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ABSTRACT

The last thirty years of progress of atomic force microscopy (AFM) applied to living matter is reviewed
with a focus on potential uses in drug discovery or screening of patient samples. AFM-based technologies
are still at Proof of Concept level - or below, however, they are particularly promising for i) live imaging
of unlabeled membrane proteins and ii) nanomechanical screening of biological samples, e.g. cancer

biopsies.
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1. Background

The progress of science is usually a graded process,
but once in a while it shows discontinuities due to some
disruptive revolutions. In physics, there have been
mostly conceptual revolutions: theories that allow to link
experimental results that were previously uncorrelated;
in modern biology, on the contrary, there have been
mostly technological revolutions: techniques that enable
(previously) unthinkable experiments.

The invention of the Atomic Force Microscope (AFM) (1)
(Figure 1) is one of these revolutions.

2. AFM is an enabling technology still under
development
2.1 AFM is a special kind of microscope

The word microscope derives from the Greek words
mikros - “small” - and skopein - “to look”. If we took
literally this definition, it wouldn't be right to call the AFM
really a ‘microscope', because AFMs are metaphorically
much closer to touch than to sight. Indeed, the basic
working principle of the AFM is a tip that touches and
moves on top of a surface (Figure 1).

The working principle is simple, but the necessary
technology to bring it to sub-nanometric precision
is all but not trivial. Broadly speaking, the goal is to
raster scan the surface of the sample with a tiny probe
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(cantilever tip), to record the scanned information as
X-Y-Z coordinates, and to reconstruct this map into a
topographical image true to the original sample. A modern
AFM (2) is constituted by a micrometric cantilever with a
sharp tip on one side, and connected to a cantilever holder
on the other (Figure 1). The cantilever holder is fixed
to a piezo tube (a piezoelectric crystal fused in a tubular
volume) necessary to move the cantilever tip in the X-Y-Z
directions. The piezo tube is a key element because it
uses the special property of piezo crystals to deform in a
very accurate manner under high electric voltages, thus
to move the cantilever with sub-nanometric precision.
The forces to which the cantilever is subjected are
constantly monitored through a laser beam that points to
the cantilever and reflects into a photodetector (Figure 1):
in this way, even the smallest deflections of the cantilever
are detected by the photodetector as movements of the
laser spot. Moreover, in the regime of small deflections,
the cantilever behaves like a spring, therefore the AFM
can be used not only to raster scan a surface, but also to
measure forces applied to an extremely small area (i.e.
the apex of the tip). The power of the AFM comes from
the fine intercombination of these elements and from the
miniaturization that started in the 1960s, on the wave of
the silicon revolution.

To summarize, an AFM is the combination of
three advanced technologies: piezoelectric crystals,
microfabrication for the cantilever tip, laser and
electronics for the control device. In the following, the
advancements of microfabrication and electronics that
represent the domains of major gain of AFM performance
of the last few years are briefly reviewed.
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2.2 ‘Make it smaller and faster’ (microfabrication &
electronics)

The resolution of the AFM depends on the size of the
probe that is used to scan the surface of interest. In order
to follow nanometer features, tips with an apex with
nanometer radius of curvature are essential. Moreover, if
the sample presents densely packed hills and holes, the
tip necessitates to enter the holes and follow every detail
to generate a faithful topographical representation of the
sample. For these reasons, scientists developed methods to
grow on top of the cantilever - or on top of the cantilever
tip itself (Figure 2a) - an additional ultra-sharp tip made
of carbon atoms. This additional tip can be several pm
high and can have a radius of curvature of 1-2 nm (3), in
order to follow the finest details of the sample.

But it is not only a matter of tips, indeed the quality
of the topographical reconstruction depends also on the
size of the cantilever. As a general principle, the smaller
the better, because a small lever is softer (less invasive)
and lighter (less inertia). The challenges were a) to
manufacture small and precise levers and b) to fit the
AFM accordingly. The advancements in microelectronics
allowed to have the right technology to build small
probes, and these small probes were also modified
(sculptured) with Focused Ion Beams to make them even
softer and lighter (Figure 2b) (4). Once small probes were
made, a standard AFM became inadequate, in particular
in the laser-photodetector coupling. In order to focus the
laser beam onto these new small probes, the AFMs were
customized with an optical objective necessary to focus
the light onto the smaller reflection area of the new levers.

Now that all the ingredients for better AFMs were ready,

Photodetector
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the last step was to make them faster. An AFM image
used to require several minutes to be recorded. Therefore,
AFMs were equipped with special ultra-fast electronics
giving birth to what is now called High-speed AFM (HS-
AFM), which can be considered a second revolution in the
field (5).

