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To introduce this special issue of the Journal of Molecular Recognition dedicated to the applications of atomic
force microscopy (AFM) in life sciences, this paper presents a short summary of the history of AFM in
biology. Based on contributions from the first international conference of AFM in biological sciences and
medicine (AFM BioMed Barcelona, 19-21 April 2007), we present and discuss recent progress made using
AFM for studying cells and cellular interactions, probing single molecules, imaging biosurfaces at high
resolution and investigating model membranes and their interactions. Future prospects in these different
fields are also highlighted. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Today thousands of atomic force microscopes are used in the
world and the percentage dedicated to biological or medical
studies increases regularly while tens of patents relative to
the use atomic force microscopy (AFM) in biology are
claimed every year (WIPO, 2007). The volume of scientific
publications citing AFM increases continuously (see
Figure 1) and papers with a biological emphasis reach
more than 21% of total publications (as in 2006). While the
use of AFM in biology and medicine was initiated during the
pioneering decade (1986-1996), the real take-off occurred
after 1995. It should be noted that most recent scientific
publications using AFM in biology do not explicitly mention
the term AFM in the title anymore, indicating the maturity of
the field.

The non-expert reader should be aware that this very
special kind of microscopy is, in term of physiological sense,
closer to touch than sight. In AFM, a nanostylus (tip)
attached to a microcantilever is scanned over a sample
immobilized onto an atomically flat substrate, usually mica
or gold but many other kinds of surfaces can be also used. A
laser beam is reflected on the back of the cantilever and the
upward and downward deviations of the cantilever are read
on a sensitive photo sensor.

*Correspondence to: P. Parot, DSV/iBEB/SBTN/LIRM, Service de Biochimie et
Toxicologie Nucléaire/Laboratoire Interactions et Reconnaissance Moléculaires,
CEA VALRHO Centre de Marcoule, BP 17171, 30207 Bagnols sur Céze Cedex,
France. E-mail: parot@cea.fr

Copyright © 2007 John Wiley & Sons, Ltd.

The strength of the AFM technique relies on the
possibility to operate in aqueous fluids on a wide variety
of biological samples ranging from single molecules, such as
nucleic acids and proteins, to macromolecular assemblies
and whole cells (Radmacher et al., 1992; Engel et al., 1999;
Clausen-Schaumann er al., 2000; Fisher er al., 2000a;
Hinterdorfer and Dufrene, 2006; Kienberger et al., 2006; Li
et al., 2006; Oesterhelt and Scheuring, 2006; Sewald et al.,
2006; Simon and Durrieu, 2006). Importantly, AFM can be
used in the force spectroscopy mode, which allows the
detection and manipulation of single molecules, providing
novel insight into their structure—function relationships.

However, in the early days of AFM, artefacts were
sometimes published, as is frequently observed when using a
emerging technique. This provided opponents with a good
opportunity to discredit AFM approaches (Shao et al.,
1996). The fallacious argument: ‘what other technique did
you use to be sure of what you observe?’ was often
employed, even by people who were well aware that no other
approach for observing native single molecules exists. For
instance, we note that some of the very early papers using
AFM in biology were focused on purple membranes where
protein density is very high (Worcester et al., 1988) or on
biological specimens with known structure, like porins (Lal
etal., 1993). These early advances were underestimated and
lacked recognition from the community. In addition, many
laboratories have had a hard time with early commercial
instruments, suggesting that the potential of AFM in biology
is meagre.

The situation was quite different concerning force
measurements because many other techniques, including
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Figure 1. Evolution of the number of scientific publications
regarding AFM in biology and medicine from 1986 to 2006.
Analyses were performed using the Web of Science®™ from the
Science Citation Index Expanded. Legends AFM and BIO stand
respectively for the entries: ‘atomic force microscopy (total:
32313) and ‘atomic force microscopy’ AND (medic® OR drug*
OR pharmaco® OR clinic* OR health® OR disease® OR ((cell" OR
membrane*) AND bio*) OR nucleic acid® OR DNA OR RNA OR
protein® OR peptid* OR bio*).

biomembrane force probe (BFP), micropipette, optical
tweezers or flow chamber, have been developed with
biological samples (Tha and Goldsmith, 1986; Tha et al.,
1986; Ashkin and Dziedzic, 1987; Evans et al., 1991;
Kaplanski et al., 1993). Hopefully,' during the past decade
we have witnessed tremendous progress in sample
preparation (especially in terms of time and cost), data
recording and interpretation, including in pioneering
groups,” demonstrating unambiguously the power of AFM
in biology (Engel and Muller, 2000; Fisher et al., 2000b;
Jena and Horber, 2002; Horber and Miles, 2003; El Kirat
et al., 2005; Hinterdorfer and Dufrene, 2006). Fortunately
things have changed and will continue to change'.

A SHORT HISTORY OF AFM
IN BIOLOGY

The history and milestones of the application of AFM in
biological sciences are today well presented in books and
even textbooks (Morris et al., 1999; Jena and Horber, 2002,
2006; Bhushan and Fuchs, 2006; Jena and Horber, 2006). An
interesting assert of the role of ‘instrumental community’
has been analysed starting from the birth of the Scanning
Tunneling Microscope (STM; Mody, 2006). We present here
a brief survey of the past 20 years, as seen from a
biophysicist/biologist perspective, in the light of the
questions: what is achieved and what is needed raised
and discussed in an essential review 10 years ago (Shao
et al., 1996).

'That which does not kill AFM makes it stronger!
Note that most of these groups or their former students were present at this
first AFM BioMed Conference.

Copyright © 2007 John Wiley & Sons, Ltd.

