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Video imaging of walking myosin V by high-speed atomic force
microscopy
1

2

Noriyuki Kodera , Daisuke Yamamoto , Toshio Ando

1,3

1

Bio-AFM Frontier Research Center, Kanazawa University, Japan
Department of Applied Physics, Fukuoka University, Japan
3
Department of Physics, Kanazawa University, Japan
2

Abstract
1

Myosin V is a two-headed processive motor and functions as a cargo transporter in cells . Facilitated by the
processivity of the molecule, numerous single-molecule studies have demonstrated that it moves hand over
hand with a ~36-nm advance for every adenosine triphosphate (ATP) hydrolysis. However, a comprehensive
description of the molecule in action has not yet been attained, due to lack of technique. To overcome this
technical limitation, we have developed a high-speed atomic force microscopy (HS-AFM) that enables us to
2
directly observe the structural dynamics of functioning biomolecules with high spatiotemporal resolution . The
3-5
recent significant improvement in its performance has been demonstrated in a few imaging studies of proteins .
6
By a combination of the HS-AFM and a mica-supported lipid bilayers assay system , we directly observed
walking behaviors of myosin V along actin filaments. The high-resolution movies not only provide corroborative
‘visual evidence’ for previously speculated or demonstrated molecular behaviors, including lever-arm swing,
but also reveal more detailed behaviors of the molecules, leading to a comprehensive understanding of the
7
motor mechanism . This direct and dynamic high-resolution visualization is a powerful new approach to
studying the structure and dynamics of biomolecules in action.
[1] JR Sellers and LS Weisman. Myosins: A Superfamily of Molecular Motors, 289-324 (Springer, 2008).
[2] T Ando et al. Prog. Surf. Sci. 83, 337-437 (2008).
[3] M Shibata et al. Nature Nanotechnol. 5, 208-212 (2010).
[4] H Yamashita et al. J. Struct. Biol. 167, 153-158 (2009).
[5] A Miyagi et al. Chem. Phys. Chem. 9, 1859-1866 (2008).
[6] D Yamamoto et al. Methods in Enzymol. 475, 541-564 (2010).
[7] N Kodera et al. Nature 468, 72-76 (2010).
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RSC is an efficient nucleosome randomizer: an AFM quantitative study on
chromatin templates
1

1

2

2

3

1

Fabien Montel , Martin Castelnovo , Hervé Menoni , Dimitar Angelov , Stefan Dimitrov , Cendrine Faivre-Moskalenko
1

Université de Lyon, Laboratoire de Physique, CNRS UMR 5672, Ecole Normale Supérieure de Lyon, 46 allée
d’Italie, 69364 Lyon Cedex 07, France
2
Université de Lyon, Laboratoire de Biologie Moléculaire de la Cellule, CNRS UMR 5239, Ecole Normale
Supérieure de Lyon, 46 allée d’Italie, 69364 Lyon Cedex 07, France
3
INSERM, Université Joseph Fourier-Grenoble 1, Institut Albert Bonniot U823, Site Santé, BP 170, 38042
Grenoble Cedex 9, France
Abstract
The fundamental unit of chromatin, the nucleosome, constitutes a barrier for several processes including
transcription, repair and replication. One of the main tools that the cell uses to overcome this barrier is the
recruitment of chromatin remodeling factors. The yeast RSC remodeling complex, a sophisticated
nanomachine belonging to the SWI/SNF family, is able both to alter the histone-DNA interactions and to
1,2
relocate nucleosomes . How RSC or the other complexes from the SWI/SNF family act on polynucleosomal
templates is not fully understood and few quantitative data are available. Nevertheless, such quantification is
required for both the understanding of the mechanism of action of RSC and the key role that it plays in the
numerous vital processes for the cell.
In order to gap this lack of quantitative information, we have used Atomic Force Microscopy (AFM) to visualize
3
directly and at the single molecule level, the result of RSC action on oligo-nucleosomes . AFM imaging showed
only a limited set of distinct configurational states for the remodeling products. No stepwise or preferred
directionality of the nucleosome motion was observed. Analysis of the corresponding reaction pathways allows
deciphering the mechanistic features of RSC-induced nucleosome relocation. The final outcome of RSC
remodeling of oligosome templates is the packing of the nucleosomes at the edge of the template, providing
large stretches of DNA depleted of nucleosomes. This feature of RSC may be used by the cell to overcome the
barrier imposed by the presence of nucleosomes.
[1] F Montel, E Fontaine, P St-Jean, M Castelnovo & C Faivre-Moskalenko. “AFM imaging of SWI/SNF action:
mapping mono-nucleosome remodeling and sliding”. Biophys. J. 93, 566-578 (2007).
[2] MS Shukla, SH Syed, F Montel, C Faivre-Moskalenko, J Bednar, A Travers, D Angelov, S Dimitrov.
“Remosomes: RSC generated non-mobilized particles with approximately 180 bp DNA loosely associated with
the histone octamer”. Proc Natl Acad Sci U S A. 107, 1936-41 (2010)
[3] F Montel, M Castelnovo, H Menoni, D Angelov, S Dimitrov & C Faivre-Moskalenko. “RSC remodeling of
oligo-nucleosomes: an Atomic Force Microscopy study”. Nucleic Acids Res. 39, 2571-9 (2011).
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Figure: AFM visualization of di-nucleosome sliding by RSC remodeling factor.
(a) Typical AFM images for the 5 dinucleosome states observed in the presence of RSC and ATP. (b)
Schematic of the various dinucleosome states identified on the AFM images The dinucleosomes have been
reconstituted on two 601 positioning sequences separated by 58 bp DNA linker and with 63 bp on one side and
81 bp on the other side. (c) Evolution of the proportion of dinucleosomes in each state (1 to 5) during the
sliding reaction by RSC. Nucleosome populations are counted from analysis of AFM images obtained for
various concentration of RSC and a fixed incubation time of 60 minutes @ 29°C. For each experimental
condition, about 1000 dinucleosomes have been analyzed.
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Dynamical study of small heat shock proteins Lo18 organization studied
by LS-AFM and HS-AFM
1

