealing strategy based on the affin-
ity between tetravalent nickel and histidine has been 
exploited for the immobilization of His6-​tagged proteins 
as sensor molecules on AFM tips81 (Fig. 2a).

Proteins with a free cysteine or thiol-​modified oligo
nucleotides can be easily immobilized at low micro
molar concentrations using thiol–maleimide chemistry 
(Fig. 2a). The occurrence of free cysteines is rare in pro-
teins and they spontaneously react with maleimide 
and bare gold surfaces, so coupling is performed in 
the presence of tris(2-​carboxyethyl)phosphine (TCEP) 
that reduces disulfides to reactive sulfhydryl groups. 
Additional strategies to anchor proteins include an 
enzyme-​assisted method relying on the sortase A trans-
peptidase obtained from Staphylococcus aureus that reco
gnizes the LPXTG motif at the carboxy terminus of the 
target protein and ligates it to a second protein contain-
ing an amino-​terminal oligo G motif82, and copper(I)-​ 
assisted azide–alkyne cycloaddition (CuAAC)83. Both 
strategies allow site-​specific tethering of biomolecules 
with controlled geometric loading configuration (Fig. 2b, 
right, and 2c).

Lastly, AFM-​FS with chemically modified tips can 
map and quantify chemical heterogeneities on the cell 
surface, for example, by revealing hydrophobic nano
domains on fungal spores and on mycobacteria84–86. 
Typically, gold tips are modified with self-​assembled 
monolayers of alkanethiols terminated with func-
tional groups of interest such as hydroxyl or methyl 
terminals84–87 (Fig. 2b, left).

Single-​cell force spectroscopy
Central to SCFS is the preparation of physiologically 
relevant cell probes. Attachment of animal cells to 
tipless cantilevers — rather than cantilevers with tips 
whose sharp apex could either disturb or harm the 
cell — is often straightforward, and involves function-
alizing the cantilever with specific proteins such as the 
mannose-​binding lectin concanavalin A or extracellu-
lar matrix (ECM) proteins such as collagen or fibronec-
tin24,88. Cell-​Tak, a polyphenolic protein, may also be 

used68,89,90. However, suspending animal cells from the 
adherent state can be delicate as the detachment proce-
dure can affect their adhesive or biophysical properties 
for time periods up to 1 h (ref.91).

Microbial cells require different protocols for canti-
lever attachment using either electrostatic92,93 or hydro-
phobic94 interactions, glue95 or chemical fixation96. 
However, these approaches have limitations: first, mul-
tiple microbial cells might attach simultaneously to the 
cantilever, making data analysis more complex; and 
second, the cell may detach from the cantilever or be 
surface-​altered during the procedures, leading to pro-
tein denaturation or cell death. A non-​destructive proto
col for producing single bacterial probes is to attach a 
colloidal particle onto a tipless cantilever, coat it with 
a bio-​inspired polydopamine wet adhesive and, then, 
pick up a single cell lying on a substrate under optical 
control71,97. This methodology provides excellent control 
of the cell positioning and of the cell–substrate contact 
area during interaction, therefore enabling reproducible 
quantitative single-​cell force measurements. For yeasts, 
tipless cantilevers coated with polydopamine or lectins 
are directly used without the need for a colloidal particle.

Another elegant method is fluidic force micros-
copy, which enables reversible immobilization of single 
cells using suction applied through microchannelled 
cantilevers by a pressure controller98. Fluidic force 
microscopy-​based SCFS has been used to measure the 
adhesion between bacteria, yeast or mammalian cells 
and abiotic surfaces99,100. The technology has also proved 
very useful to study molecular interactions engaged in 
cell–cell association, providing new insights into the role 
of amyloid bonds in Candida albicans aggregation101 and 
into the importance of stress-​induced forces during yeast 
sexual reproduction102.

The cell probe is used to record force–distance curves 
to sense interaction forces with a sample of interest, such 
as abiotic surfaces, protein-​coated surfaces, other cells 
or tissues. To record an approach force–distance curve, 
the cell is brought into contact with the sample until a 
predefined contact force is reached. After a given time,  
typically ranging from 50 ms to several minutes, the cell is  
retracted and the force required to separate the cell 
from the sample is recorded to provide a signature of 
the detachment of the cell from the sample. Varying the 
contact force and the interaction time measures how 
cells initiate and strengthen adhesion to a given sample. 
With very small contact times between the cell probe 
and the sample, it is possible to detect single-​molecule 
interactions of cells24,88 as an alternative to SMFS.

Multiparametric imaging
Force volume imaging has long been a valuable AFM-​FS 
method to map biophysical properties and biological 
interactions on surfaces, including live cells. Spatially 
resolved force–distance curves are collected on diff
erent areas of the sample. Each area can be divided into 
a certain number of pixels inside each of which a force– 
distance curve is recorded. The lateral resolution depends  
on the scan size, the number of pixels and the sharpness 
of the AFM tip. The adhesion force or elasticity can be 
extracted from each collected curve and displayed as grey 
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or coloured pixels. The pixel brightness directly reflects 
the magnitude of the measured parameter to generate 
adhesion force or elasticity maps of living cells18,103.

Recent quantitative multiparametric AFM-​FS-​based 
imaging techniques can now record correlative images 
detailing structural, mechanical and chemical surface 
properties of living cells at high resolution and in a much 
shorter time than force volume imaging (Fig. 3). In the 
most widely used approach of peak-​force tapping (PFT), 
the tip is oscillated with an amplitude of 100–1,000 nm 
and at a frequency of 0.25, 0.5, 1.0 or 2.0 kHz (Fig. 3a).  
In PFT mode, the cantilever is oscillated vertically with a 
sinusoidal waveform as opposed to the triangular wave-
form in conventional force volume mode. In addition,  
a feedback loop finely controls applied forces (the ‘peak’ 
forces) to afford gentle probing and successful cor-
related structural, mechanical and chemical imaging 
of soft biological samples with a high resolution up to 
2,048 × 2,048 pixels. Initially, PFT was used with unmod-
ified tips to study biological samples such as whole liv-
ing cells, membrane proteins and amyloid fibrils but 
was later applied successfully to the study of chemical 
or specific molecular interactions using functionalized 

tips54. Multiparametric AFM-​FS can also be combined 
with confocal imaging to characterize living animal 
cells. This is illustrated in Fig. 3b–f where an AFM tip 
functionalized with θ-​toxin, which specifically targets 
cholesterol, probes the organization and mechanical 
properties of breast cancer cells by comparing co-​culture 
of healthy (MCF10A) and malignant (MCF10CA1) 
cells. Malignant cells can appear softer with increased 
cholesterol104 (Fig. 3d–f).

Multiparametric imaging offers several advantages 
over other AFM modes routinely used to force probe 
(bio)chemical sites, including higher spatial resolutions 
than classical topographic imaging modes, higher data 
acquisition speeds and greater fidelity in the correlation 
between adhesion, elasticity and topographic maps that 
are, above all, acquired simultaneously. Consequently, 
this method brings new exciting avenues to study the 
biochemical properties of cell surfaces and biomole
cular interactions in relation to cellular function and 
morphology.

Current solutions to multiparametric imaging from 
various suppliers include PFT and quantitative imaging49.  
Although we do not discuss them in detail here, several 
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Fig. 3 | Multiparametric AFM-FS and confocal imaging as a platform for probing the properties and interactions of 
living animal cells. a | In peak-​force tapping (PFT), the tip is oscillated in a sinusoidal manner while scanning the surface. 
On each pixel of the sample, a force curve is recorded, from which one can extract topography (height), elasticity and 
adhesion maps. b | Experimental set-​up of a multiparametric atomic force microscopy (AFM)-​based force spectroscopy 
(AFM-​FS) and confocal imaging platform consisting of an AFM head placed on a confocal microscope. Cells are kept under 
incubator-​like conditions (37 °C and with 5% CO2) in a special cell-​culture chamber, which prevents the culture-​medium 
from evaporating. c–f | Fluorescence microscopy image of adjacent MCF10A (healthy) and MCF10CA1 (malignant) cells 
(part c) and correlated adhesion (part d), height (part e) and elasticity (part f) maps obtained by probing the cells using  
a θ-​toxin functionalized AFM tip. GFP, green fluorescent protein. Parts c–f are reprinted from ref.104, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/).
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recent technological developments in the field of mul-
tiparametric imaging are worth mentioning. Ringing 
mode is a powerful new extension of PFT, where addi-
tional physical parameters such as adhesion height, 
pull-​off neck height, detachment distance and energy 
loss can be measured with the regular sub-​resonance 
tapping motion of the cantilever105. Ringing mode lever-
ages the information stored in the resonance oscillations 
of the AFM cantilever after it detaches from the sam-
ple106. In comparison with conventional PFT mode, ring-
ing mode uses the ringing at zero deflection and reduces 
interference artefacts that arise owing to interference of 
the laser.

Faster localization of binding sites can be achieved 
with topography and recognition imaging107,108, in which 
tips functionalized with ligands are driven at resonance 
frequencies to simultaneously acquire topography and 
recognition images on cells109. Although this mode does 
not directly quantify interaction forces, it is equipped with 
the capability to conduct force spectroscopy experiments  
at binding sites localized in recognition images110.