2.3 AFM is used to generate images or to probe the
nanomechanics

There are two kinds of output that an AFM can generate:
images or force curves.

AFM can be used to scan a surface, thus to record the
surface topology of a sample (Figure 4a). These images
can be collected in the so called ‘contact mode’ i.e. when
the tip literally touches the surface moving laterally
like in Figure 1; but the images can be generated also
in the so called ‘non-contact’ mode or in ‘intermittent
contact’” mode. In these cases, the tip, in addition to a
lateral movement, is forced to oscillate in the vertical
direction. These last modes of operation are particularly
advantageous with soft samples, to prevent their damage.

But AFM is also a force probe, therefore the tip
can also be used in one single location to probe the
nanomechanical properties of the material. The tip is
forced to move downwards and then upwards, while
collecting the deflection of the cantilever. In this way it is
possible to collect indentation curves or unfolding curves
of a protein (Figure 6c¢).

In Section 3 I will present the applications in biomedicine
of the AFM image generation, while in Section 4 and 5 1
will discuss the use of AFM as a force probe of biological
matter.

Laser

Cantilever

Figure 1. Sketch of an AFM probe moving on top of the imaged surface and basic scheme of an AFM device.
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Figure 2. a: ultra-sharp tip (with carbon nanotube grown on top of a silicon tip; like in ref. (5)). b: bottom views of modified

cantilevers for enhanced temporal resolution (like in ref. (4)).

3. AFM is a microscope for unlabeled molecules

Biology and modern medicine make extensive use of
imaging techniques, and in particular of fluorescence
microscopy (6,7) (Figure 3c¢). The general idea underlying
fluorescence microscopy is to obtain signals from the
specific biomolecule of interest, and to associate it with its
spatial distribution within the sample, sometimes also for
quantitative assessments. The biomolecule of interest is in
almost all cases not fluorescent - i.e. invisible - therefore
it needs to be labeled with another fluorescent molecule
to be detected. In any case, with the exception of Forster
Resonance Energy Transfer, no structural information
of the biomolecules can be obtained with fluorescence
microscopy.

To obtain structural information, structural biology
and pharmacology use X-ray crystallography, nuclear
magnetic resonance, and more recently cryogenic electron
microscopy (cryo-EM) to investigate the internal structure
of the biomolecule of interest (8,9) (Figure 3a). With
these techniques it is possible to reach sub-nanometer
resolution of the 3D arrangements of the amino acids
in the case of proteins, which is very relevant in drug
design. To gather this structural information there are
some experimental steps which include the purification of
the biomolecule, or its freezing, that necessarily does not
allow to keep the molecules in a physiological (not even
almost-physiological) environment.

There are situations, or scientific prerequisites,
where either the label cannot be applied, or the project
necessitate structural and dynamical information of the
biomolecule in an almost-physiological environment. For
these kinds of situations, the AFM is the ideal microscopy
technique because it sits exactly in between fluorescence
microscopy and crystallography/cryo-EM (Figure 3b).

https://doi.org/10.37175/stemedicine.v1i2.15

3.1 Purified proteins reconstituted in membranes

Despite of being the target of about 50% of modern
drugs (10), structural studies have been particularly
complicated, with membrane proteins that are not prone
to crystallization because they have a biphasic surface
(hydrophilic at the poles and hydrophobic at the equator
to accommodate the membrane), therefore it is difficult to
measure the structural effect of a ligand.

In the late 1980s, the newborn AFM that was invented
for applications on semiconductors or insulators also
entered the biology departments, and the first pioneering
studies on membrane proteins began. The first membrane
protein for which it was developed a protocol for AFM
imaging was bacteriorhodopsin (11), a membrane
protein that form 2D crystals called purple membranes.
Some years later it was possible to reach sub-molecular
resolution and compare the AFM topographs with the
atomic model derived from electron microscopy (12). The
real AFM advantages over electron microscopy started to
be evident at this point: indeed, AFM could be operated in
liquid, i.e. emulating the physiological conditions of the
membrane proteins environment. For instance, Muller et
al. (12) showed that by changing the pH of the imaging
solution, the purple membrane displayed conformational
changes in its structure. Later studies demonstrated also
that the application of forces induced changes in the
bacteriorhodopsin structure (13), opening the way for
“multidimensional” molecular imaging. In this regard,
a more recent study of bacteriorhodopsin mechanical
response (14) reached such a high level of precision
that allowed the authors to determine the stiffest and the
softest domains within a single protein. But the class
of membrane proteins that is the most natural subject
of investigation for a technique involving forces are
the mechanosensitive proteins, e.g. PIEZO channels. In
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mechanosensitive proteins, the application of forces
is thought to be responsible for key structural changes
(like channel gating). This is exactly what a recent study
searched for in a combination of cryo-EM and AFM
experiments, where the authors were able to propose
a mechanism that translates the forces applied to the
membrane to channel gating (15).