Pre-historical corner

With the invention of the STM in 1981, the elusive goal of
imaging individual atoms on surfaces was achieved (Binnig
et al., 1982). The STM technique bypassed the diffraction
limit and achieved higher sensitivity than the electron
microscope while utilizing much lower energy. According to
the Noble lecture, the idea to use STM in biology starts soon
after its invention. ‘Towards the end of 1983, we started to
probe the possibilities of STM in biology together with H.
Gross from the ETH, Zurich. We could follow DNA chains
lying on a carbon film deposited on Ag-coated Si wafer’
(Binnig and Rohrer, 1986). But pioneers confessed that STM
was a terrible method to study biological objects (Gaub,
2005).

The requirement that the surface must be conductive was
overcome in March 1986 with the invention of a variation of
the STM known as the Atomic Force Microscope (AFM) by
Gerd Binnig, Calvin Quate and Christopher Gerber (Binnig
et al., 1986). AFM has the ability to image conductive and
non-conductive surfaces beyond the diffraction limit with
molecular and atomic resolution both in air and in liquid
(Marti et al., 1987).

Nine months later, in the same year, Gerd Binnig and
Heinrich Rohrer won the Nobel Prize in physics for their
design of the STM shared with Ernst Ruska for his
fundamental work in electron optics, and for the design of
the first electron microscope. Albeit their discoveries were
separated by 50 years, it was not by chance that these two
different microscopy techniques were rewarded simul-
taneously. Both techniques were developed for ‘seeing’ at
the atomic scale. Hence, for nearly 10 years, many
presentations comparing the respective performances of
STM and AFM versus Scanning Electron Microscope
(SEM) or Transmission Electron Microscopes (TEM) were
published, indicating often the necessity of their simul-
taneous use. However, AFM has emerged as an independent
technique.

Bio AFM in the literature

Excluding early papers that associated STM and AFM
(Hansma et al., 1988), the biological field for AFM was first
reviewed in 1991 by Andreas Engel (Engel, 1991). Among
the nine cited references, from two or three laboratories, we
find the first observation of a biological sample in action: the
clotting process of fibrinogen upon activation with thrombin
(Drake et al., 1989). Observations like: an image of a stoma
on a leaf shows that the microscope is gentle enough not to
damage surfaces, even of soft biological samples (Gould

*The initial results were written up in a manuscript entitled “Tunnelling
through a controllable vacuum gap’, which was submitted to a leading
physics journal on June 1981. However, the paper was declined by the
editors based on the following referee reports: one referee said that the
exponential dependence of the tunnelling current on distance was well
accepted, so the experiment would not give any new insight; the other report
described the work as ‘extraordinary’ and a ‘technical jewel’, but this
referee said that whether such technological work should be published in
this particular physics journal was an editorial decision. Eventually the
results were published in another leading journal, Applied Physics Letters,
in January 1982. (Gerber and Lang, 1982).

J. Mol. Recognit. 2007; 20: 418-431
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et al., 1990), seem naive today, but were in fact fundamental
in early days.

Young scientists should appreciate that in pioneering
papers question like: Does the AFM image individual
molecules? were seriously discussed (Radmacher et al.,
1992). In 1994, the first annual review in the domain by
Helen G. Hansma and Jan H. Hoh appeared in the emerging
techniques section (with 131 references from three dozen
laboratories) (Hansma and Hoh, 1994). By way of
comparison, today this kind of review would give thousands
of references coming from hundreds of labs. In the same
years, the first high-resolution images of protein surfaces in
aqueous solution were published by Andreas Engel
(Karrasch et al., 1994).

AFM in biology was transformed with the introduction of
a vibrating mode in air (Zhong et al., 1993), then in liquid
with the so-called tapping mode described in two papers
published in the same journal, one in March (Hansma ef al.,
1994) and the other in May (Putman et al., 1994). This was
clearly a breakthrough for the biological community since
this vibrating mode minimizes sample damage by reducing
contact time and lateral forces between the tip and the
sample. Hence, it was possible to perform experiments in
physiological conditions, even in vivo, including obser-
vations of biological processes at work (Shao er al., 1995)
with continuous instrumental innovations being achieved
(Poggi et al., 2004). A tremendous improvement of
conventional instruments, yet to be achieved, concerns high
speed AFM. Toshio Ando and Paul Hansma have shown
fascinating films indicating how future AFM machines will
enable researchers to study fast processes such as protein
motion (Viani et al., 2000; Ando et al., 2001), crystal growth
(Walters et al., 1997) and to do faster force spectroscopy
(Viani et al., 1999). Starting in 1986, the evolution of AFM
techniques for imaging purposes is presented in Table 1. See
also the review of Toshio Ando ef al. in this issue.

Twenty-seven milestones, from the day when AFM
went into liquid, to present day

For obvious editorial restriction, it is hard to give all the most
important advances of this short but intense story, without

making the regrettable mistake of choosing among
the research avenues explored with AFM. Arbitrarily we
have retained only 27 breakthroughs, illustrating the huge
capability and diversity of AFM. They are given here in
chronological order with a concise comment.

1989. The AFM goes into liquid: key for future biological
applications (Drake et al., 1989).

1991. First AFM topographs of membrane proteins with
molecular resolution. The AFM tip is used to dissect the
top-layer of the double-layered gap junction assembly (Hoh
et al., 1991).

1992. The first ‘high speed’ time lapse study AFM paper
showing a ~10 nm lateral resolution in living cells, with less
than 10 sec for image acquisition (Haberle et al., 1992).

1994. One of the very first papers in which force
spectroscopy is used to measure the forces between
interacting biomolecules (Lee et al., 1994a); one of the
first single molecule recognition force papers (Florin ef al.,
1994); first use of the attractive mode during high-resolution
imaging using non-contact AFM in air (Anselmetti et al.,
1994); high-resolution image of a 6.1nm oligomer
pentameric structure of the pertussis toxin simply adsorbed
on mica using AFM in water (Yang et al., 1994).