Also based on tapping mode, HarmoniX mode drives 
a special T-​shaped cantilever with an offset tip at its reso-
nance frequency to probe the tip–sample interaction and 
allows very high temporal resolution111. When the tor-
sional harmonic cantilever is vibrated in tapping mode, 
a torque is created around it owing to the various inter-
action forces. The torsional vibrational signals are used 
to determine time-​resolved tip–sample interaction forces, 
whereas the flexural vibrational signals are used for ampli-
tude feedback to measure the topography akin to tapping 
mode AFM. As this technique leverages torsional vibra-
tions that provide high sensitivity over a large range of 
frequencies, high-​speed measurements can be performed 
with quantitative estimates of tip–surface rupture forces. 
The broad frequency range of torsional motion deci-
phers the higher overtones of the tip–sample interaction  
forces to reconstruct the tip–sample interaction wave shapes,  
from which a program constructs force–distance curves 
using the distance information in the vertical deflection  
signals. Finally, the mechanical response of the sample is 
obtained by fitting the force–distance curves to various 
physical models. Torsional harmonic AFM has been used 
to map the mechanical response of suspended silk fibres 
whose mesh-​like architecture does not allow straight-
forward use of contact mechanics models112. Despite its 
ability to monitor the torsional movement of the AFM 
tip, the widespread applicability of torsional harmonic 
AFM is limited because of time-​consuming fabrication 
and calibration of T-​shaped cantilevers113.

In photothermal off-​resonance tapping mode, the 
cantilever is photothermally actuated by a laser beam. 
Therefore, the mass that needs to be excited includes 
only the cantilever and the tip, and not the z-​piezo, 
which increases the measurement frequency by two 
orders of magnitude. This off-​resonance technique has 
measured self-​assembly driven by weak interactions in 
SAS6 protein rings that seed the centriole formation, 
using 50 pN force set point, 100 kHz frequency and 
20 nm amplitude114,115.

A recent modality, based on dynamic mechanical 
analysis, enables the study of viscoelastic properties of 

samples at the nanoscale (nanoDMA). Using subna-
nometre amplitudes when in contact, AFM nanoDMA 
works at small differential strain in the linear regime. 
This contrasts with traditional AFM approaches that rip 
the probe out of the surface on every cycle, a non-​linear 
process that makes phase shift highly subject to varia-
tions in adhesion. It is a fast and sensitive technique 
allowing measurement of soft samples, in particular 
polymers, with high spatial (10–70 nm) and temporal 
(0.75 s per pixel) resolution. To circumvent problems 
such as creep, non-​linear elastic responses, adhesion 
and long measurement times, nanoDMA can meas-
ure multiple frequencies simultaneously and decrease 
measurement time by avoiding a delay for creep relax-
ation116. Time-​resolved forces can be acquired using 
multifrequency AFM, where additional information is 
contained in the deflection signal at frequencies other 
than at the excitation frequencies117,118. Multifrequency 
AFM provides high sensitivity and temporal resolution 
in the microsecond range by detecting high-​frequency 
components of the cantilever and has helped measure 
protein flexibility and cell subsurface imaging with high 
spatial resolution119–121.

Force-​clamp spectroscopy
Force–distance curves, force volume imaging and mul-
tiparametric imaging rely on approach and retract cycles 
of the AFM tip. A different way to work is in force-​clamp 
mode where, instead of the tip height, the force is 
ramped up to and kept at a constant level through con-
tinuous adaptation of the tip position by the piezoele
ctric scanner122. Force-​clamp spectroscopy has mainly 
been used to study molecular responses, such as changes 
in protein conformation and unfolding of biomolecules 
under a constant applied force123–125, but also to assess 
receptor–ligand bond lifetimes as a function of tensile 
loads126,127. Recently, force-​clamp mode was imple-
mented to study the mechanics of bacterial motorized 
nanomachines128. In the related height clamp mode, the  
tip is also subjected to a z-​movement but, rather than 
the force, the height of the z-​piezo is kept constant to 
monitor changes in force.

Cell elasticity measurements
To measure the mechanical properties of living cells, the 
cells are usually immobilized on a support and indented 
or compressed by the cantilever. Whereas the approach 
force–distance curve provides local insight into mechan-
ical properties such as cell deformation or stiffness, the 
retraction force–distance curve provides local insight 
into the mechanical (de-)adhesion process of probe 
and sample. Recording arrays of force–distance curves 
makes it is possible to obtain spatially resolved maps of 
cell or tissue surface elasticity in relation to function32. 
This is particularly useful for mammalian cells whose 
stiffness can vary spatially owing to variations in height, 
cytoskeleton and dynamic remodelling40,129–132. Cellular 
stiffness varies by orders of magnitude depending on the 
cell type, from E < 10 kPa for soft mammalian cells to 
E > 1 MPa for rigid microbial cell walls37–39.

Generally, the cantilever stiffness should match that 
of the cell because cantilevers that are too stiff may 

Overtones
Waves of frequency that are a 
positive integer multiple of the 
frequency of the original wave.

Wave shapes
Oscillations of the cantilever.

Phase shift
A shift in the phase of an 
oscillation’s sin wavefunction.
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not detect the soft cell and cantilevers that are too soft 
and overbend cannot detect the cell stiffness properly.  
In addition, different probe geometries may be selected 
depending on the biological question to be answered. 
Commercially available pyramidal, conical or cylindrical 

tips can be used to indent cells locally, and thereby map 
mechanical heterogeneity over the cell surface. However, 
even small indentation forces often cause these sharp 
probes to penetrate deeply into the cell; coupled with the 
non-​linear relationship between indentation depth and 
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force, it makes it difficult to apply appropriate contact 
models to extract correct mechanical information from 
force–distance curves116,133,134. On the other hand, if the 
indentation is on the same length scale as the probe’s 
roughness, it becomes difficult to estimate sample defor-
mation. Further, as cells are often very flat, the surface 
effects of the underlying support need to be taken into 
consideration. Gluing micrometre-​sized spherical 
probes to tipless cantilevers provides an alternative to 
sharp tips as the contact model of a sphere and a rel-
atively smooth cell surface can be approximated more 
accurately using existing contact models. However, the 
restrictions of existing contact models such as small 
indentation, homogeneous materials, surface rough-
ness and so on must be carefully studied and the AFM 
experiment designed appropriately so that the bounda-
ries of the models are taken into consideration. In some 
cases, it may be useful to replace the AFM tip with a 
wedge to mechanically confine a cell between two par-
allel plates135–138. The wedge set-​up allows the measure-
ment of the mechanical properties of the entire cell and 
the application of simple contact models for mechanical 
analysis. For extensive and comprehensive reviews on 
cell elasticity measurements, see refs31,139.

In addition to the above traditional approaches, 
novel multiparametric imaging modes such as PFT and 
quantitative imaging can quantitatively map cell surface 
elasticity and topography simultaneously140,141, as stated 

earlier, enabling for instance the imaging of cell wall 
stiffness and tensile strength during bacterial division 
and growth141.

Results
We now describe how to extract and present relevant 
parameters for various AFM-​FS modalities and sam-
ple types, starting with some general considerations on 
force–distance curve analysis for receptor–ligand inter-
actions. We explain how to analyse SMFS and SCFS data 
obtained on cellular systems, and discuss model fitting 
to obtain quantitative information on molecular and 
cellular elasticity.

Data analysis
General considerations on force–distance curve analysis.  
In a typical SMFS experiment, at least 1,000 force– 
distance curves are recorded for one pulling velocity, 
allowing a robust statistical evaluation of the acquired 
data. For the detection of rupture (or adhesion) events 
arising from dissociating single biomolecular interac-
tions, force jumps are depicted and a mean value and an 
accuracy of the rupture forces are calculated142 (Fig. 4a). 
Two important pieces of information are the experimen-
tally derived binding probability of the molecular interaction 
and the adhesion or rupture force, F, extracted from the 
force difference between the minimum of the rupture 
curve and the baseline. The measurement error or stand-
ard deviation is given by the noise amplitude that mainly 
arises from the thermal fluctuations of the cantilever. 
Table 1 shows the parameters that can be obtained from 
the curves.

The force resolution is mainly determined by the 
thermal noise of the cantilever, which is given by its 
spring constant. In addition, the resonance frequency, 
the quality factor and the measurement frequency range 
can also substantially contribute to the force resolu-
tion. Best results are therefore obtained with cantile-
vers exhibiting small spring constants — in the range of  
0.01–0.10 N m–1 — and short lengths because they exhibit  
low force noise. Rupture forces gained from force– 
distance curves recorded at one pulling rate are collected 
to compute the distribution of rupture forces in the form 
of a histogram or a probability density function (PDF) 
(Fig. 4b). The most probable unbinding force, F*, for one 
pulling velocity can then be extracted from the histo-
gram or the PDF. Although representing force distribu-
tions using a histogram is simple, the binning width is 
arbitrary and jump discontinuities at the boundaries of 
each bin are unavoidable, and constructing a PDF may 
sometimes be a better choice. To compute the probabil-
ity density of rupture forces, p(F), each rupture event 
is assigned to its measurement error. In this way, data 
points with lower standard deviation are better weighted 
and contribute more to the outcome. The p(F) for a force 
distribution is then calculated as follows:
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where p(F) is the estimate for the probability density that 
the bond will break at force F, μi is the rupture force and 