What was lacking in these experiments was a dynamical
point of view in the time-scale of seconds. The slow
operation mode of conventional AFMs was boosted
starting from the year 2010 when Toshio Ando and his
group introduced the technical improvements described
in section 2.2 and built the first HS-AFM, which could
acquire several frames per second. The fast frame rate
enabled the visualization of fast molecular mechanisms,
for instance, the first direct imaging of the movements of
myosin (16) and the diffusion of membrane proteins in
membranes (17).

I believe that HS-AFM will become increasingly
prominent for practical applications in drug discovery
because it allows to directly probe the structural effects
of ligands on the membrane protein of interest with a
relatively simple machine (18) (Figure 4a and b). In the
next section I will describe how AFM has been applied to
real cell membranes.

3.2 Imaging native cell membranes (from electron
microscopy to AFM)

The question “how does a real cell membrane look
like?" started to be answered only from the 1970s when

a b

Cryo-EM / Crystallography

Protein structure (high resolution)
Purified conditions

Protein conformations (low resolution)
Protein dynamics
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the first rudimentary technique to break the cells and
to create membrane-only samples was developed (19).
Given the length-scale of the membrane features, the only
microscopy technique available for their investigation
was electron microscopy. This microscopy technique
was extensively adopted in the following years, in
particular thanks to a radical change that made the sample
preparation more reliable: the use of sonic waves to break
the cells to obtain the so called “unroofed" membranes
(20). From these investigations we have learned how the
membrane skeleton is arranged by looking directly into it
from the cytoplasmic side of the membrane. For instance,
it was possible to shed light on how the actin filament
arrangements partition the plasma membrane, decreasing
the lateral diffusion of lipids and proteins (21).

The versatility of AFM discussed also in the previous
section comprises a relatively simpler instrument
compared to the electron microscope and, more
importantly, the possibility to work at room temperature
with the sample under the physiological medium. Despite
of these theoretical advantages on paper, the AFM was
applied to native membranes relatively late, and starting
with special compartments of the cell constituted just by
membranes. An example of these applications is the rod
outer segment disc, key for vision and rich in Rhodopsin
(22). AFM was able to resolve the macromolecular
structures of Rhodopsin in discs that form nano-domains
with an average size of 500 nm’ (23).

Only more recently, a group in Japan revisited the
unroofing technique developed for electron microscopy (24)

C

Fluorescence microscopy

b

Protein localization
+ invivo/in vitro

Supramolecular structure in almost-physiological

conditions

Cell and membrane mechanical properties
in vitro /ex vivo / purified conditions

1A 1 nm

100 nm

1 ym 100 pm

Figure 3. Comparison of imaging techniques for biomolecules and their domains of application. a: for structural, high-resolution,
imaging. b: for intermediate molecular imaging with dynamics (AFM image obtained from JPK). c: for cellular imaging of biomolecules

localization.
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CNG + cGMP

Figure 4. a and b: HS-AFM of conformational changes of an homolog of CNG channel in presence of cAMP and cGMP (adapted

from (18)).

and imaged these samples after fixation with AFM,
obtaining molecular resolution at room temperature
(Figure 5a and b).

After having tested many of these methods, one of
the major disadvantages of using AFM with native cell
membranes is the fact that, the position of the isolated
membrane itself is difficult to be found and requires time
consuming scanning of the sample that also affects the
quality of the tip. For this reason, inspired by an earlier
study (25), I have developed an unroofing method that
breaks only one single cell (or a few) on the very corner
of a triangular coverslip (26) (Figure Sc and d). In this
way, the identification of the position of the membrane is
straightforward, and the membrane seems to be isolated
without the membrane skeleton that was observed with
other techniques. The very last goal in this case would be
to image single membrane proteins with sub-molecular
resolution in their complex macromolecular organization,
potentially to recognize the signatures of diseases that
affect directly the cell membrane.

