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Abstract Atomic force microscopy (AFM) has proved its value
not only for resolving the topographical structure of biological
samples, but also for probing inherent properties of biological
structures, like local interaction forces, mechanical properties or
dynamics in a natural (physiological) environment. This minire-
view focuses on the acquisition of elasticity data of biomaterials
by AFM. A possible theoretical model is presented, followed by a
practical ‘how to do it with AFM’, and, finally, a brief overview
of publications in this field is given.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

In the past 12 years, atomic force microscope (AFM), in-
troduced by Binnig et al. [1], has rapidly grown to a valuable
and useful tool to look at the topography of materials with a
high resolution and to obtain time-dependent dynamic infor-
mation about biological systems in their natural environment
[2-5]. AFM uses a sharp tip at the end of a cantilever, which
is scanned in X and Y over a sample mounted on a piezo
crystal. Changes in the height (Z direction) due to tip inter-
actions with the substrate are usually optically detected, giving
a topographical image of the sample under investigation. Re-
cently, AFM has entered the field of elasticity measurements
[6-9]. Up to now, mechanical properties have been studied by
several techniques such as optical tweezers [10], rheometry
[11], dynamic light scattering [11], fluorescence microscopy
[11], the surface force apparatus [12], pipette suction [13],
and a number of other techniques ([14-17] and references
therein, [18,19]). In AFM, the mechanical properties of bio-
molecules can be determined accurately and spatially well re-
solved from force-versus-distance curves, also called force
curves [20,21]. In this minireview, a simplified theoretical
model to calculate the elasticity of biological samples from
force curves will be discussed. Next, a practical description
of ‘how to do it with AFM’ will be presented. Finally, a
summary and a list of some publications (Table 1) is given
with the focus on ‘soft’ biological materials.
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Abbreviations: AFM, atomic force microscopy; force curve, force-
versus-distance curve; E, Young’s modulus or elastic modulus; F,
force; Az, indentation; MTs, microtubules

2. Theory of elasticity

The elasticity of a macroscopic object can be described by
Hooke’s law in terms of stress and strain [22,23]. Stress is the
quantity equal to the deformation force and the strain stands
for the amount of deformation. Hooke’s law proves that the
ratio of the stress to the strain equals a constant depending on
the material and the deformation. This constant is the elastic
modulus and is specific for the material under investigation.
Different kinds of deformations can be distinguished, giving
different elastic moduli. We will concentrate on Young’s mod-
ulus, which is the mechanical resistance of a material while
elongating or compressing. Young’s modulus — here also
called elastic modulus — has as dimensions force per surface
area. As long as the stress-strain relation is linear, the defor-
mation of the material is elastic and the material will always
regain its original form if no more force is applied. Plasticity
of the material shows up in a deviation of the curve from
linearity. The material will no longer regain its original form
after removal of the external forces. At still higher deforma-
tions, the material will break.

This general theory outlined above will be worked out for
AFM based on the theory of Hertz [22,24,25] and the me-
chanics of Sneddon [26]. Using AFM, elasticity measurements
are performed by pushing a tip onto the surface of the sample
of interest and monitoring force-versus-distance curves. This
results in a deformation which is the sum of the deformation
of the tip and the deformation of the investigated sample
(indentation) under the tip. Although AFM is measured on
a microscopic scale, the classical theory is still usable because
the tip indents 100 or more atoms of the surface.

The theory of Hertz [22,24,25] describes the deformation, T,
of an elastic sphere under an external load, F, against a rigid
flat substrate [27], given by:
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where R is the radius of curvature of the tip and Ey, and g,
are Young’s modulus and Poisson’s ratio of the tip, respec-
tively. Poisson’s ratio is defined as the ratio of the transverse
(orthogonal) strain to the strain along the direction of elon-
gation [28]. It is useful for determining how much the material
extends orthogonally to the direction in which the force is
applied. The value for p is always between 0 and 0.5
[22,27,29].

The elasticity of the substrate on a microscopic scale can be
determined with the force applied to the tip-sample system
and the resulting deformation of the sample. The most suit-
able theory is that of Sneddon which describes an infinitely
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Table 1

Summary of Young’s moduli from several biological samples and commonly used hard substrates

Material Young’s modulus (Pa) Reference

Glass 50% 107 [29]

Fused silica 70 10° [28]

Au 79%10° [27]

Mica 2-8x 1010 [30]

Carbon fiber 2.1x101 [8]

Walls of Methanospirillum hungatei GP1 33-39x 107 [61]

Clathrin cage (10£1)x 106 unpublished results
Tibial osteons 22.4%10° [62]

Cartilage 0.16-0.6x 105 [29]

Most of these examples are not discussed in the overview.

hard indenter with a special geometry and a flat, deformable
substrate [26,27,29,30]. Let’s have a closer look to different tip
geometries.