Fig. 4 | Force–distance curve analysis. a | Typical retract force–distance curve. The 
unbinding force is determined by the force difference between the rupture point and  
the baseline (red arrow), the unbinding length by the distance between the contact  
and the rupture points (blue arrow). From the thermal noise, the standard deviation  
of the unbinding force is calculated (yellow arrow). b | Experimental probability density 
function (PDF). A Gaussian fit (dashed line) determines the most probable unbinding 
force, in this case F* = 81 pN (ref.243). Width σ of the unbinding force distribution reflects 
the stochastic nature of the unbinding process rather than the thermal noise. c,d | Analysis 
of single-​molecule force spectroscopy (SMFS) data recorded on a living bacterium, i.e. of 
ClfA–fibrinogen (Fg) interactions on Staphylococcus aureus. Shown here is the adhesion 
force histogram plot (part c) with a force map (part c, inset; each coloured pixel signifies 
an adhesin–ligand binding event), and a rupture length histogram plot (part d) with 
representative adhesion force profiles (part d, inset) obtained by recording force–distance 
curves on a living cell with an atomic force microscopy (AFM) tip functionalized with Fg.  
e | Analysis of single-​cell force spectroscopy (SCFS) data recorded for a living mammalian 
cell. (1) A single cell is immobilized on a tipless cantilever that has been functionalized 
with a cell adhesive, such as concanavalin A or a specific extracellular matrix (ECM) 
protein. (2) The cantilever-​immobilized cell is then approached to a substrate of interest. 
Upon reaching a preset contact force, cantilever height is maintained for a defined 
contact time. (3,4) Subsequently, the cantilever is retracted vertically to separate cell  
and substrate. Force–distance curves show different features: from the approach force–
distance curve (red) the apparent cell contact stiffness can be extracted; the retraction 
force–distance curve (blue) records the force with which the cantilever-​immobilized cell 
(de-)adheres to the substrate, representing the maximum downward deflection of the 
cantilever. During detachment of the cell from the substrate, single receptor unbinding 
events are observed (ruptures). Ruptures are recorded when bonds formed between 
cytoskeleton-​linked integrins and the substrate fail and allow quantification of the force 
a single adhesion receptor can withstand (FR) at a particular loading rate. Tethers are 
recorded when a membrane tether extrudes from the cell body with a single integrin  
or multiple integrins at the tip of the tether and occur when the integrin linkage to the 
actomyosin cytoskeleton is either too weak to resist the mechanical load applied or  
non-​existent. Adhesion forces of mammalian cells are commonly displayed in scattered 
dot plots, for example, as shown in the inset (solid lines indicate medians). FT, the rupture 
force of the bond between a single tether-​linked integrin and the substrate; kc, effective 
spring constant of the whole system. Part b reprinted with permission from ref.243,  
IOP. Parts c and d reprinted with permission from ref.188, PNAS.

Binding probability of the 
molecular interaction
The ratio between the number 
of force–distance curves 
displaying a specific rupture 
event (or events) and the total 
number of force–distance 
curves recorded.

Measurement frequency 
range
The range of resonance 
frequency operation.
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σi is the standard deviation, with the sum running over-
all N rupture events. The most probable rupture force 
can be determined by fitting a Gaussian function to the 
estimated PDF.

As we established above, the collected rupture forces 
can be represented as histograms or a PDF for a given data 
set recorded at one pulling rate. However, as the effective 
spring constant may vary, in particular in surfaces with 
inhomogeneous material properties such as cells, the 
data points for one pulling rate will spread over a whole 
range of loading rates and make the distribution harder 
to interpret. Theoretical papers usually treat force distri-
butions for different loading rates and not pulling speeds. 
Distributions over a spectrum of loading rate, an approach 
called dynamic force spectroscopy (DFS) (see below), 
may give valuable insight into the energy landscape  
underlying the interaction under investigation.

Analysis of SMFS data from cellular systems. Applying 
SMFS to living cells implies recording force–distance 
curves using AFM tips terminated with cognate lig-
ands. For microorganisms, parameters that are typi-
cally extracted from retraction force–distance curves 
are the maximum adhesion force and the rupture 
length of the last adhesion peak, the values of which 
are expressed as frequency histograms (Fig. 4c,d). For 
statistics and reproducibility, one should collect hun-
dreds of force–distance curves using several (n > 10) 
cells and representative examples of retraction profiles 
should be shown (Fig. 4d, inset). For microbial data 
representation, one can either present histograms for 
individual cell probes or merge data from multiple 
cells into the same histogram plot, depending on the 
variability of the results. For spatially resolved SMFS 
imaging such as 32 × 32 curves on a 500 nm × 500 nm 
area, one may display the distribution of adhesion force 
values in the form of a two-​dimensional map where 
the grey (or colour) scale of each pixel represents the 
adhesion strength (Fig. 4c, inset). This provides a valu-
able means to assess the surface density of cell surface 
receptors and whether they are clustered or randomly 
distributed. As further detailed below, when pulling 
on mammalian cells, receptors can detach from the 

cytoskeleton resulting in the extraction of a tether from 
the cell membrane.

As the bond strength is directly dependent on the 
loading rate, a DFS experiment explores the dynamics 
of receptor–ligand interactions. Adhesion force data are 
generated while varying the loading rate over several 
orders of magnitude. Theory (see below) and experi-
ments have shown that the unbinding force between 
receptors and ligands increases with the loading rate. 
In the Bell–Evans model143, rupture force increases log 
linearly with loading rate. A more recent model posited 
by Friddle et al.144 accounts for non-​linear trends in the 
relationship between rupture forces and loading rate  
arising from single bonds re-​forming at low loading rates 
or asynchronous fluctuations of multiple independent 
interactions. These models apply to most receptor–
ligand interactions where an increase in rupture force 
with loading rate is continuous. However, biological 
complexes forming catch bonds145,146 can behave very dif-
ferently in that binding is weak at low loading rate, but is 
dramatically enhanced above a critical loading rate value.

SCFS data analysis of cellular systems. In SCFS, force–
distance curves are collected while varying contact 
forces and adhesion times between the cell probe and 
the target sample to probe both the overall cell adhesion 
force and the contribution of single adhesion molecules. 
As in SMFS, one should collect hundreds of force– 
distance curves for a single cell using several independent  
(n > 10) cells to obtain an appropriate statistical measure. 
Additionally, one should record spatially resolved force–
distance curves on multiple spots of the target sample to 
avoid mechanically perturbing the cells. When record-
ing the SCFS data, cell morphology and viability should 
be carefully monitored. Only force–distance curves 
recorded from the same cell morphology/state should be 
compared because cell morphology and state are tightly 
linked to each other and, for example, receptor–ligand 
interactions can depend on the cell state. Finally, a prop-
erly set up experiment should include characterizing sets 
of independently prepared cells and target samples.

For mammalian cells, the number of force–distance 
curves collected per single cell is considerably lower 

Table 1 | Additional parameters obtained from force–distance curves

Parameter Parameter determination Notes

Binding probability of the 
molecular interaction

Calculated from the ratio between the number of  
force–distance curves displaying a signature  
of rupture (or ruptures) and the total number of 
force–distance curves recorded

Reflects the kinetic on-​rate of the 
molecular interaction

Adhesion or rupture force, F Determined from the force difference between  
the minimum of the rupture curve and the baseline

Reflects the force required to break 
the molecular interaction bond

Effective spring constant  
of the whole system, keff

Calculated from the slope immediately before  
the rupture event in the force–distance curve

Includes the contribution of 
the cantilever plus linker plus 
biological complex formed

Force loading rate  
(force increase over time)

Calculated from keff multiplied by the pulling 
velocity or from the slope immediately before  
the rupture event in the F versus t curve

Most important parameter when 
considering interaction dynamics

Rupture length Determined as the distance between the rupture 
point and the contact point

Reflects the extended lengths 
of the involved molecules at the 
moment of rupture.

Dynamic force spectroscopy
(DFS). An experiment where 
arrays of force–distance curves 
are recorded at varying pulling 
speeds.

Catch bonds
Specific bonds that increase 
lifetime with increasing force 
stressing them.
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than bacteria and yeasts. This is mainly because mam-
malian cells commonly change morphology on the 
cantilever within 30–60 min, which changes the contact 
area between cell and substrate, the adhesion receptor 
surface density and cell mechanics147. In addition, the 
fluctuation of adhesion forces is greater between differ-
ent cells than a single cell148,149. Mammalian cells may 
also respond to repetitive stressing by changing their 
adhesive or mechanical response150. To avoid such fac-
tors influencing the characterization of mammalian 
cells, the number of independent cells characterized per 
experimental condition should be at least ten. Owing to 
the small number of experiments per cell, the adhesion 
forces are usually displayed in a scattered dot plot show-
ing individual data points and their median (Fig. 4e, right 
inset). The apparent stiffness of rounded animal cells 
can be extracted from the cantilever deflection upon 
compressing the cell onto the substrate90,151. In addition, 
the viscoelastic response of the compressed cell can be 
monitored152 if the cantilever is maintained at a constant 
height after reaching a given contact force once the cell 
has approached a substrate. During the cell detachment 
process, complex adhesion patterns are often observed, 
with multiple rupture events describing the detachment 
of single or multiple adhesion receptors from their ligand 
(Fig. 4e). If the receptor remains anchored to the cell cor-
tex, the rupture force quantifies the force a single adhe-
sion receptor can withstand at the particular loading rate 
(Fig. 4e, left inset). If during retraction of the cell from the 
sample a single or a group of adhesion receptors detach 
from the cell cortex, they separate from the cell surface 
at the tip of a membrane tether (Fig. 4e, middle inset). 
This causes a force plateau in the force–distance curve 
and the force step of the plateau characterizes membrane 
properties such as membrane tension or fluidity. Finally, 
the lifetime of the receptor–ligand bond can be esti-
mated by knowing the pulling velocity and the length of  
the tether153,154. Usually, the force distribution of rupture or  
tether events is displayed in histograms. For exhaustive 
SCFS reviews on animal and microbial cells, see refs24,155.