4. AFM as a force probe for cells and cell membranes

In the previous sections I discussed the imaging
capabilities of the AFM, but we cannot forget that the
AFM is also an instrument able to measure forces at the
micro- and nano-scale level. In the next sections I will
present the major results of the past two decades obtained
with the application of AFM-based force spectroscopy to
biological materials.

4.1 Single-cell force spectroscopy

Cells are soft objects that range from 1 to 50 microns
in size. As opposed to inanimate objects, cells are active
entities constituted by a complex internal structure, they
can duplicate and mix with other cells forming tissues, and
finally organisms. The biochemical signals that the cells
use to communicate and function have been the subject
of molecular biology investigations which have made an
enormous progress in the last 70 years. Different cell types
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are characterized by different biochemical signatures,
and a question that one may ask is: are different cells
characterized by different mechanical properties?

AFM can answer this question as the AFM tip can
be used to indent a cell while recording the cantilever
deflection. The recorded curve is informative of the
cell stiffness and from the same curve it is possible to
extrapolate conventional mechanical properties like the
Young modulus (27). There is a vast scientific literature
on this topic which focused very early on the attempt to
find biomedical applications, in particular for cancer cell
detection (28-30). The general conclusion of these studies
is that cancer cells [lung, breast, pancreas (31), ovarian
(29)] are softer and with a narrower standard deviation of
the Young modulus compared to non-malignant cells of
the same body cavity. Being softer may help cancer cells
to be more dynamic and therefore successful in infiltrating
tissues, but a definitive explanation of the problem is still
to come.

More recently, people developed also some alternative
operating mode to expand the range of mechanical
properties that AFM can investigate. Yango el al. (32),
for instance, introduced cycles of indentation and
relaxation to measure both the Young modulus and the
internal viscosity of the cell. An interesting advancement
is the one introduced by Rigato et al. (33), where they
measured the cell viscoelastic properties at different time
scales, stimulating the cells from 1 Hz to 100 kHz. This
is important because the cell is an active object whose
constituents (e.g. cytoskeleton filaments) can rearrange at
different time scales, therefore defining the ‘mechanical
fingerprint' can help to sort cells more accurately.

Being able to uniquely identify cancerous cells (or
specimens) just by probing their mechanics, without the
use of biochemical markers, seems to be a challenge that
may be completed in relatively few years.

4.2 Nanomechanics of lipid bilayers: from synthetic
to native membranes
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The mechanical properties of the lipid bilayer - i.e. the
component that separates the cell interior from the external
environment - were not accessible with the standard
biochemical techniques available until the invention of the
AFM. AFM opened the way for the direct investigation
of the strength of molecular interactions among lipids in
supported membranes. In these experiments, synthetic
lipids (e.g. dipalmitoylphosphatidylcholine and
dioleoylphosphatidylcholine) are mixed in solution and
deposited on atomically flat surfaces (e.g. cleaved mica),
then they are imaged with AFM to confirm their correct
assembly, and finally indented with the AFM tip to probe
the nanomechanical properties of the membrane. The
prototypical indentation curve recorded by the AFM shows
an initial elastic behavior of the membrane (deformation
of the bilayer), until the compression force of the AFM
tip reaches a critical value that causes the breakage of the
bilayer. After the breakage, the tip is retracted while the
membrane self-assembles back, closing the hole.

To my knowledge, the first experiments on lipids
nanomechanics were performed in 1999 by Dufrene
et al. (34): they demonstrated the versatility of AFM
to probe the chemical and physical properties of lipid
membranes. After these pioneering studies, many labs
around the world started to apply AFM to membranes,
characterizing their behavior in many different conditions
of physiological relevance. For instance, it was shown
that the stiffness of the membrane increases by reducing
its temperature (35) or by increasing the percentage of
cholesterol (36), with important consequences for our
understanding of the dynamic of processes at cellular and
sub-cellular levels. It is surprising how, from relatively
crude indentations and enough statistics, it is possible to
extrapolate very detailed physical quantities of the bilayer
like the line tension and the spreading pressure, quantities
that are essential in coarse grain simulations of the cell.

d

Cell culture
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I would like to mention two noteworthy recent
experimental advancements in the field of membrane
biophysics. Goncalves et al. (37), instead of studying
supported membranes, developed a substrate with sub-
micrometric holes where the membrane could remain
free-standing, emulating a real cell surface. In this way,
they were able to precisely measure the breaking point
of a membrane that could bend under the AFM tip push.
While Al-Rekabi et al. (38), similarly to Rigato et al.
(33) as described in the previous section, introduced a
multifrequency AFM mode that allows to capture the
viscoelastic properties of the membrane and demonstrates
how cholesterol concentration is a key ingredient in
changing membrane properties from viscous to elastic.