2.1. Conical tip
For a conical tip with a semivertical (opening) angle o, the
total force F.o. as a function of the indentation Az is de-

scribed by:
2E*

Fcone (AZ) - m

AZ? (2)

where E* is the relative Young’s modulus:

2 2
L* — ! u'ﬁl) + 1 Msample ) (3)
E Ep Esample

If Equmple < Eiip, then 1/E* can be simplified:

2
L —~ l_usample (4)
E* Esample

Egumple 18 Young’s modulus of the studied material and peampie
is the Poisson ratio of the sample.

2.2. Parabolic tip

The force Fyamaboic as a function of the indentation for a
parabolic tip with a radius of curvature R at the apex is:
Fparabolic(Az) = %ﬁ E*AZ'S. (5)
A spherical tip with a radius R also leads to the same formula
as Eq. 5, as long as the contact radius r =< R.

The above description assumed deformations arising from
perfectly flat elastic substrates; however, some of the follow-
ing contributions can considerably influence the measured
Young’s modulus: (1) plastic deformations, (2) the surface
energy, and (3) the local shape of a rough surface. For
more details, see Heuberger et al. [27]. A more elaborate
model can be found in [31,32].

3. ‘How to do’ the elasticity measurements with AFM
[6,7,27,29]

First, a force curve [20,21] has to be recorded on a hard
sample as reference (e.g. a glass substrate). Then, the substrate
is replaced by the sample of interest and force curves are
taken on the soft sample under the same liquid, changing
neither the tip nor the position of the laser beam on the canti-
lever. A typical force curve on a hard sample and on a soft

sample is schematically shown in Fig. 1. The difference be-
tween the deflection of the cantilever detected on the hard and
on the soft samples describes the deformation of the soft
sample under the tip load, i.e. how much the tip indents the
sample of interest. Plotting the obtained indentation against
the force gives force-versus-indentation curves. It is important
to use the approaching part of the force curve for calculating
the indentation [33] because use of the retracting part leads to
wrong measurements of the indentation, due to e.g. adhesive
forces.

To determine Young’s modulus, force (F)-versus-indenta-
tion (Az) curves are fitted to an equation of the form:
F=a*Az’, based on Eq. 2 or Eq. 5. The exponent b depends
on the tip shape. The parameter a contains the information of
the elastic modulus.

In order to accurately derive Young’s modulus, the charac-
teristics of the tip such as the tip radius, the cone angle and
force constant should be carefully estimated [34-37]. Also, the
tip deformation should be negligible. In the case of SizN, tips,
the modulus of Young is 150 GPa [29,38] and for commercial
silicon cantilevers Young’s modulus is 169 GPa (according to
the manufacturer).

The supporting sample — often glass substrates for biolog-
ical objects — is crucial too, because it is often used as a
reference sample appearing hard compared to the biomole-
cules. Glass itself is softer than the SisNy tip with a Young’s
modulus of 50 GPa and a force constant of about 50 N/m
[29].

distance

Fig. 1. Schematic representation of typical approach force-versus-
distance curves on a hard (b) and a soft sample (c). The picture (a)
shows the situation with no contact between tip and sample and in
(b) a hard sample results in a deflection of the cantilever. Picture (c)
shows the deformation of the soft sample by the tip which results in
deviation from the linear relationship between the force and the dis-
tance seen before. The difference in deflection between the two
curves is a measure of the indentation.
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Fig. 2. FIEL maps of a living human platelet adsorbed on glass before (a) and after adding the pore-forming protein streptolysin O (b). In (b)
a clear decrease in elasticity is observed. The black color represents a lower relative elasticity. Data provided by Walch et al. [48].

A hydrodynamic drag can occur due to the viscous effects
of the surrounding liquid [39-41], which adds a constant ex-
ternal force to the loading force of the cantilever!. External
vibrations or thermic vibrations of the cantilever usually will
not really change the force measurements because the ampli-
tude resulting from them is less than 0.1 nm [42].

Still, many assumptions have been made for an accurate
determination of the elastic modulus. The sample, which is
assumed to be an isotropic, smooth, elastic substrate, is, how-
ever, usually anisotropic and rough. The molecular roughness
of the tip, the uncertainty of the contact area and a small
lateral component in the applied force due to the approach
with a small angle are usually ignored and will influence the
accuracy of the measurement.

In fact, the absolute determination of Young’s modulus of
all biological system, which is complex, is not always neces-
sary. Very often only a comparison between two different
states are needed. In this case, the FIEL (force integration
to equal limits) mapping, described by A-Hassan et al. [43],
allows the acquisition of elastic data without worrying about
some of the parameters described above. Individual force
curves can be interpreted into arrays of relative elastic values,
which can be related to a topographic image. This kind of
‘elastic mapping’ can provide valuable insight into the bio-
logical importance of e.g. cellular mechanics and their regu-
lation.