1995. First high-resolution topographs of a membrane
protein. Individual beta-turns on the porin OmpF surface are
resolved (Schabert ef al., 1995); introduction of a new mode
of imaging biological macromolecules using a cryo-AFM
(Han et al., 1995). This technique significantly reduces
sample contamination and provides thermal and mechanical
stabilization of samples.

1996. Pioneering work showing how AFM can detect and
map single molecular recognition sites (Hinterdorfer et al.,
1996).

1997. The first single protein unfolding paper (Rief et al.,
1997a).

Table 1. Evolution of the AFM techniques for biological imaging since 1986 (adapted from Toshio Ando
presentation at the AFM BioMed Conference Barcelona 2007)

1986  Birth of AFM

1987  In liquid AFM

1987  Microfabricated cantilevers

1988  Optical lever method

1989  First observation of biomolecular process
1991 High-resolution imaging of membrane proteins
1991 The first paper on high-speed AFM

1993  Tapping mode

1994  Revival of biomolecular-process studies
1996 Small cantilevers, optical detector

1999  High-speed imaging

2001 High-speed AFM

Binnig et al. (1986)
Marti et al. (1987)
Binnig et al. (1987)
Meyer and Amer (1988)
Drake et al. (1989)

Hoh et al. (1991)
Barrett and Quate (1991)
Zhong et al. (1993)
Hansma et al. (1994)
Walters (1996)

Viani et al. (1999)
Ando et al. (2001)

—Today Various devices & control techniques for high-speed AFM Ando et al. (2001); Hansma et al. (2006); Picco et al. (2007)

For perspective in high-speed AFM see also Toshio Ando’s review (this issue).

Copyright © 2007 John Wiley & Sons, Ltd.

J. Mol. Recognit. 2007; 20: 418-431
DOI: 10.1002/jmr



HISTORY AND FUTURE OF AFM IN BIOLOGY AND MEDICINE 421

1998. The first single molecule unfolding paper that
describes conformational changes (Marszalek et al., 1998).

1999. Seminal paper introduces AFM in dynamic force
spectroscopy (DFS) and opens the way to a powerful
approach to study the energy landscape of unbinding events
(Merkel et al., 1999).

2000. Coupling AFM imaging with single molecule force
spectroscopy to extract a transmembrane protein from native
membranes (Oesterhelt et al., 2000); implementation of a
method for probing cell rheology of living cells by
oscillating the AFM cantilever tip while indenting the cell
surface. This study established a robust and reliable
approach for measuring cell rheology taking into account
tip geometry (Mahaffy et al., 2000); first work measuring
cell—cell interactions in living cells using the AFM (Benoit
et al., 2000). Authors measured the interaction of single
receptor/ligand complexes by bringing into contact two
cells, one attached to the cantilever and the other to a dish;
high-resolution AFM is able to depict the number of
subunits of densely packed reconstituted ATP synthase
c-rings (Seelert et al., 2000).

2001. Ten images per second high-resolution visualization
of single myosin V molecules in buffer solution: a
breakthrough in one of the major limits in the AFM
application to biological systems (Ando er al., 2001).

2003. First attempt to merge structural details of molecules
into their topographic envelopes (Todd et al., 2003). It was
shown that the lateral size of aggrecan monomers obtained
from TEM data could be used to simulate a surface envelop
that in turn could be used to refine topographic envelopes
measured using the AFM tapping mode in air; the important
contribution of the elastic properties to whole cell adhesion
was demonstrated by attaching living cells to the AFM tip to
measure their adhesiveness to ligand decorated surfaces
under various biochemical stimuli. They also measured cell
elasticity under the same conditions, showing that the rise in
cell compliance is the main contribution to the increased
adhesiveness (Wojcikiewicz et al., 2003); cell rheology with
AFM over a broad frequency range probed by showing that
living cells exhibit scale-free viscoelastic behaviour with a
complex elastic modulus increasing with frequency as a
weak power law (Alcaraz et al., 2003); rhodopsin, member
of the G-protein coupled receptor (GPCR) membrane
protein family, forms dimers in native disc membranes
(Fotiadis et al., 2003); experimental evidence for the
existence of catch bonds observed during protein—protein
unbinding (Marshall et al., 2003).

2004. Direct observation of the native organization of the
membrane protein supercomplexes involved in photosyn-
thesis (Scheuring et al., 2004b); bacterial pathogenicity: In
this study AFM aids the understanding of the mechanism by
which water-soluble protein toxins, assembled to form
oligomeric bilayer-spanning pores, penetrate the cell
membrane (Czajkowsky et al., 2004).

2005. The first paper describing frequency modulation in
liquids with atomic resolution (Fukuma et al., 2005);

Copyright © 2007 John Wiley & Sons, Ltd.

high-resolution AFM topographs of the multi-protein
assembly of bacterial photosynthetic complexes-domain
formation under different environmental conditions
(Scheuring and Sturgis, 2005).

IMAGES AND FORCES
IN LIFE SCIENCES

Today, the huge diversity of biological applications using
AFM, whether focused on imaging and/or interactions,
makes it quite impossible to master the entire dedicated
bibliography. AFM is currently introduced in almost every
domain of life sciences including studies of animal cell,
bacteria, tumour cells and pit cells. Interested readers can
refer to a critical review from Yang (2004), which provides
useful technical analyses and some general consensus in
biological applications of AFM ranging from membrane-
bound bacterial toxins to condensed DNA molecules.