The goal of the recently developed single-cell unroofing
(26) is to transfer the application of the powerful methods
described above (and benchmarked with synthetic
membranes) to native cellular membranes, in order to
gather information of the real nanomechanics generated
by the native complexity. Indeed, with single-cell
unroofing it is possible to tear the cell membrane of cells
(Figure 5¢) and directly probe their indentation force,
deriving elasticity and viscosity of cells of patients.

5. AFM as a force probe for single proteins

Measuring the mechanical properties of cells or cell
membranes is definitely a technological leap, but it does
not represent a conceptual breakthrough, in the sense that
these results could be somehow expected. What really
represents a practical revolution for an unsolved problem
in biology is the possibility to record the unfolding of
single proteins - one at a time - with AFM-based single-
molecule force spectroscopy (SMES).

In fact, the physico-chemical process that guides a
linear sequence of amino acids into the three-dimensional
precise structures that (almost) every protein shows may

Figure 5. a & b: unroofing preparation through sonic waves and AFM imaging of actin filaments and clathrin (24). c & d: single
cell unroofing through the gentle squeezing of a single cell and the resulting isolated membrane like (26).

https://doi.org/10.37175/stemedicine.v1i2.15
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Figure 6. a: unfolding of a tandem of globular protein. b: unfolding of a trans-membrane protein. c: prototypical unfolding

curve od a protein.

be taken for granted, but it has been a puzzle for physicists
since the 1950s (39). The number of variables that should
be taken into account to simulate with atomic resolution
the folding of a protein is simply intractable for modern
computational power, and therefore, in the past years
many computational “shortcuts" have been invented to
tackle the problem in an approximate manner (40). On
the other hand, from the experimental point of view, the
only way to study protein folding and unfolding was by
chemical denaturation (41), thus at the ensemble level
and not at the single-molecule level. There was no certain
mechanistic understanding of how the dynamics of protein
folding should work.

This is the context where SMFS, starting from the
late 1990s, revolutionized the way people study protein
folding. The experimental setup consists in an AFM
cantilever tip that, instead of being used for imaging as
discussed in section 3.1, is approached and retracted form
a flat sample onto which many copies of the same protein
of interest are deposited. The AFM tip pushes the sample
and binds one of the terminus ends of the underlying
protein. Then the tip is retracted while recording the
force experienced by the cantilever, so that it is possible
to form a force vs distance spectrum (F-D curve). If the
other terminus of the protein is bounded to the sample
surface, the tip will literally stretch the protein, forcing
denaturation. The prototypical unfolding curve of a
sequence of immunoglobulin domains was observed
for the first time by Rief et al. in 1997 (42) (Figure 6a)
showing the so called saw-tooth like shape, i.e. a sequence
of rising phases followed by vertical jumps to the baseline
at zero-force.

How can we describe this behavior? The rising phases
can be fitted with the worm-like chain model, i.e. a model
developed in polymer physics that describes the stretching
of an ideal semi-flexible chain (43). The sudden jump to
zero-force is instead representative of the abrupt unfolding
of a complete protein domain, which is unexpected. The
unfolding of the protein does not happen in a continuous
way, but rather in an all-or-none fashion. This two-state
behavior (folded vs unfolded) is typical for the majority of
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globular proteins investigated so far, e.g. GFP, Xylanase,
Fibronectin and many others (44). Moreover, these
globular proteins - when unfolded - tends to fold back into
their original 3D structure even in vitro (42).

Membrane proteins, and in particular trans-membrane
proteins, are topologically very different from globular
proteins because, instead of being fully immersed in the
cytosol, they perform their function embedded in the cell
membrane. They are also more difficult to be studied since
they are laborious to be purified and they don't crystallize
well (it is often necessary to study homologous proteins
that are easier to be handled). The fact that they operate
across the membrane introduces an additional complex
ingredient to the problem of folding, indeed it was
discovered that trans-membrane proteins need the help of
other proteins (translocon) to be correctly folded into the
membrane (45).