1" Due to the viscosity of the liquid, the hydrodynamic drag can be

seen as a separation of the off-surface parts of the approaching and
retracting force curves, which adds a constant external force to the
loading force of the cantilever. The higher the scan velocity, the more
the approach and retract curves are separated. A linear relationship
between the separation of the approach and retract curves and the
scan velocity has been observed. The hydrodynamic drag has an effect
on the results when a comparison is made between the approach and
the retract parts of the force curves (off surface). It is less so, but still
important when only the center portion of one trace is evaluated. To
deal with this force offset in the analysis, the force curves obtained
during approach and retract can be averaged.

4. Examples of biological applications

4.1. Cells and organelles

A lot of effort has gone into the area of cells in order to
obtain a better understanding of their mechanical properties
by AFM. The elastic response of the cell is mainly due to its
cytoskeleton which consists of a network of actin, microtu-
bules, intermediate filaments and associated proteins [11,44].

Weisenhorn et al. [29] (living cell) were the first to quantify
the elastic behavior of cells from force curves and obtained a
Young’s modulus of 0.013-0.15 MPa for a living (lung carci-
noma) cell. Radmacher et al. then applied force spectroscopy
to quantify the elastic modulus at different locations, i.e. of
different organelles of human platelets: Young’s moduli
ranged from 1 to 50 kPa (Hertz’ model) [41]. A sizeable dis-
crepancy was observed between the experimental data and
simulations on the basis of Hertz’ model. Yet, the correlation
observed between the position on the platelet and the chang-
ing elastic modulus is an interesting observation, which was
shown to be related to the underlying cytoskeleton. Micro-
mechanical measurements performed on cultured rat atrial
myocytes showed a similar dependence of the elastic modulus
on the position on the cell [45]. Young’s modulus in a nuclear
region of the cell was 0.5-0.67 MPa (Ca?*-free solution, Sned-
don mechanics), and increased 5-8-fold toward the periphery.
These variations in stiffness could be related to the cytoskele-
tal heterogeneity (combining AFM and fluorescence imaging)
[45] and did not, therefore, only depend on the height of the
sample.

The regulation of the cytoskeletal filament assembly is in-
fluenced by the focal adhesion complex, where the protein
vinculin can be found. Based on elasticity measurements, vin-
culin was shown to be a mechanical link between cell surface
and cytoskeleton [46,47]. The elastic modulus for wild type
and vinculin-deficient mouse F9 embryonic carcinoma cells
is 3.8 kPa and 2.5 kPa, respectively (Hertz’ model). A similar
result has been found for the storage (elasticity) and loss
modulus (viscosity) determined by rheology.

Dynamic changes in mechanical properties have also been
observed [45]: increasing the calcium concentration (0 to 5
mM) lead to a ~ 2-fold increase in the cell (myocyte) stiffness;
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and a dynamic increase in cell stiffness also occurred during
cell contraction, which is consistent with cross-bridge (actin-
myosin) formation and force generation during contraction.
FIEL maps (Fig. 2) showed that adding a pore-forming pro-
tein to the buffer solution also leads to a dynamic decrease in
the elasticity of human platelets adsorbed on glass slides [48].

A very intriguing and interesting application is the con-
struction of a sensor based on the detection of changes in
the mechanical behavior of living cells using a thin cantilever
[49]. Their preliminary data demonstrated that these cell sen-
sors are capable of detecting the response of the cells to tox-
ins. This sensor can provide a new way to study the mechan-
ical behavior of living cells and their responses to effectors.

Elastic properties of cellular organelles can also be studied.
Young’s modulus of sub-micrometer-sized secretory granules
isolated from rat mast cells ranged from 4.3 MPa (in La®") to
37 kPa (in Na®) with the value in Ca®* in between (Hertz’
model) [50]. A 10-fold increase in the matrix volume occurred.
The elastic modulus showed a radial dependence which most
likely originated from differences in the biochemical composi-
tion of the core (cross-linked proteoglycans) among the gran-
ule matrices. The matrix of secretory granules also seems to
have the same mechanical properties as ion exchange gels. A
swollen mast cell granule had an elastic modulus similar to
gelatin in (pure) water which was 20 kPA (Hertz’ model) [51].
Changing the fluid conditions (water/propanol ratio) induced
changes in the elastic modulus for gelatin. Young’s modulus
increased to more than 0.1 GPa in pure propanol [51]. Thus,
by changing the liquid environment the elastic modulus can be
tuned, which is useful for improving the lateral resolution on
biological samples. For example, depending on the buffer used
(isoosmotic with and without calcium ions, and hypoosmotic
buffer), the elastic modulus (Hertz’ model) of a center of
cholinergic synaptic vesicles from the electric organ of Torpe-
do californica ranged from 2 to 13X 10° Pa [52].