Model fitting
Molecular elasticity. In SMFS, a non-​linear elongation 
force often precedes the rupture or adhesion peak. 
Analysis of the shape of this elongation provides valu
able information on molecular mechanics. The elasticity 
of flexible cell surface molecules is commonly quantita-
tively described using the freely jointed chain (FJC) or 
worm-​like chain (WLC) polymer extension models156. 
The FJC model describes a polymer that behaves simi-
lar to an ideal chain consisting of discrete segments that 
are connected by flexible joints. The segment length  
(or Kuhn length, lk) provides a measure of the chain’s 
overall stiffness. Extension of the polymer is limited 
by the contour length, Lc, which is related to the Kuhn 
length by Lc = nlk. The extension x of the polymer can be 
expressed as a function of the tensile force F:

x F L Fl k T k T Fl( ) = [coth( / ) − / ] (2)c k b b k

where kB is Boltzmann’s constant and T is the absolute 
temperature.

In the WLC model’s description of a polymer, 
although the backbone chain is continuously flexible 
and irregularly curved, it is linear on the scale of its 
persistence length, lp, which is a quantitative measure 
of the polymer’s elasticity. Therefore, polymers with a 
small lp value tend to fold as coils. In the FJC model, the 
extension of the polymer is limited by its Lc. Here, F is 
expressed as a function of x:

. .F x k T l x L x L( ) = / [0 25(1 − / ) + / − 0 25] (3)B p c
−2

c

Extensible versions of both the FJC and the WLC 
models have been developed, where the molecular back-
bone of the polymers described can also be stretched. In 
the case of extensible FJC (called FJC+), the polymer is 
made up of n elastic springs (as opposed to inextensible  
segments) in series whose elasticity is defined in the  
parameter ks. The extension–force relationship is given by:

(4)x F L Fl k T k T Fl nF k L( ) = [coth( / ) − / ][1 + / ]c k B b k s c

Similarly, an extensible version of the WLC model 
(called WLC+) contains the stretch modulus term 
K0 describing enthalpic stretching in addition to the 
entropic stretching represented by lP. For high force 
regimes where the polymer is stretched significantly, 
the following formula is valid157:

. .x F L k T Fl F K( ) = [1 − 0 5( / ) + / ] (5)c B p
0 5

0

In the context of AFM-​FS studies, polymers that are 
well described by the WLC or WLC+ models include 
DNA and relatively unstructured proteins16,130, whereas 
the FJC and FJC+ models better describe polysaccha-
rides158,159. Finally, some molecules or bacterial append-
ages such as pili sometimes behave like classical Hookean 
springs81,160,161, exhibiting a linear extension that cannot 
be fitted with either the WLC or the FJC models.

DFS fitting and interpretation. A theory depicting the 
dependence between rupture force and loading rate was 
developed using existing theory for overdamped kinet-
ics162. DFS exploits this dependence to obtain kinetic 
and structural insights into intermolecular interactions. 
Intermolecular bond rupture in the time regime of DFS 
is a stochastic process. The likelihood of bond survival 
can be approached by a time-​dependent probability 
under constant loading rate, which results in a distri-
bution of dissociation forces for each loading rate. The  
most probable force, F, for dissociation taken from  
the maximum of these distributions scales linearly with the  
logarithm of loading rate. This phenomenological 
approach is commonly referred to as the Bell–Evans 
model143:
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B , xβ the distance to the transition state along 
the projection of the applied force, r the loading rate and 
koff the kinetic dissociation rate at zero force. For a single 

Contour length
(Lc). The length of the linearly 
extended molecule without 
stretching the polymer 
backbone.

Persistence length
(lp). A quantitative measure  
of a polymer’s elasticity.
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energy barrier separating the bound and the free state, 
the Bell–Evans model gives rise to a simple, linear cor-
relation between F and ln(loading rate). Depending on 
the experimental setting, this correlation will depend  
on the pulling geometry and might only average a mean 
path of a complex energy landscape163. When several 
barriers are traversed, the relation between F and ln(r) 
will follow sequential linear regimes associated with 
abrupt slope changes. The dependence of the dissocia-
tion force on the loading rate allows exploring the energy 
landscape of the force-​driven dissociation path.

Newer models predicting non-​linear force spectra 
and equilibrium thermodynamics values, which include 
additional fit parameters such as the height, ΔGβ, and 
position, xβ, of the free energy barrier. Hummer and Szabo  
modified the phenomenological description given by  
the Bell–Evans model and described the bond’s free 
energy landscape as a harmonic potential including 
a cusp-​like surface164,165, whereas Dudko et al.166 per-
formed a similar analysis using a linear-​cubic energy 
surface, leading to:
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Here, µ = 2/3 gives the quadratic free energy surface 
(Hummer–Szabo model), µ = 1/2 gives the linear-​cubic 
free energy surface (Dudko model) and γ the Euler con-
stant. The model developed by Friddle et al.144 includes 
reversible rebinding at low loading rates for soft springs. 
Two distinct unbinding regimes characterized by their 
loading rate ranges were developed: an equilibrium 
regime at low loading rates where bonds can re-​form 
directly after unbinding, and a kinetic regime at high 
loading rates where bond rupture is irreversible. Both 
regimes are covered by a single fitting function, and the 
model is only applicable if both regimes are present.  
The fitting function also introduces the equilibrium 
force, Feq, as an additional fit parameter. Feq is the force at 
which dissociation and association are balanced as well 
as the lowest force at which a bond breaks irreversibly, 
thereby representing the point at which the equilibrium 
regime transitions into the kinetic regime. The rupture 
force F is given by:
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where the equilibrium force F k G= 2 Δ ,eq  with ΔG 
being the bond’s equilibrium free energy and k the  
cantilever spring constant.

The Bell, Hummer–Szabo, Dudko and Friddle mod-
els yield two highly useful parameters. koff and xβ derived 
from DFS experiments provide information about the 
transition velocity and the position of the dominant 
dissociation energy barriers: koff represents the kinetic 
off-​rate of the bond at zero force (that is, the inverse of 
the bond lifetime) and xβ the width of the dissociation 
energy potential. A simple method for directly deter-
mining force-​dependent lifetimes from dissociation 

force histograms collected at different loading rates has 
been validated by Dudko et al.167.

Cell mechanics. To quantify local mechanical proper-
ties of cellular samples, force–distance curves collected 
during indentation experiments are converted into 
force–indentation curves. Commercial AFM software 
programs commonly use the Hertz model to fit the 
contact region of the approach force–indentation curve 
and extract the sample elasticity or effective Young’s 
modulus, Eeff. However, the Hertz model has the follow-
ing in-​built assumptions: the probe is a perfect sphere, 
the indented sample has a non-​corrugated and planar 
surface, the indentation is perpendicular, there is no 
adhesion or friction between probe and sample, and 
the strain or tension of the cell cortex or wall linearly 
depends on Young’s modulus. In addition, to avoid the 
contribution of the underlying support, cells should not 
be indented more than ~10% of their overall thickness. 
For spherical probes indenting the sample, the Hertz 
model considers that:
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where F is the indenting force, a the contact radius and 
Rp the radius of the indenting probe. The contact radius a  
can be estimated from the indentation depth:
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If the probe geometry differs from a sphere in the 
case of conical, cylindrical, parabolic or blunted pyram-
idal probes, the Hertz model has to be adapted to the 
specific geometry. There are other theoretical models 
to obtain mechanical information that are based on the 
Hertz model, such as the Derjaguin–Müller–Toporov 
and Johnson–Kendall–Roberts models, which have 
their specific advantages and limitations. Whereas the 
Derjaguin–Müller–Toporov model can be used for stiff 
materials with high E value and low adhesion between 
the sample and the probe, the Johnson–Kendall–Roberts 
model can be used when the adhesion between sam-
ple and probe is high. For an extensive review on cell 
mechanics models, see ref.31.

Applications
Having described the range of AFM-​FS methods avail-
able for molecular and cellular biology, we now survey 
their groundbreaking potential to address a wealth of 
problems with a series of studies focusing on viruses, 
bacteria, yeasts, mammalian cells and tissues. For an 
overview and key references see Table 2.

Force and dynamics of single bonds
The affinity of a receptor for its ligand is most often 
assessed by means of bulk equilibrium assays. However, 
living systems are highly dynamic and function out of 
equilibrium168. Cellular bonds are no exception as they 
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are exposed to various environmental fluctuations, 
including mechanical stress. The study of molecular and 
cellular interactions under force, when out of equilib-
rium, is most appropriate and physiologically relevant 
when it comes to systems that are exposed to physical 
stress and has strongly benefited from AFM-​FS.

Since the mid 1990s, there has been tremendous 
progress in improving AFM-​based SMFS and SCFS 
methodologies to decipher the strength and dynamics 
of individual cell adhesion bonds. Numerous pioneer-
ing works (for an overview, see ref.18) focused on cell 
adhesion molecules, such as cell adhesion proteogly-
cans169, P-​selectin/ligand complexes170, discrete gly-
coprotein interactions involved in aggregating cells of 
Dictyostelium discoideum88, integrin–fibronectin171, 
Escherichia coli curli–fibronectin172 and mycobacterial 
adhesin–ligand systems103. The binding strengths of the 
vast majority of receptor–ligand interactions reported 
in these studies, and in more recent ones, is in the range 
of 20–200 pN, and DFS showed that the bond strength 
generally increases with the loading rate in agreement 
with the Bell–Evans theory19,173. In addition, some adhe-
sion proteins have a modular multidomain structure 
that plays various functional roles. The force needed 
to sequentially unfold their individual repeats ranges 
from 50 to 250 pN (refs174,175), although some repeated 
domains can be more stable and unfold at 500 pN (ref.140).