SMFS has what it takes to be very powerful when
applied to membrane proteins, possibly being
informative also of membrane protein structure. The
first experimental observation dates back to the year
2000 when Oesterhelt et al. (46) used AFM-based SMFS
to unfold bacteriorhodopsin. The unfolding curve of
bacteriorhodopsin (see Figure 6b and c) resembles the
unfolding of a tandem of globular proteins (Figure 6a)
but it has a slightly different interpretation. As opposed
to what happens to the majority of globular proteins that
unfold in an all-or-none fashion, in bacteriorhodopsin the
different domains of the same molecule unfold separately
and consecutively, one after the other. A general empirical
observation is that these domains correspond to pairs of
alpha helices (or beta hairpin). This observation is actually
quite general, since further studies of other membrane
proteins tend to support this empirical “rule", also in beta-
barrel membrane proteins. E.g. aquaporin (47), sodium-
proton antiporter (48), FhuA (49), etc. The unfolding
behavior of membrane proteins is somehow reminiscent
of the mechanistic intuition of how these proteins should
exit the membrane when pulled.

However, thanks to a recent improvement in resolution
of the AFM probes, it has been shown that the single and
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Figure 7. a: schematic of a biopsy of a patient. b: sample preparation: cell membrane isolation from biopsy cells. AFM force
measurements performed on the biopsy or on the cell membranes reveal signatures that are characteristic of cancerous samples.

separated peaks of unfolding that was reported in the past,
that correspond to the unfolding of pairs of alpha helices,
are actually decorated by a rich series of minor unfolding
events, indicating that the complexity of the process is
still highly unresolved (50).

But with SMFS it is possible to test not only the detailed
physics of folding, but also to obtain biological insights
on the structure-function of specific proteins. An example
is the work by Serdiuk et al., where they directly observed
the action of chaperon proteins acting on membrane
proteins that were previously unfolded, showing that
without the help of these chaperons, a membrane protein
cannot autonomously fold back into the membrane (51).

In the previous paragraphs I described how SMFS can
be used to explore the problem of protein folding, but I
strongly believe that the major applications of SMFS are
to problems at the intersection with biomedicine. SMFS
can be exploited to investigate protein behaviors where
other techniques cannot be applied. I will now report
some applications in this direction. One way to use SMFS
to tackle a biomedical problem is to study the differences
of a membrane protein and a mutated one that may be
involved in a disease. Kawamura et al. (52) took a similar
direction studying the differences between rhodopsin
and opsin, which is the same protein not bounded to
the chromophore that enables vision. In this case they
detected slightly differences in the unfolding behavior,

https://doi.org/10.37175/stemedicine.v1i2.15

showing that SMFS can resolve these changes. Another
approach is to study the mechanical differences induced
by the binding of a ligand to a membrane protein, and
how it affects the structure (53).

What seems a highly unexplored area of research is the
one touched by Otten et al. (44), i.e. trying to change
the scale and the throughput of the SMFS experiments.
They developed an interesting platform that can express
proteins in vitro, and then screen them in order to create a
SMES resource to test the most various hypothesis related
to protein mechanics or folding, for instance malfunction
due to misfolding.

6 Future perspectives

Much of the research presented in this review deals with
new knowledge generated by AFM applied to biological
samples. This knowledge has direct implications in real
life problems.

It is estimated that the amount of funding that has been
spent in basic and applied research involving bio-AFM is
in the order of some billion dollars. Given the tremendous
collaborative efforts of the last 30 years, it is reasonable
to believe that a certain amount of organizations will
eventually succeed in commercializing an AFM-based
device, sold to hospitals. To my knowledge, the practical
implications that nowadays are at the proof-of-concept
level, and that could help the diagnosis of diseases are the
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ones depicted in Figure 7:

i. direct indentation measurements of biopsies for
automated tissue diagnostics (30) (technology readiness
level 7-8, e.g. ARDITIS AG (Swiss company));

ii. indentation measurements of the cell membranes
isolated from biopsies (26) (technology readiness level
3-4);

iii. single-molecule force spectroscopy the native cell
membranes isolated from biopsies (54) (technology
readiness level 3-4).

The direct indentation of biopsies and the correlation of
these data with the state of the patient is with no doubt
the technology closest to a commercial device. This tool
seems to help the physicians to identify the malignancy
of different cancer biopsies from patients. There are clear
substantial advancements also in hybrid systems of AFM
plus Raman spectroscopy (55). In these cases, the benefit
manifests in terms of chemical recognition of the material
with sub-micrometer resolution; but these techniques
are at the moment still difficult to be operated and still
unmatured, but with high potential.

It is improbable that only one of these techniques
will revolutionize the diagnostics by its own, but it is
most likely that the intercombination of the mechanical
signatures of each of these approaches, together with
parallel diagnostic tools, will substantially help the
decisions of physicians, even in a near future.
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