Morphology, topography and
high-resolution imaging

In the early period, a rapid increase in the number of AFM
reports was noticed in which biologically relevant molecu-
lar-resolution imaging was carried out (Weisenhorn et al.,
1990). The first biological samples imaged with an AFM
were bulk crystals of amino acids (Gould et al., 1988) and
polymers (Drake et al., 1989). Soon after, individual actin
filaments were imaged in solution at molecular resolution
(Weisenhorn et al., 1990). Then, proteins in supported
membranes (Egger et al., 1990), native purple membrane
fragments (Butt ez al., 1990a), gap junction membranes
(Hoh et al., 1991), and DNA (Lindsay et al., 1992) were
imaged at high resolution (Radmacher et al., 1992).

Some of the most impressive work has been in the area of
imaging single protein complexes embedded in lipid
membranes. Studies at molecular resolution on gap-junction
membranes (Hoh er al., 1991) led to the first high-resolution
topographs of porin OmpF, in which surface protruding
beta-turns were reliably contoured (Schabert et al., 1995).
High-resolution AFM reached maturity with bacteriorho-
dopsin, where individual surface protruding loops were
imaged and manipulated (Muller et al., 1995b, 1999a;
Scheuring et al., 2001). High-resolution imaging was then
combined with force spectroscopy on bacteriorhodopsin,
which allowed the subsequent unfolding of helices out of the
membrane, highlighting interaction forces within bacter-
iorhodopsin (Oesterhelt er al., 2000). Many reports have
since been published which involve some aspect of
high-resolution imaging or force spectroscopy in the life
sciences using AFM (Ikai, 1996). Membrane proteins
ordered in a two-dimensional (2D) crystal were imaged at
high resolution, revealing single components (Fotiadis
et al., 2003; Scheuring et al., 2003) and multi-components
(Wang and Clapham, 1999; Stolz et al., 2000; Scheuring and
Sturgis, 2005; Buzhynskyy et al., 2007) of native
membranes. At a larger scale, the nuclear pore complex
was imaged and dynamic conformational changes of the

J. Mol. Recognit. 2007; 20: 418-431
DOI: 10.1002/jmr
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complex could be monitored using time-lapse AFM on the
native nuclear envelope (Stoffler, ez al., 1999).

Aside from imaging single molecules, the field of in vivo
cellular imaging has also grown tremendously in the last two
decades. Cells are much more difficult to image because of
their softness and susceptibility to tip-induced membrane
damage (Radmacher et al., 1992). However, high-resolution
imaging has been possible for fungal (Dufrene, 2002;
Touhami et al., 2003; Pelling et al., 2004), bacterial
(Dufrene, 2002; Pelling et al., 2005) and mammalian cells
(Kumar and Hoh, 2001).

AFM can be much more than a
microscope - AFM-DFS

Starting with the first uses of AFM in biology, many
non-topological applications have been developed; for
instance, direct force measurements at molecular scale
using functionalized tips have been used to examine
intermolecular interactions, chemical mapping and probing
of viscoelastic properties of cells and molecules (Ducker
etal., 1991; Tsao et al., 1993; Florin et al., 1994; Moy et al.,
1994; Lee et al., 1994a; Dammer et al., 1995; Shao et al.,
1996). This is mainly possible because AFM has the ability
to operate at multiple temperatures in air, fluid and vacuum.
Furthermore, the AFM can measure and exert local forces on
the order of a few pN* (Hiiberle ef al., 1991). Such sensitivity
has been utilized in the measurement of very local
(<100 nm?) mechanical properties in the measurement of
molecular interactions (Florin et al., 1994; Lee et al., 1994b;
Hinterdorfer et al., 1996), bond strengths, or to stretch single
molecules into novel conformations (Rief er al., 1997a;
Fisher et al., 2000b), see also for a review (Zlatanova et al.,
2000).

Whereas AFM imaging offers a means to picture
topographic surface structures at high resolution and in
physiological conditions, DFS with an AFM (AFM-DFS)
enables researchers to explore the energy landscape of
receptor—ligand interactions and to probe for instance the
unfolding pathways of single-membrane proteins, the
elasticity of cell walls and surface macromolecules, and
the molecular forces responsible for cell-cell and cell-solid
surface interactions (Evans and Ritchie, 1997; Merkel et al.,
1999). The AFM technique can also provide insight into the
binding properties of biological components or determine
the specific interaction between two kinds of molecules, the
archetype being the avidin and biotin couple (Weisenhorn
et al., 1992; Florin et al., 1994; Chilkoti et al., 1995; Merkel
etal., 1999; Wong et al., 1999; Yuan et al., 2000; Pincet and
Husson, 2005). DFES of parallel bonds between antibody and
antigen (Hinterdorfer ez al., 1996; Sulchek et al., 2006) or
antibody and metal (Odorico et al., 2007) have also been
studied. Combined topography and molecular recognition of
interactions were recently observed between lysozyme/
antibody (Stroh et al., 2004b), avidin/biotin (Ebner et al.,
2005) and an S-layer-streptavidin fusion protein (Ebner
et al., 20006).

More recently the theory on molecular interaction,
derived mainly from work on cell adhesion domains and

4Remember, at 300K, thermal noise limitation is kg7'=4.1 pN - nm.

Copyright © 2007 John Wiley & Sons, Ltd.

starting with the seminal paper by Bell (1978), has permitted
the understanding of the importance of different exper-
imental parameters associated with the statistical treatment
of the data, such as the loading rate, the contact time and the
contact energy between ligand and receptor and the energy
transfered to the system. Such progress shows clearly the
interest of the unbinding force measurements approach to
better understand the dynamic strength of bonded surfaces.
Recent results show that the application of the ergodic
hypothesis—that is, for microscopic quantities, average and
fluctuations over time are the same as average and
fluctuations over space or in other words after a sufficiently
long time a system explores all of its microscopic states—is
not enough to correlate results obtained on single molecules
with those coming from traditional bulk experiments, for
instance when the loading rate dependence of measured
forces is not taken into account in single molecule
experiments (Fantner ef al., 2006; Leckband and Prakasam,
2006). This raises the fundamental question of the nature of
affinity between single molecules and commands to redefine
the relevant physico-chemical parameters which describe it’.