Recently, a medically relevant application of AFM-​FS 
experiments shed new light on the mechanisms of Lyme 

disease spirochaete motility176. This infectious disease is 
triggered by the spirochaete Borrelia burgdorferi, which 
expresses several adhesins that attach to host matrix pro-
teins. During its infectious cycle, the pathogen migrates 
through different shear stress environments. AFM was 
combined with conventional bio-​assays to understand 
the influence of adhesins on spirochaetal motility in 
low shear stress niches. SMFS using borrelial surface 
protein conjugated tips revealed that binding strength 
of decorin-​binding proteins (DbpA and DbpB) was in 
the 25–75 pN range and was stronger for decorin than 
for laminin. The rupture force increases linearly with the 
log of the loading rate, as expected from the Bell–Evans 
theory (Fig. 5). Analysing the DFS data with the Bell–
Evans model yields the kinetic koff extrapolated to zero 
force, from which average bond lifetimes, τ, can be cal-
culated according to τ = koff

−1. Stronger interaction forces 
and longer lifetimes for DbpA/B showed significantly 
stronger interaction with decorin than with laminin 
(Fig. 5a,b). The authors also used a binding probability 
assay to estimate the kinetic on-​rate (kon) of DbpA/B 
with decorin and with laminin (Fig. 5c). To this end, they 
varied the dwell time of the AFM tip on the surface, 
which is equal to the interaction time of the molecules 
on the tip with the molecules on the surface, and is the 
duration during which Dbp/ECM bonds may form. 
For DbpB–laminin, the binding probability increased 
with the dwell time following a well-​known behaviour 
from which kon can be gained. The binding probability 
of DbpA–laminin, however, first increased to saturation 
before decreasing in a quasi-​exponential fashion because 
of successive dissociation of DbpA in the tip from 
laminin on the surface. Fitting the data using a pseudo 
first-​order kinetics approximation yielded the unforced 
dissociation constant or lifetime. If the lifetime retrieved 
from the binding probability assay is much shorter than 
that of the DFS experiments, it is a clear indication that 
the bond becomes stabilized under force load as is the 
case for DbpA–laminin. Such bond behaviour is tailored 
for withstanding shear stress and might facilitate the dis-
semination of spirochaetes within vascular endothelia 
in blood vessels.

Catch bonds in staphylococcal adhesion
The streptavidin–biotin interaction has commonly 
been considered the strongest biological bond, sustain-
ing forces of 100–250 pN as measured by AFM-​FS and 
other force measuring techniques177. Recently, AFM-​FS 
has enabled the discovery of non-​covalent bacterial sys-
tems exhibiting much stronger binding strengths178–180, 
including the cohesin–dockerin complex of cellulolytic 
bacteria181,182 and the staphylococcal adhesins SdrG, ClfA  
and ClfB that engage in dock, lock and latch inter
actions183 (Fig. 6). Staphylococcus epidermidis and S. aureus  
are two nosocomial pathogens that are of great medical 
concern as some strains are resistant to most antibiot-
ics184. These bacteria are equipped with a series of adhes-
ins that bind to their host proteins (Fig. 6a). AFM-​based 
SMFS and SCFS studies have demonstrated that these 
bonds are capable of resisting tensile forces that can 
exceed ~2 nN (refs185,186) (Fig. 6b), which is an order of 
magnitude greater than the strength of the biotin–avidin 

Table 2 | Overview of currently available AFM-​FS modalities to study living 
cells down to the single-​molecule level, the wealth of information that can be 
obtained and representative references

AFM-​FS modalities for 
living cells

Information Refs

Single-​molecule force 
spectroscopy

Single bond strength 13,18,79,80,142,170, 

173,180,185,186,243

Molecular elasticity 16,81,130,158–160

Receptor mapping 103,105,106,175

Dynamic force 
spectroscopy

Kinetics and thermodynamics of bonds 13,19,143,144,154,164–167, 

169,170,173,176,212,213

Stress-​induced interactions 187,188,190,191

Force-​clamp force 
spectroscopy

Catch bonds 126,127,146

Protein unfolding/refolding 123,124,128

Single-​cell force 
spectroscopy

Cell surface/host adhesion 13,68,71,88,90,97,149,172, 

196–198,211,213,216

Single adhesion receptor strength 24,149,153,196

Cell–cell adhesion 24,88,101,102,140,194,195

Anti-​adhesion 193,194

Force spectroscopy-​based 
indentation

Cell wall, cell membrane and 
cytoskeleton nanomechanics

31–35,37–39,137,152

Multiparametric force 
spectroscopy imaging

Correlative fluorescence force 
spectroscopy imaging

56,228,230,237,240–242

Correlated topography, adhesion  
and elasticity

49,51–54,69,107,141

Receptor density and clustering 49,109,110,212–216

Chemical imaging 72,84–86

AFM-​FS, atomic force microscopy-​based force spectroscopy.

Adhesins
Adhesion proteins on bacterial 
cell surfaces.
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interaction. This high strength is in contrast to the lower 
strength of the affinity of the complex measured at 
equilibrium and highlights the importance of probing 
bacterial bonds out of equilibrium.

A fascinating illustration of the influence of mechan-
ics on cell behaviour9 is the formation of catch bonds 
that, unlike classical slip bonds, reinforce under physi-
cal stress146,187. AFM-​FS has shown that staphylococcal 
adhesins engage in catch-​bond interactions with their 
ligands. In a first group of studies, DFS experiments 
revealed that ultra-​strong binding by staphylococcal 
adhesins such as SdrG, ClfA and ClfB is further acti-
vated by tensile loading, leading to a force strengthening 
with increasing loads188–190 (Fig. 6d). This finding strongly 
favours a catch-​bond mechanism that enables staphy-
lococci to firmly attach to their targets while resisting 
mechanical stresses associated with fluid flow or surface 
contacts.

The first direct proof of a staphylococcal catch bond 
came from AFM-​based force-​clamp experiments127 
(Fig. 6e,f). The bond lifetime between the staphylococ-
cal surface protein SpsD and its ligand, fibrinogen (Fg), 
first grows with increasing tensile force before decreas-
ing to behave as a slip bond beyond a critical force  
of ~1.1 nN, much stronger than other critical forces of 
purified bacterial complexes such as mannose–FimH 
complexes191,192 and dockerin:cohesin complexes182. This 
biphasic transition is typical of catch-​bond behaviour, 
which is consistent with the force-​induced formation of 
long-​lived hydrogen bonds between the ligand and the 
adhesin within the binding pocket. Stress-​dependent 
catch bonds offer a means for pathogens to enhance 
their adhesion properties and, in turn, their ability to 
form biofilms under shear stress, for example, owing 
to flowing fluids (Fig. 6g). In summary, AFM-​FS has 
contributed to showing that catch bonds might be 
more widespread among microorganisms than initially 
thought. Studying small compounds such as peptides 
and antibodies that are able to interfere with adhesion 

mechanisms may pave the way for the development of 
anti-​adhesive therapies offering promising alternatives 
to conventional antibiotics that are becoming poorly 
efficient to fight multidrug-​resistant pathogens193. 
For example, AFM identified a peptide derived from 
β-​neurexin as a powerful inhibitor capable of efficiently 
blocking surface attachment, homophilic adhesion and 
biofilm accumulation mediated by the S. aureus SdrC 
adhesin. Molecular modelling suggested that this block-
ing activity originates from the binding of the peptide 
to a sequence of the adhesin involved in homophilic 
interactions194.

Mammalian cell adhesion and mechanics
SCFS is widely applied to characterize how single mam-
malian cells initiate and strengthen adhesion to synthetic 
biomaterials such as hydrogels or protein fragments, natu
ral biomaterials such as the ECM proteins fibronectin,  
collagens and laminin or other cells195. The adhesion 
initiation and strengthening processes of mammalian 
cells to ECM proteins, in particular, have been exten-
sively studied by SCFS, such as fibronectin, which are 
driven by α/β heterodimeric integrins. By applying low 
contact forces and short contact times, SCFS reaches 
single-​molecule sensitivity and quantifies binding rates 
of single adhesion integrins to their ligand. For example, 
it was recently shown that distinct fibronectin-​binding 
α5β1 and αVβ3 integrins possess different ligand binding 
kinetics and thereby regulate adhesion initiation dynam-
ics by competing for the same ligand196,197. By gradually 
increasing the contact time, and thereby increasing the 
time for the cell to interact with the substrate of inter-
est, SCFS quantifies how single integrin receptors of the 
same type or different types synergize to strengthen cell 
adhesion over time as well as how intracellular adaptor 
and signalling proteins contribute to adhesion strength-
ening149,197,198. Molecular pathways regulating cell adhe-
sion initiation and strengthening can be addressed by 
agonists of membrane proteins, inhibition of signalling 
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Slip bonds
Specific bonds that decrease 
lifetime with increasing force 
stressing them.
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A family of cell eukaryotic 
surface adhesion receptors 
that bind mainly to 
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molecules, engineered cell lines that express defined 
sets of adhesion receptors, substrates that are specific 
for distinct adhesion receptors and small molecules or 
antibodies blocking adhesion receptors.