4.2. Biomolecules: proteins and DN A

Another approach to better determine the elasticity of cells
is the direct observation of the elasticity of the cytoskeletal
proteins, such as microtubules (MTs) [33], even if for stability
reasons they have to be fixed with glutaraldehyde in solution
before immobilization onto the activated substrate. Increasing
concentrations of glutaraldehyde showed an increasing stiff-
ness of the MTs, consistent with what one would expect.
From extrapolation to 0% glutaraldehyde, Young’s modulus
for MTs in vitro (in physiological solution) must be in the
order of 3 MPa (Sneddon mechanics). The elastic modulus
was only obtained from small indentations, because the
underlying ‘hard’ silicon oxide sample can be felt by the tip
at higher forces. Not only Young’s modulus, but also a cor-
rect height determination of the MTs was obtained: the sum
of the indentation and the average height at the same force
always gave a value close to the true height (diameter) of the
molecule [33]. This finding also explained the reduced height
of unfixed chaperonin molecules — 4t 1 nm — under liquid
[53].

Microtubules in air showed elastic behavior as long as the
force applied was not too high. With imaging forces as high as
90 nN in air (contact mode AFM) their behavior was plastic
(glutaraldehyde fixation of 0.1%) (A. Vinckier, unpublished
results). The MT stayed deformed after imaging with lower
forces. Higher concentrations of fixative (10% glutaraldehyde)
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led to no plastic behavior with forces even as high as 90 nN in
air. On rehydrated chromosomes, a qualitative overview of
the viscoelasticity with submicron resolution also has been
obtained while applying various imaging forces [54].

Lysozyme adsorbed on mica, however, showed a high
Young’s modulus of 0.5+0.2 GPa (Hertz” model) which is
consistent with macroscopic measurements on wet crystals
[40]. In the force curves obtained on lysozyme and on mica,
a slowing down of the cantilever during liftoff is observed due
to a viscous effect. On lysozyme an additional damping oc-
curred, which gave an intrinsic viscosity for lysozyme of about
800 +400 Pa s. The theoretical considerations for the determi-
nation of the intrinsic viscosity is based on a damped harmon-
ic oscillator [40].

The elasticity of the DNA duplex in the native and
stretched states has been determined by direct measurements
of the forces (i.e. force curves) applied to complementary
DNA strands [55]. DNA, modeled as a uniform elastic rod,
has an elastic modulus of 2.9 10® Pa for the native form and
an increased elastic modulus of 2.0 X 10? Pa for the stretched
state; thus the duplex became significantly stiffer after the
structural transformation. Another possibility to obtain infor-
mation about the mechanical properties of (bio)polymers like
DNA is the determination of the persistence length from
AFM images [56,57].

4.3. Elasticity measurements and lateral resolution in AFM
imaging

The lateral resolution in AFM is limited by the elastic in-
dentation [27,29,30,58,59]. Biological materials, such as cells,
often show a lower lateral resolution which can be explained
by their deformation due to the AFM tip [29]. When the tip
indents a soft surface, a certain contact area between the tip
and sample is created. This contact radius can be taken as a
measure of the lateral resolution if one ignores the surface
roughness [27]. From elastic experiments, Radmacher et al.
[59] calculated a diameter between 500 and 50 nm for this
contact area which is in a good agreement with the lateral
resolution usually obtained on cells. Forces in the pN range
(1-10 pN) are required to obtain high-resolution images on
biological materials with about 1 nm vertical deformation and
only a few nm? area of contact [29,30,60].

The imaging conditions of soft samples can be improved by
increasing the elastic modulus of the sample, by reducing ad-
hesive forces (e.g. capillary forces in air) and by reducing the
applied force to a minimum.

5. Conclusion and outlook

AFM opens an additional possibility to obtain information
about the mechanical properties, such as Young’s modulus, of
biological systems and soft samples on the microscopic scale.
A major advantage of AFM over other methods is its lateral
resolution which is of paramount importance at the um and
nm scale. It allows elastic data to be correlated with morpho-
logical ones. Local determination of the mechanical properties
in combination with the topography will in the first place
improve the understanding of the sample itself, but will also
give a better insight into the mechanism and function of bio-
systems.

Improvements, such as better defined tips, a more precisely
controllable force detection system, more elaborate theoretical
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models, and a better knowledge of the tip-sample contact area
and interactions, apart from other features, will contribute to
more accurate measurements. These improvements will open
the possibility to study the viscoelastic and plastic behavior of
biological samples in more detail. Also, a better understand-
ing of the mechanical properties in the nm dimension will lead
to an improved, non-destructive, high-resolution imaging of
e.g. cells.
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