Combining imaging and recognition toward
detection and localization

The methodology for exploring the forces and the dynamics
of receptor-ligand interactions using AFM force spec-
troscopy is well established and should be increasingly used
by biophysicists, chemical biologists, cell biologists and
microbiologists. Remarkably, AFM is the only force-
measuring technique that can map the nanoscale lateral
distribution of single molecular recognition sites on
biosurfaces. Yet, it is clear that the full potential of AFM
will be best exploited when combined with other advanced
microscopy and spectroscopy techniques.

Reliable protocols are available for attaching biomole-
cules or cells on the AFM tips and on supporting surfaces as
well as established procedures to probe the forces, the
dynamics and the localization of molecular recognition
interactions. Nevertheless, it is fair to say that accurate data
collection and interpretation remain often delicate and
require a strong expertise, especially when dealing with
complex specimens like living cells. The main tasks are
those associated with the quality of the tip and the surface
chemistry and their possible alteration during data acqui-
sition. Thus, a detailed understanding of the principles of the
different functionalities of AFM and their limitations is
essential before users start their first experiment (Hinter-
dorfer and Dufrene, 2006).

THE FOUR SESSIONS OF
THE CONFERENCE

Major biological results obtained using an AFM cover a
wide range of literature (Cells, DNA, membranes, mem-
brane proteins, pores, antibodies. ..). They deal with both
structural and force studies and were grouped in four
categories at the AFM BioMed conference. The coverage of
each topic is now presented by their respective chairman.

3See the review of Robert et al. (this issue).

J. Mol. Recognit. 2007; 20: 418-431
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Cells, cellular interactions: cell imaging,
cell mechanics and cell adhesion

Structural imaging. Soon after its invention, it was quite
clear that AFM would have a great potential for imaging
cells (Butt et al., 1990b; Radmacher et al., 1992). A crucial
issue for reliable experiments on live cells is sample
preparation, that is, the way cells are immobilized on solid
supports. A straightforward approach is to exploit the ability
of animal cells to spread and adhere to solid surfaces
(Radmacher et al., 1992; Matzke et al., 2001). Coating the
substrate with adhesion proteins may be used to enhance
immobilization, a method which allowed the observation of
actin filament dynamics under the cell membrane of glial
cells (Henderson et al., 1992). Another elegant approach is
to image living cells fixed only by a suction pipette, using an
AFM combined with an optical microscope (Horber et al.,
1992). In doing so, cells are kept alive for days in growth
medium while being examined, making it possible to study
cell activities and dynamics. In some cases, chemical
fixation using cross-linking agents such as glutaraldehyde
may be required either to prevent cell damage or detachment
by the scanning tip or to obtain high-resolution images (Le
Grimellec er al., 2002). Using these different protocols,
various cell types were investigated, such as CV-1 kidney
cells, fibroblasts, MDCK, platelets and cardiomyocytes
(Jena and Horber, 2002). Importantly, the real-time imaging
capability of AFM allows the dynamic processes occurring
at cell surfaces to be followed, as shown for instance for the
plasma membrane of pancreatic acinar cells where
depressions attributed to fusion pores were observed
(Schneider et al., 1997).

For microbial cells (bacteria, yeast and fungi), immobil-
ization by means of simple adsorption procedures is often
inappropriate since it leads to cell detachment by the
scanning tip. Non-destructive attachment may be achieved
by immobilizing cells mechanically in a polymer membrane
with pore size comparable to the dimensions of the cell
(Kasas and Ikai, 1995). This method permitted the
observation of bacterial cell surface dynamics, such as cell
growth and division (Touhami ez al., 2004), as well as
structural changes resulting from cell wall-drug interactions
(Verbelen et al., 2006).

What are the future challenges in live cell imaging?
Within a few years, ultrafast AFMs should allow acquisition
of high-resolution images of cell surfaces with millisecond
time resolution, that is, much faster than what is currently
achieved with commercial instruments (Viani et al., 2000;
Ando et al., 2001; Humphris et al., 2003). Surely, another
exciting avenue will be the imaging of intracellular
structures with three-dimensional (3D) resolution using
the photonic force microscope, in which the AFM cantilever
is replaced by the 3D trapping potential of a laser focus
(Horber and Miles, 2003).

Nanomechanics. Mechanical forces and associated defor-
mations play a major role in critical cell functions, including
mechanotransduction, motility, infiltration, crawling, con-
traction and gene expression (Rico et al., 2005b). AFM force
spectroscopy opens up exciting new possibilities for
measuring cellular elasticity on a nanoscale, providing
information that is complementary to that obtained with
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other techniques like magnetic tweezers. Elasticity measure-
ments involve recording force curves on cells and converting
them into force versus indentation curves using appropriate
treatments. The curves can then be analysed with theoretical
models to provide quantitative information on sample
elasticity (i.e. Young’s modulus). Such nanoindentation
experiments have enabled the measurement of the mech-
anical properties of a wide variety of animal cells, including
glial cells, platelets, cardiomyocytes, macrophages, endo-
thelial cells, epithelial cells, fibroblasts and osteoblasts, in
relation with dynamic processes and cellular functions
(Weisenhorn et al., 1993; Radmacher et al., 1996; Rotsch
et al., 1999; Matzke et al., 2001; Rico et al., 2005a, 2005b).
One feature of particular interest for future biomedical
research is the possibility to monitor elasticity changes upon
incubation with pharmacological agents.