A specific application of AFM-​based SCFS is the 
study of adhesion receptor crosstalk151,197 (Fig. 7). Single 
rounded cells are incubated on a cantilever function-
alized with adhesion receptor-​specific adhesives, such 
as ECM proteins, long enough for the adhesion recep-
tors to initiate signalling. This allows quantification of 
the impact of the signalling initiated by cell adhesion 
to the cantilever on cell adhesion strengthening to the 
substrate. Using integrin-​specific cantilever coatings 
has revealed that αV-​class integrins induce signalling 
to promote ligand binding and clustering of a second 
class of fibronectin-​binding integrins. In combination 
with total internal reflection microscopy, the adhesion 
receptor signalling-​induced clustering has been opti-
cally resolved by monitoring the fluorescently labelled 
adhesion marker paxillin197 (Fig. 7a). In addition, the 

high time and force resolution of SCFS has shown that 
distinct integrins respond to mechanical load by rapid 
signalling that induces the ligand binding of additional 
integrins in less than a second and has correlated the 
formation of α5β1 integrin–fibronectin catch bonds with 
changes in cellular signalling and a subsequent adhesion 
regulation149. However, if the mechanical load surpasses 
a threshold, the single integrin–fibronectin bond prop-
erties change to a slip bond and the load-​dependent 
integrin activation fails.

AFM-​FS is widely used to characterize the stiffness of 
single cells or tissues and has led to invaluable insights 
into how mechanical properties drive tissue develop-
ment, regeneration and diseases. Spatially resolved 
time-​lapse in vivo AFM-​FS stiffness measurements 
combined with fluorescence microscopy in developing 
Xenopus have revealed rapid changes of mechanical 
properties in the developing brain (Fig. 7b) that drive the 
axonal growth and pathfinding in retinal ganglion cells 
to facilitate brain development199,200. In addition, scar 
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timestamp in minutes on each frame provides the elapsed time after the 
first image (bottom). Map of brain tissue stiffness changes over time in 
respect to previous time point. c | (Left) Representative response of a single 
rounded HeLa cell to stepwise compression (1-​μm increment, 5-​min 
interval) by the flat cantilever. (Right) Percentage of HeLa cells displaying a 
sustained force increase (>15 nN) as a function of height. AFM-​FS, 
AFM-​based force spectroscopy. Panel a reprinted from ref.197, Springer 
Nature Limited. Panel b is adapted from ref.199, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). Panel c reprinted with permission 
from ref.137, AAAS.
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tissues in the neocortex and spinal cord are considerably 
softer than the surrounding tissue, which correlates with 
an enrichment of distinct ECM proteins and may provide  
a mechanical signal that limits neuronal growth201.

Stiffness measurements of cancerous and healthy tis-
sue reveal that tumour progression is related to an incre-
mental stiffening of the tissue and that malignant breast 
cancer tissue shows a specific nanomechanical signature 
compared with healthy tissue202–204. Isolated cancer cells 
are typically softer than non-​malignant cells34,205 because 
they have defects in their ECM rigidity sensing206. The 
stiffness of the ECM in tumour stroma is about 10× 
higher than in healthy stroma203 and is facilitated by 
the excessive deposition and cross-​linking of ECM pro-
teins, especially collagens207. Together with elegant cell 
biological experiments, AFM-​FS has revealed that the 
increased stiffness of the ECM and the decreased stiff-
ness of cancer cells correlates with the invasiveness and 
aggressiveness of the tumour203,208.

Parallel plate assays were developed to study the 
mechanical properties of an entire cell and, hence, aver-
age over heterogeneous mechanical variabilities within 
the cell209. Parallel plate assays have shown that mitotic 
cells increase their osmotic pressure by recruiting myo-
sin II to their cortical actin135. AFM-​FS in combination 
with confocal microscopy has also revealed that the con
tractility of myosin is essential to resist against the defor-
mation of the mitotic cells by the surrounding tissue,  
which itself has an impact on the duration of mitosis136.  
Recent AFM-​FS experiments have revealed that non-​ 
mitotic cells also respond to the biophysical properties 
of their environment. It was shown that cells employ 
their nucleus as force ruler and, in case the nucleus is  
deformed, induce rapid signalling that increases cell 
contractility to withstand the externally applied forces137 
(Fig. 7c).

Virus–host cell interactions
Viral infection is initiated by the attachment of 
virus particles to the surface of their target host cells. 
Understanding these adhesive interactions is of great 
interest for the development of new antiviral therapeu-
tics targeting viral surface proteins. AFM-​FS with tips 
functionalized with individual virus particles, known 
as single-​virus force spectroscopy, has enabled us to 
increase our understanding of virus interactions at the 
single-​particle level. In an early work210, the interactions 
between vesicular stomatitis virus and phosphatidylser-
ine showed that virus attachment strength was depend-
ent on the phospholipid composition of the probed 
membranes. In a study on the attachment of human 
rhinovirus particles to very low-​density lipoprotein 
receptor (VLDLR), Rankl et al.211 found that human 
rhinovirus virions formed multiple parallel interactions 
with VLDLRs grafted on an inert surface as well as on 
living cells. DFS analysis extracted the dissociation rate 
of single virus–receptor interactions. By varying the tip–
sample contact time and monitoring the binding prob-
ability, the authors also extracted the kinetic association 
rate of the interactions. Reporting the ratio between  
the off-​rate and on-​rate yielded further insights into the 
overall affinity of the biomolecular partners in question.

Single-​virus force spectroscopy-​based multiparamet-
ric AFM imaging has recently provided a wealth of novel 
opportunities to study the molecular details of virus–
host attachment. In a semantic study, Alsteens et al.212 
studied the kinetic and thermodynamic parameters of 
a complex virus–cell surface receptor complex using 
AFM-​FS coupled to a confocal microscope. AFM tips 
functionalized with rabies virus were used to scan the 
surface of Madin–Darby canine kidney cells expressing 
fluorescently labelled avian tumour virus receptor A  
(TVA) to provide fundamental mechanistic insights 
into how viruses initiate infection in cells. The authors 
found that the binding probability of cells expressing 
TVA receptors was higher than wild-​type cells and 
that the frequency of adhesion events was correlated to 
TVA receptor density213. Using single-​virus force spec-
troscopy, Delguste et al.214 demonstrated that the major 
envelope glycoprotein functions as a regulator of binding 
valency during both attachment and release steps and 
determines the binding, diffusion and release potential 
of virions at the cellular surface.

The molecular mechanism of interaction between 
reovirus T3SA+ virions and α-​sialic acid glycans immo-
bilized on the surfaces of living cells was first unravelled 
using correlative AFM confocal microscopy (Fig. 8). More 
recently, the interaction between reovirus and β1 inte-
grin was elucidated using similar approaches showing 
that the virus interacts specifically with the α2β1 integrin 
subunit with a high dependence on the presence of cat-
ions. As ligand affinity is guided by integrin conforma-
tion, which in turn depends on the presence of specific 
cations, it was demonstrated that the presence of Mn2+ 
triggers virions binding to integrins with a high affinity. 
As expected, nanoparticles functionalized with T3SA+ 
infectious subvirion particles, which is likely mediated 
by the caveolin pathway, did not increase the blue fluo-
rescence intensity of the blue fluorescent protein215,216. 
In summary, AFM-​FS and confocal microscopy are 
a powerful platform to gain insight into virus–host 
interactions during the first stage of infection.

Reproducibility and data deposition
Here, we describe practices that are mandatory to gen-
erate reliable and robust force–distance data sets and 
analyses. Although standards for data deposition, data 
repositories and entry requirements have not been 
concretely established in the AFM force spectroscopy 
community, we strongly encourage minimal data sets to 
be made publicly available upon request, which should 
include the spring constant as well as the sensitivity and 
resonance frequency of the cantilevers used to produce 
the force–distance curves. Additional information may 
include raw rupture force, rupture length and loading 
rate data as well as information on the size of scanned 
areas and the numbers of pixels used. Preparation of 
such data is in a table format.

In a publication, it is essential to specify details about 
statistics and reproducibility. One should collect hun-
dreds of force–distance curves using several (n > 10) 
cells and these numbers should be indicated in legends 
and/or text. For SMFS, force–distance curves should be 
recorded on different spots of the cell. To present the 
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statistical ensemble of a measurement/condition, mean 
values and standard deviations or medians and 95% 
confidence intervals are typically provided together with 
the number of data points (n) and independent experi-
ments considered. Representative examples of retraction 
profiles should be shown (Fig. 4d, inset).

To obtain an appropriate statistical measure in SCFS, 
one should collect hundreds of (for microbial cells) or 
up to 10 (for mammalian cells) force–distance curves 
for a single cell using several independent (n > 10) cells 
in a similar manner to SMFS. Additionally, one should 
record spatially resolved force–distance curves on multi
ple spots of the target sample to avoid mechanically  
perturbing the cells. When recording the SCFS data, 
one must carefully monitor the cell morphology and 
viability to later be able to compare only force–distance  
curves recorded from the same cell morphology/state. 
Experiments should also include characterizing sets 
of independently prepared cells and target samples. 
Finally, the approach speed, the contact time, the retrac-
tion speed and whether the cantilever’s height or the 

applied force was maintained during the contact time 
strongly impact the recorded adhesion forces and must 
be reported149,217.

Cell adhesion signatures can be difficult to interpret 
as multiple specific and non-​specific forces can occur 
simultaneously. It is therefore essential to demonstrate 
the specificity of the targeted interaction. Control exper-
iments showing such specificity should be performed, 
such as blocking cell surface receptors using target 
ligands that lack the binding site for adhesion recep-
tors, antibodies, chemical compounds, free ligands or 
engineering cells in which the receptor under study is 
mutated or lacking149,188,196–198.

In multiparametric imaging, the numbers of images 
collected and on how many independent cells should be 
stated, for example, in figure legends.

Finally, in the Methods section of a paper, it is crit-
ical to specify detailed protocols for sample and probe 
preparation so that the reader can judge the quality and 
biological relevance of the whole study.