Single molecule analyses. Molecular recognition between
receptors and cognate ligands plays a central role in
controlling cellular behaviour. In this context, single-
molecule force spectroscopy has emerged as a powerful
tool for analysing and mapping individual ligands (recep-
tors) on cellular surfaces in relation with function. During
the past years, we witnessed rapid advances in developing
reliable non-destructive procedures for attaching biomole-
cules and cells on AFM tips/cantilevers (and supporting
surfaces). Much progress has also been made in optimizing
data acquisition and interpretation in single-molecule force
spectroscopy studies, allowing accurate determination of
the interaction forces and dynamics of a variety of important
cell surface proteins, including cadherins (Baumgartner
et al., 2000), integrins (Zhang et al., 2002; Li et al., 2003),
selectins (Zhang et al., 2004) and bacterial adhesins
(Dupres et al., 2005). Clearly, knowledge of these cell
adhesion forces contributes to refining our understanding of
the molecular bases of cell adhesion, which is a critical
event in biomedicine (cell-implant, cell—cell and pathogen
interactions).

A unique feature of AFM is its ability to map the
distribution of individual ligands (receptors) on cells with
nanoscale resolution, using either adhesion force mapping or
dynamic recognition force mapping. The first method is
based on recording a force—volume image, that is, an array of
force curves in the x, y plane on an area of given size,
assessing the unbinding force values for all curves and
displaying them as grey pixels. This approach has been
exploited for mapping binding sites on various types of
living cells, including red blood cells (Grandbois et al.,
2000), osteoclasts (Lehenkari et al., 2000), endothelial cells
(Almgqvist et al., 2004), mycobacteria (Dupres et al., 2005)
and lactic bacteria (Gilbert et al., 2007). While adhesion
force mapping provides a quantitative analysis of unbinding
forces, it is limited by its time resolution. By contrast,
dynamic recognition force mapping does not provide
quantitative force values but is faster and offers better
lateral resolution than adhesion force mapping. Here, AFM
tips carrying ligands are oscillated at very small amplitudes
while being scanned along the biosurface of interest
(dynamic force microscopy). Topography and recognition
images are simultaneously obtained (TREC imaging) using
an electronic circuit (Stroh et al., 2004a). Recently,
this approach provided the potential to image receptor
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distributions on vascular endothelial cells (VanVliet and
Hinterdorfer, 2006).

In future single molecule studies, the use of small
cantilevers should improve the force resolution, thereby
allowing measurement of smaller unbinding forces on cells
(Viani et al., 1999). Also, nanotubes functionalized with
biomolecules should permit the mapping of cell surface
binding sites with a resolution that would be difficult to
achieve with conventional tips (Wong et al., 1998)

Single molecular recognition, affinity, unfolding
forces: DFS, folding-unfolding, protein-ligand, DNA,
single molecules and molecular recognition

A number of techniques are presently available to
investigate intermolecular forces acting between single
biomolecules and cellular surfaces. The most prominent
tools are the AFM (Binnig et al., 1986), optical tweezers
(Svoboda et al., 1993), and the bio-membrane force probe
(Evans et al., 1995). These techniques span a measurable
force window ranging from entropic forces at several
femto-Newtons (1fN=10""N) up to the rupture of
covalent bonds at several nanonewtons (1 nN= 107° N)
(Clausen-Schaumann et al., 2000). Using AFM, many
different types of interactions have been studied either on
isolated proteins in vitro or on cellular surfaces in vivo. Intra-
and intermolecular interactions were measured at the
molecular level, as exemplified by detailed analysis of the
binding potentials of receptor—ligand pairs involved in cell
adhesion (Lehenkari and Horton, 1999; Benoit et al., 2000),
polysaccaride elasticity (Rief et al., 1997b; Marszalek et al.,
1998), DNA mechanics (Smith et al., 1996; Strick et al.,
1996), and the function of molecular motors (Veigel et al.,
1999; Tanaka et al., 2002).

Recognition force spectroscopy and imaging. In molecular
recognition force spectroscopy experiments, the binding of
ligands immobilized on AFM tips to surface-bound
receptors (or vice versa) is studied by applying a force to
the receptor-ligand complex until the bond breaks at a
measurable unbinding force (Hinterdorfer, 2002). Such
experiments require that one or several ligand molecules are
permanently tethered to the apex of the AFM tip, usually by
covalent bonding via a flexible linker molecule (Hinterdor-
fer et al., 2002). In programmable force—distance cycles,
defined forces are exerted on a receptor—ligand complex and
the dissociation process is followed over time. Dynamic
aspects of molecular recognition are addressed in force
spectroscopy experiments, where distinct force—time pro-
files are applied to monitor changes of conformation and
state during receptor-ligand dissociation. Consequently,
DES allows the detection of energy barriers not detectable
by conventional near equilibrium assays and the probing of
the free energy surface of proteins and molecular complexes
(Evans, 2001).

In typical force-spectroscopy experiments, the loading
rate dependence of the unbinding force is measured by
changing the pulling velocity of the force exerted on the
interaction. The lifetime of the molecular bond can then be
calculated for different forces using the Boltzmann ansatz
(Bell, 1978). Direct measurements of lifetimes are only
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possible using a force clamp, where a constant and
adjustable force is applied to the complex and the time
duration of bond survival is detected such that the lifetime of
the interaction is directly measured at the corresponding
force. For some molecular interactions, the application of
force could prolong bond lifetimes by deforming the
molecules such that they lock more tightly (catch bonds)
(Marshall et al., 2003).

By combining topographical imaging with force measure-
ments, receptor sites are localized with nanometer accuracy
(Kienberger et al., 2006). Topography and recognition of
target molecules are thereby simultaneously mapped. Thus,
the AFM can identify specific components in a complex
biological sample and retain its high resolution in imaging.
In summary, the AFM can be used to study conformational
changes of biomolecules and to analyse inter- and
intramolecular interactions of molecular complexes with
high resolution.

Protein unfolding forces. DFS not only allows investi-
gation of the interaction between receptors and ligands but
also permits measurement of the intra-molecular force
profiles of single molecules. The application of mechanical
force to biological polymers like proteins, polysaccharides
and DNA produces conformations that are different from
those previously investigated by chemical or thermal
denaturation. The force-induced domain unfolding in
proteins (Rief et al., 1997a), length transitions caused by
conformational changes in the sugar rings (Marszalek et al.,
1999) or in the secondary structure of polysaccharides (Li
et al., 1998), and alterations of the secondary structure of
DNA molecules were studied in great detail (Rief er al.,
1999), elucidating the molecular determinants of mechan-
ical stability and the role of force-induced conformational
changes in the regulation of physiological function. In these
experiments, the molecule is held between the tip and the
support and its viscoelastic properties are studied in
force—distance cycles. Similarly as in molecular recognition
force-spectroscopy experiments, a detailed picture of the
complex mechanical unfolding pathway through a rough
energy landscape can be gained by varying the dynamics of
pulling.

In a recent study, controlled unfolding and refolding of a
sodium-proton antiporter has been analysed with AFM
(Kedrov et al., 2004, 2006). Single-molecule force-
spectroscopy was employed to unfold and refold single
sodium-proton anti-porters (NhaA) from membrane patches.
For this purpose, the AFM tip was pressed onto the
membrane surface with a contact force of about 1nN for
I sec, and then withdrawn while recording the cantilever
deflection versus tip-sample distance. The force-spectra
contained detailed information on the unfolding process,
each peak representing an internal potential barrier
which was built up by molecular interactions within
the protein. Unfolding experiments of membrane proteins
were further refined to allow for controlled refolding
of individual secondary structures, supporting the hypo-
thesis that unfolding and refolding of transmembrane helices
may be fully reversible, including re-insertion of the
transmembrane segments into the lipid bilayer (Kedrov
et al., 2007).
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High-resolution imaging: high-resolution imaging,
high speed imaging, coupling with other methods

Since the early 1990s AFM has recorded topographs with
sufficient resolution to depict individual protein molecules
in buffer solution (Drake et al., 1989; Hoh et al., 1991;
Karrasch et al., 1994; Schabert and Engel, 1994). However,
the tip, which is the key element of the AFM, is
approximately three orders of magnitude larger than
individual proteins that are probed. There is no doubt that
the prerequisite for successful high-resolution contouring of
flexible and fragile protein samples is mastery of the forces
applied on the tip.

The following sections provide examples of high-
resolution imaging and its contribution to the wider
biological fields to provide insights into novel developments
that aim at faster image acquisition or more sensible force
probing.

Reproducible high-resolution imaging was established on
2D membrane protein crystals (Schabert and Engel, 1994).
A superposition of long-range repulsive electrostatic,
short-range attractive van der Waals, and very short-range
Pauli-repulsion forces was evidenced to describe the
interaction between tip and sample. Adjustment of the
ionic strength and the pH in the imaging buffer solution
allows balance of the forces applied by the AFM stylus to
minimize the forces exerted on proteins (Muller et al.,
1999b). When the AFM is operated in an oscillating-tip
mode, much lower imaging forces can be applied (San Paulo
and Garcia, 2000). Simultaneous excitation of two different
flexural modes of the cantilever enables imaging under the
application of weak forces (~35 pN), which are smaller than
those needed to break non-covalent bonds (Tello et al., 2003;
Garcia et al., 2007). Another way to circumvent the
application of high loading forces is scanning at very high
frequency. Shorter and more sensitive cantilevers were
required (Viani et al., 1999) to build an AFM that is able to
acquire movies of molecules in action (Ando et al., 2001,
2003). These developments allowed the description in real
time the enzymatic cycle of GroEL-GroES action (Yoko-
kawa et al., 2006). The highest resolution images to date
were however acquired in contact mode on membranes. This
was established on 2D crystals of membrane proteins
(Muller et al., 1995a), and is now applied to native
membranes (Fotiadis et al., 2003; Scheuring et al., 2003,
2005; Buzhynskyy et al., 2007). The supramolecular
assembly of mammalian rhodopsin, a GPCR present in
native disc membranes, was reported using AFM revealing a
striking assembly of rhodopsin in rows of dimers (Fotiadis
et al., 2003). These images were at the basis of a structural
model of the rhodopsin dimer (Liang et al., 2003).
Interestingly, this dimer, as observed in the native
membrane, was found to be a perfect platform for transducin
assembly (Filipek et al., 2004) and provided a working
model for GPCR action in native membranes in general
(Fotiadis et al., 2006). Similarly, the photosynthetic
apparatus from different purple bacteria and its architectural
adaptations to different light intensities were also described
(Scheuring et al., 2003, 2004a, 2004b, 2005, 2006;
Bahatyrova et al., 2004; Goncalves et al., 2005). Using
cross-correlation algorithms, atomic structures of the
photosynthetic membrane complexes were docked into

Copyright © 2007 John Wiley & Sons, Ltd.

the high-resolution AFM images to yield structural models
of the entire photosynthetic unit (Scheuring et al., 2007).
The same approach has been used to dock high-resolution
AFM topographs to build models of the assembly of
aquaporin 0 and connexions in junctional microdomains
from the eye lens (Buzhynskyy et al., 2007). In conclusion,
high-resolution AFM is now a complementary technique to
electron microscopy and X-ray crystallography in structural
biology, as it can contribute information on single molec-
ules, their supramolecular assemblies, and their dynamics.