Limitations and optimizations
Collecting reliable data by AFM-​FS requires careful con-
trol of several parameters: the quality of sample and tip 
preparation procedures, the recording conditions, the 
accuracy of data collection and interpretation, and the cell  
type under study. Special care must be taken in analysing 
and interpreting force–distance curves.

Cantilever calibration
The correct calibration of the cantilever used is essential 
for all force spectroscopy applications. However, varia-
bilities in instrumentation and experiments often lead 
to substantial deviations in spring constants of the same 
cantilever in different laboratories of up to 30%218,219. 
Hence, standard procedures and protocols for consist-
ent cantilever calibrations should be established and 
indenting reference samples or deflecting cantilevers 
with well-​defined mechanical properties can be used to 
check the calibration of the cantilever of interest219,220.

Force–distance curve artefacts
Various artefacts in force–distance curves may appear 
and challenge subsequent analysis. These artefacts are 
usually easy to avoid using well-​isolated systems and 
appropriate experimental set-​ups. Below, we highlight a 
few common force–distance curve artefacts and how to 
mitigate or negate their appearance.

Baseline oscillations that interfere in photodiode 
readings sometimes arise owing to reflection of the 
laser from a highly reflective substrate such as gold. 
These oscillations may be mitigated by using a less 
reflective substrate or a more reflective cantilever, but 
usually do not pose a major problem to force–distance 
curve analyses provided that the oscillations are small. 
Another cause of baseline oscillations may be that the 
atomic force microscope is not adequately isolated from 
external vibrations, which would require the use of an 
anti-​vibration platform and/or an acoustic hood for mit-
igation. Baseline tilt may occur owing to an off-​centre 
photodiode. This is easily solved by re-​aligning the pho-
todiode and can be achieved using baseline tilt alignment 
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CHO cells
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Fig. 8 | Correlated AFM multiparametric and confocal imaging of single-virus 
binding interactions with living host cells. a | Single virus-​based multiparametric 
imaging and confocal microscopy reveal the distribution of binding events between  
the T3 reovirus immobilized on a tip and sialylated glycans on living cells. b | Overlay of 
transmitted light (non-​fluorescent), green and red fluorescence images of a confluent 
layer of co-​cultured Lec2 and fluorescent CHO cells. c,d | High-​resolution correlative 
structural (part c) and adhesion (part d) images. Adhesion map shows interactions (bright 
white pixels) mainly on CHO cells (αSA-​expressing cells), suggesting the establishment  
of specific of T3SA+–αSA bonds on living cells. AFM, atomic force microscopy; eGFP, 
enhanced green fluorescent protein. Panels a–d reprinted from ref.215, CC BY 4.0  
(https://creativecommons.org/licenses/by/4.0/).
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functions that are often available in commercial AFM 
data processing software.

Although thermal drift or hydrodynamic drag 
can skew the baseline and result in a gap between the 
approach and retraction force–distance curve, this does 
not typically pose major problems to force–distance 
curve analysis. To minimize baseline tilt, the system 
should be thermally equilibrated for typically ~15 min, 
but this can take longer depending on the temperature 
at which experiments are conducted.

An incomplete rupture during a force–distance curve 
retraction cycle may influence the approach cycle of the 
next force–distance curve, which can be solved by longer 
ramp length to allow complete separation between tip 
(and probe) and sample. Discontinuities in the contact 
portions of force–distance curves may arise when the tip 
punctures a sample or if the sample moves. This may be 
solved by decreasing the applied force or by improving 
the immobilization of the sample. A flat adhesion peak 
may arise from a strong adhesive interaction pulling the 
laser outside the photodiode range, which can be solved 
by aligning the laser such that a bigger deflection range 
can be recorded or by using a stiffer cantilever.

Other force–distance curve artefacts may also appear 
from the presence of impurities in the medium that 
interfere in the laser reflection or from tip movement 
that is too fast, often resulting in the production of 
uninterpretable curves.

Specific interactions
One of the difficulties in working with living cells as 
opposed to purified proteins is that various specific and 
non-​specific interactions generally occur simultaneously 
at the cell surface. Because non-​specific interactions usu-
ally act over short distances whereas biomolecules are 
usually stretched in specific interactions, the contours of  
the force–distance spectra produced by the two types 
of interactions are usually quite different, for example, 
biomolecules often show non-​linear extension profiles 
and, depending on their sizes, biomolecular complexes 
would usually unbind over considerable distances. This 
means that during data analysis certain criteria may be 
used to discern specific from non-​specific interactions, 
for example, by how well data can be fit by polymer 
extension models.

Although non-​specific interactions can be filtered 
out during the data analysis step to some extent, they 
can largely be limited by taking appropriate measures 
during experimentation. An essential criterion is a clean 
substrate and sample preparation to expose non-​specific 
interaction sites as little as possible. Note that adhesion 
forces measured for mammalian cells interacting with 
glass, mica or polydimethylsiloxane are often higher at 
contact times <60 s than when adhering to specific ECM 
proteins, which illustrates the necessity of completely 
covering the glass support with substrate for SCFS 
experiments221. Additionally, thorough control experi-
ments are needed to decipher the contribution of specific 
and non-​specific interactions to the measured forces, for 
example, using specific inhibitors. Today, advances in 
molecular biology and genetics also offer fast and ele-
gant controls by genetically modifying cells, which carry 

mutated proteins of interest with either lacking or altered 
specific binding sites. Genetic modification can also be 
done with the target sample, for example, with mutated 
ligands, scrambled peptides or blocking proteins such as 
bovine serum albumin188,197. The genetic modification 
approach not only proves the specificity of the forces 
but enables the dissection of the molecular domains 
and binding sites at play to contribute to deciphering 
molecular mechanisms of adhesion188.

Cell functionality
For any new cell type to be investigated by SMFS or 
SCFS, it is recommended to confirm that the immo-
bilized cells on probes or substrates are alive and fully 
functional, ideally before and after a set of recordings. 
Viability can readily be assessed by fluorescent label-
ling to probe the membrane integrity or by incubation 
with propidium iodide or other commercially available  
live/dead cell staining kits. Functionality means that cells 
express properly the surface component of interest, for 
example, an integrin or an adhesin. Flow cytometry 
provides a fast tool to control cell surface expression of 
proteins, which should be regularly checked to ensure 
comparable SCFS results. It is crucial to evaluate whether 
modifications to genetically modified cells change the 
surface expression of the proteins of interest. If this is 
the case, fluorescence-​activated cell sorting can be used 
to enrich the population of cells with physiological 
expression levels that are adequate for AFM-​FS analysis.

During the course of an SCFS experiment, the immo-
bilized cell might become poorly positioned, change its 
morphology or even detach from the probe. As SCFS is 
commonly coupled with optical microscopy, the posi-
tion of the cell on the cantilever as well as state of the 
cell before, during and after an SCFS experiment can 
be monitored optically. In case undesired morphologi-
cal changes are observed, the cell should be discarded. 
For microorganisms, well-​defined adhesion events 
with extended ruptures are observed as a result of the 
stretching of cell surface macromolecules. If, during  
the analysis, the force–distance curve starts showing 
sharp adhesion peaks with very short ruptures, this could 
mean that the cell probe is damaged and one should 
restart the procedure with a fresh cell probe. For animal 
cells, one should compare specific and non-​specific sub-
strates to see whether they are different. If not, this could 
mean that the cell probe is altered and non-​functional. 
Lastly, unlike in indentation experiments, it is recom-
mended to limit the maximum contact force to 250 pN 
for microorganisms and 2,500 pN for animal cells to 
avoid cell surface damage.

Cell elasticity models
There are many potential sources of error that can 
limit the extent of validity and interpretation of exist-
ing models. Each theoretical model applied to fit the 
cell mechanics possesses advantages and limitations 
and specific assumptions that should be appropriately 
weighed to adequately choose the best model (see ref.31). 
For example, it has been shown that the shape of the 
AFM tip and indentation depth of the tip into the much 
softer cell must be carefully controlled, otherwise cell 
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elasticity measurements may be overestimated31. For 
stiffness measurements with sharp tips, the stiffness or 
modulus derived from localized indentation measure-
ments will strongly depend on the exact area at which 
cell mechanical properties are measured, whereas using 
beads on the cantilever will average the mechanical 
properties over the contact area between the bead and 
the cell40. Additionally, substrate effects on elasticity 
measurements have to be considered for cells that are 
immobilized on either very soft or stiff substrates and 
may require the analytical model to be modified222,223.

One can simultaneously use AFM and confocal 
microscopy to validate the most commonly employed 
forms of the Hertz model to extract elasticity from force–
indentation curves on mammalian cells224. In the case of 
bacteria, the shape of the AFM tip as well as the inden-
tation depth may not be as problematic during elasticity 
measurements. This is because bacteria possess relatively 
hard cell walls enabling them to resist deeper indenta-
tions of the AFM tip due to turgor pressure and cell wall 
mechanics. Nevertheless, although the absolute elasticity 
may become unreliable in certain experiments, relative 
changes in elasticity are typically more informative.

To address the uncertainties highlighted here, AFM 
is often combined with optical microscopy. Here, exper-
iments that quantify mechanical properties of cells with 
fluorescently labelled structures of interest such as the 
cell membrane, nucleus or cytoskeletal filaments directly 
correlate the deformation of specific cellular architec-
tures225,226 with changes in apparent stiffness. Finally, 
note that the mechanical properties of cellular systems 
depend on the frequency at which they are probed 
and therefore should be characterized over a range of 
frequencies227.

Statistical power
AFM-​FS is inherently not a high-​throughput single-​cell 
analysis technique. Requirements such as the tip sep-
aration velocity being physiologically relevant (~1–
10 µm s−1), the tip separation distance being long enough 
to permit rupturing of all bonds between receptors on 
the tip and ligands on the sample surface, and that an 
array of force–distance curves must be collected over 
an adequately large cellular surface mean that collect-
ing data for a single cell may take several minutes and 
up to half an hour. Therefore, the number of cells that 
can feasibly be analysed in a single experiment is gener-
ally small (approximately ten cells) in comparison with 
other single-​cell techniques where data for hundreds or 
even thousands of cells are usually easily collected in a 
single experiment. When a large degree of phenotypic 
heterogeneity exists within a cell population, it may be 
an important consideration to use cell sorting techniques 
to enrich for target populations.

Outlook
The field of AFM-​FS in the investigation of biomolecu-
lar and cellular interactions is young and the space for 
new discoveries remains immense. Many open scientific 
questions exist that could benefit from the methods 
reviewed in this Primer and we look forward to what the 
future holds. One pertinent question is how the sensing 

of mechanical stimuli occurs and how it is transduced 
into cellular responses ultimately playing a role in cell 
function (for recent reviews see refs6,7,9). AFM-​FS 
single-​molecule and single-​cell force probing method-
ologies are uniquely positioned to address this important 
issue in biology today. In particular, the increased avail
ability of biocompatible AFM platforms that are coupled 
to epifluorescence, confocal or super-​resolution optical 
microscopes will allow tracking intracellular events in 
response to force probing molecules on the cell surface.

AFM-​FS and AFM topographic imaging are lim-
ited by their relatively low temporal resolution, and 
they only address the outer surface of cells. By con-
trast, super-​resolution microscopy228,229, also called 
optical nanoscopy, can probe the localization and 
motion of single molecules both outside and inside 
cells. Therefore, we expect that platforms combining 
AFM-​FS with optical nanoscopy, some of which are 
currently commercially available, will address exciting 
new questions on the organization, dynamics and inter-
actions of structures and machineries in single living 
cells (for a recent review see ref.230). Current optical 
nanoscopy modalities include stimulated emission 
depletion (STED) microscopy231,232, PALM (photoacti-
vated localization microscopy233), (d)STORM ((direct) 
stochastic optical reconstruction micropscopy234) and 
structured illumination microscopy235. They all aim at 
overcoming the diffraction limit of light, which imposes 
a finite magnification limit in conventional micros-
copy, by switching the fluorescence of a subpopulation 
of molecules on and off within a diffraction-​limited 
area to enable molecules that are spatially indistin-
guishable from each other to be separated in time.  
In STED, the excitation beam is optically confined to 
a spot smaller than a diffraction-​limited area, which is 
achieved by overlaying two beams: an excitation beam 
to induce fluorescence, and a doughnut-​shaped STED 
beam for stimulated emission depletion and to inhibit 
fluorescence at the outer rim of the excitation beam. 
Only molecules at the centre of the excitation beam are 
allowed to fluoresce. The first STED microscope pro-
vided super-​resolution images in three dimensions of 
living E. coli cells236.

Correlative nanoscopy will hopefully allow the iden-
tification of specific cellular components while simul-
taneously probing their properties and interactions. 
For example, AFM was used to observe the structure 
of E. coli expressing a specific fusion protein whereas 
single-​molecule localization PALM estimated the 
expression level and spatial distribution of the protein237. 
Another study combined STORM with SMFS AFM 
studies to study amino groups exposed on the cell mem-
brane238. A proof-​of-​concept demonstration achieving 
simultaneous co-​localized imaging of spatially correlated 
far-​field super-​resolution fluorescence microscopy and 
AFM was demonstrated with human bone osteosarcoma  
epithelial cells expressing plasma membrane transporter 1  
(MCT1) tagged with an enhanced green fluorescent 
protein (EGFP) at the N terminus239. In 2012, a semi-
nal study reported the combination of different AFM 
modes with STED, showing that STED and AFM can be 
used to produce high-​resolution fluorescence imaging, 
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topographical imaging and nanomechanical imaging240. 
The choice of STED was motivated by the unique capa-
bilities of the method, which include fast image acqui-
sition. The same team demonstrated correlative STED 
AFM-​based biomanipulation, showing the capability to  
monitor real-​time responses of filament movements  
to mechanical force inside the cell and opening new 
perspectives for correlative AFM STED experiments241.  
Another study combined STED super-​resolution 
imaging with AFM-​FS to correlate nerve cell cytoskel-
etal structural organization with membrane physical 
properties, including the Young’s modulus242.

Although the future looks promising, several chal-
lenges still need to be overcome in the marriage of 

optical and force nanoscopy. First, the super-​optical 
resolution is still accompanied by severe phototoxicity, 
which makes imaging of living cells highly challenging. 
Second, interference between the lasers employed by the 
two technologies complicates their simultaneous use. 
Third, limitations inherent to optical nanoscopy need 
to be overcome, such as the necessity to use compati-
ble dyes and fluorophores. However, we are confident 
that, in the next years, combining AFM and optical 
nanoscopy will contribute to increasing our under-
standing of many cellular interactions and processes at 
single-​molecular resolution.
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Applications
The many modalities of AFM-FS enable the 
gathering of a wealth of mechanical and 
adhesive information from living cells.  

Single-molecule 
and dynamic FS
Modifying the AFM tip with 
ligands probes single 
receptor–ligand bond 
strength and molecular 
elasticity. Varying the rate 
at which force is applied 
reveals bond kinetics and 
thermodynamics and 
stress-induced 
interactions.

Multiparametric imaging
Recording correlative 
images such as topography 
and adhesion yields 
biophysical properties and 
receptor localization of 
living cells.

FS-based indentation
Information on cell 
walls, membranes and 
cytoskeleton 
nanomechanics.

AFM-FS of living cells

Single-cell FS
Attaching cells to tipless 
cantilevers can probe cell 
surface/host adhesion 
and cell–cell adhesion.

Reproducibility and 
data deposition
For statistics and reproducibility,  
hundreds of force–distance curves should 
be collected using more than ten cells and 
representative examples of retraction 
profiles should be shown. Data sets should 
be made publicly available and include 
experimental conditions (such as applied 
force and speed) and set-up configurations 
(such as cantilever properties). Microbial 
or animal cells must be immobilized on  
an appropriate substrate using non-
destructive protocols to resist the forces 
exerted by the cantilever tip. It is also 
essential to demonstrate the specificity of 
targeted interactions when determining 
cell adhesion signatures.

Limitations and 
optimizations
Correct cantilever calibration is essential, 
and cantilever stiffness should preferen-
tially match that of the cell. Typically, best 
results are obtained using cantilevers with 
small spring constants and short lengths 
because they exhibit low force noise. Each 
theoretical model applied to fit the data 
has advantages, limitations and specific 
assumptions that should be appropriately 
weighed to adequately choose the best 
model. Non-specific interactions can be 
minimized via a clean substrate and careful 
sample preparation.

Outlook
Although AFM-FS is a powerful platform to 
study cell adhesion and mechanics at the 
single-cell and single-molecule level, it has 
relatively low temporal resolution and only 
addresses the outer surface of cells. New 
tools combining AFM-FS with super- 
resolution microscopy, which probes the 
localization and motion of single molecules 
both outside and inside cells, will allow  
the identification of specific cellular  
components while simultaneously probing 
their properties and interactions.

Experimentation
An atomic force microscope consists of a 
sharp tip, typically ended in a nanometre-
sized apex, attached to the free end of a 
soft cantilever. When the tip comes into 
contact with the sample surface, the tip–
sample interactions cause the cantilever to 
deflect, which is recorded via a laser beam 
that is reflected onto a position-sensitive 
photodiode. The cantilever deflection is 
directly proportional to the force acting 
between the tip and the sample. AFM-FS 
acquires force–distance or force–time 
curves, in which the force applied or  
experienced by the AFM tip is monitored as 
a function of either the distance between 
the tip and the sample surface or time.  
As the tip approaches the sample, comes 
into contact with it, pushes on it and finally 
retracts, the sample’s biophysical properties  
such as elasticity and adhesion can be  
obtained. Functionalizing the tip or the 
cantilever with cells, biomolecules or 
chemical groups enables measurement  
of specific biological and chemical inter-
actions both at the single-cell and single-
molecule levels. AFM-FS can measure 
forces ranging from a few piconewtons 
to several hundreds of nano newtons and 
stiffnesses from about 100 to 109 pascals.   

Results
When the tip makes contact with the 
surface and pushes on it, the sample 
elastic properties such as deformation, 
elasticity and stiffness can be derived from 
theoretical contact models. As the tip is 
moved upward, the cantilever relaxes and 
the adhesion force of the system can be 
determined. By functionalizing the AFM 
probe with biomolecules (ligands) in 
single-molecule FS or with cells (eukary-
otic or prokaryotic) in single-cell FS, the 
strength of molecular and cellular inter-
actions, respectively, can be measured. 
Two important parameters to determine 
are the experimentally derived binding 
probability of the molecular interaction 
and the adhesion force.

Among atomic force microscopy (AFM) techniques, 
AFM-based force spectroscopy (AFM-FS) investigates the 
strength and dynamics of cell adhesion, spatially maps 
surface receptors and quantifies how cells regulate their 
mechanical and adhesive properties to give us insight into 
how mechanical forces influence cellular processes.

Force spectroscopy of single cells using 
atomic force microscopy
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