Model membranes and protein—-membrane
interactions: membrane imaging, protein—-membrane
interactions and possible applications

Dedicated to the study of surfaces of materials under
vacuum, air or fluid, the AFM quickly attracted the interest
of the biomembrane community. Heterogeneity of bio-
logical membrane lateral organization in the plasma
membrane of prokaryotic (Morrisett et al., 1975) and
eukaryotic cells (Karnovsky er al., 1982) explains why cell
membrane surface imaging at the mesoscopic and molecular
scale is a prerequisite for understanding membrane
functions and structure—function relationships. These ear-
liest studies recognized that lipids could play an important
role in lateral membrane heterogeneity and were associated
with the development of new membrane models, allowing
the definition of miscibility properties of binary and ternary
mixtures of lipids in bilayer membranes (Shimshick and
McConnell, 1973; Lee, 1977). Fundamental information on
lipid—lipid, lipid—peptide and lipid—protein interactions were
obtained later by NMR, fluorescence, CD, and FTIR but
with the exception of electron microscopy-coupled
approaches (Grant et al., 1974.), none of these studies gave
direct access to the membrane mesoscopic scale organiz-
ation.

The first AFM experiments on lipid monolayers and
bilayers were done in Santa Barbara, in Paul Hansma’s
laboratory (Weisenhorn et al., 1991; Zasadzinski et al.,
1991). This very successful AFM approach in characterizing
Langmuir-Blodgett films (Viswanathan et al., 1993) was
rapidly extended to monolayers and bilayers made of
biologically relevant constituents, namely lipids, peptides
and proteins. AFM imaging of phosphatidylcholine bilayers
under various physiological buffers demonstrated the
possibility to obtain mesoscopic scale information on the
organization of lipid phases (Mou et al., 1994), a key
parameter in the understanding of membrane lateral
heterogeneity. Then, AFM was used to establish directly,
for the first time, the miscibility properties at the mesoscopic
scale of various binary (Dufrene et al., 1997) and ternary
(Vie et al., 1998) membrane lipid mixtures. In parallel,
unique information on lipid—peptide and lipid—protein
interactions were obtained by combining the use of model
systems and AFM. Direct structural evidence for the
formation of gramicidin A clusters and peptide-induced
membrane reorganization (Mou et al., 1996) as well as the
formation of filamentous supramolecular complexes in
phosphatidylcholine-peptide vectors membranes (Van Mau
et al., 1999), illustrated the essential contribution that
AFM can bring in the understanding of membrane
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structure—function relationships. Finally, in terms of
lipid—protein interactions, the AFM has been successfully
used to study the insertion of either GPI-anchored proteins in
ordered domains (Milhiet er al., 2002) or transmembrane
proteins in membrane under phase separation (Milhiet et al.,
2006), and also the time course of membrane alteration by an
enzyme (Grandbois et al., 1998).

As for the other sessions of this conference, the number of
publications using AFM in the membrane model and
protein—-membrane interaction fields has exploded during
recent years. A direct consequence of this situation has been
a multiplicity of the experimental conditions used to make
membrane models. Following the report of a very limited but
significant shift in the gel-fluid transition temperature of
phospholipid bilayers deposited on mica (Yang and
Appleyard, 2000), a series of papers examined the properties
of supported membranes as a function of the conditions
chosen for their formation (Garcia-Manyes et al., 2005;
Oncins et al., 2005; Richter et al., 2006). The recent
coupling of fluorescence correlation spectroscopy (FCS)
with AFM provided evidence for the suspected heterogen-
eity within single gel phase lipid domains in a fluid-gel phase
separated supported bilayer (Burns ez al., 2005).

Except for very specialized biomembrane regions, like
those presented in the previous section, structure—function
relationship analyses in biomembranes are still based on
models of membrane molecular organization which can
markedly differ (Allen et al., 2007; Jacobson et al., 2007).
The use of such models is explained by the lack of molecular
characterization of membrane structure, linked to the
dynamic properties of membrane constituents. One has to
recall that even in the ordered gel phase, phospholipid
headgroup motion, and to a lesser extent lateral diffusion
(>10nm</sec), should limit the lateral resolution accessible
to commercial AFMs to the mesoscopic instead of molecular
scale. Clearly, at least video rate AFM with nanometer
resolution will be required for insight into the structural
organization of membranes at the molecular scale. In
parallel, the development of new model systems, such as the
bilayers on porous supports (Steltenkamp et al., 2006) or
double supported bilayers (Leidy et al., 2002; Giocondi and
Le Grimellec, 2004) composed of complex lipid mixtures
with different inserted proteins capable of forming
supramolecular arrangements, will be necessary to better

understand the molecular organization of biomembranes. In
addition to providing tools for understanding membrane
organization and consequently for developing drugs against
the numerous diseases associated with membrane dysfunc-
tion, the model membrane/AFM coupling is now a basic tool
in the development of new nanosensors in the nano-
bioscience and nanobiotechnology fields.

Concluding sentences from the keynote speakers of the
meeting.

Prof. Pierre Bongrand commented, ‘Due to the combi-
nation of imaging, force application and dynamics, as
well as lack of requirement for non-physiological sample
processing, AFM is arguably the best suited tool to help us
gain an intuitive grasp of what biomolecules look like and
how they behave in the nanoscale world’.

Prof. Paul Hansma commented, ‘Back when we were
developing AFM for biological applications, we were
hoping that AFM would one day contribute to quality
of life, like the light microscope and the electron micro-
scope has in the past. I look forward to the day when we
will see the picture of the first person who was healed
because of the use of an AFM’.

Michael Horton commented, ‘This conference empha-
sizes the need to set up cross-disciplinary collaborations
up front. Now that AFM has a relatively firm footing in the
life sciences, biologists are becoming innovators in the
use and applications for AFM as much as physicists have
been. The next step is to connect nanoscale research to
clear biomedical needs’.
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