1

1

2

Eric Lesniewska , Malgorzata Baranowska , David Carriou , Florien Ronez , Eric Bourillot
1
2

1

Institut Carnot Bourgogne UMR CNRS 5209, University of Bourgogne, Dijon, France
Department REVV EA CNRS 4149, AgroSup, Dijon, France

Abstract
The small heat shock protein (smHsp) Lo18 from lactic acid bacteria Oenococcus oeni reduces in vitro thermal
1
aggregation of proteins and modulates the membrane fluidity of native liposomes . Bacteria use several
mechanisms including heat shock protein (Hsp) synthesis to cope with environmental stress. Small Hsp
(smHsp) is a ubiquitous class of molecular chaperones that is similar in amino acid structure to the a-crystallins
of the vertebrate eye lens. Small Hsps have been identified as a stabilizing agent for enhanced protein quality
or quantity control in biotechnological applications. A better knowledge of smHsp functions is necessary to
improve their use in biotechnology. In this study, we investigate how the surface charge, hydrophobicity
properties, the nature of the substrate, and pH influence the smHsp Lo18 conformation. Adsorption is complex
process where protein can change conformation and sometimes lose their biological activity. Their functional
mechanisms cannot be understood only from the ensemble information such a crystal structures at different
static states and biochemical properties. It is necessary to use single molecule technique which allow to track
and measure individual molecules at work.
In life science, it has been a dream to view the nanometer-scale dynamic behavior of individual biopolymers in
solution. Conventional atomic force microscopes (AFMs) take at least 60 s to capture an image, while
biomolecular processes occur on a millisecond timescale. High-speed AFM is becoming useful tool biological
science. Direct and real time visualization using this instrument can provide straightforward and prompt
2
answers to understand biomolecular processes . The capability of this instrument has been demonstrate the
dynamics of proteins. The goal of this study is to develop the high speed imaging of biomolecules assemblies
and the characterization of kinetic parameters, the analysis of the length distributions and contribution of
different parameters (pH, concentration, temperature).
The project tightly combines technological development and imaging approaches in order to generate a tool for
conformational change understanding. Effect of substrate properties and pH on conformational changes on
small heat shock protein smHsp 18 has been successfully analyzed.

Influence of surface functionalization on protein oligomerization. Comparison between LS-AFM and HS-AFM.
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Nanomechanical coupling enables detection and imaging of 5 nm
superparamagnetic particles in liquid
1

2

2

Christian Dietz , Elena T. Herruzo , Jose R. Lozano , Ricardo Garcia
1
2

2

Center of Smart Interfaces, TU Darmstadt, Petersenstr 32, 64287 Darmstadt, Germany
Instituto de Microelectrónica de Madrid, CSIC, Isaac Newton 8, 28760 Tres Cantos, Madrid, Spain

Abstract
We demonstrate that a force microscope operated in a bimodal mode enables the imaging and detection of
superparamagnetic particles down to 5 nm. The bimodal method (Fig. 1) exploits the nanomechanical coupling
of the excited modes to enhance the sensitivity of the higher mode to detect changes in material properties.
The coupling requires the presence of nonlinear forces. Remarkably, bimodal operation enables to identify
changes of slowly varying forces (quasi-linear) in the presence of a stronger nonlinear force. Thus,
unambiguous identification of single apoferritin (non-magnetic) and ferritin (magnetic) molecules in air and
liquid is accomplished using a cobalt coated cantilever.
[1] T. R. Rodriguez and R. Garcia, Appl. Phys. Lett. 84 (2004) S449.
[2] R. Proksch, Appl. Phys. Lett. 89 (2006) S113121.

1,2

Fig. 1: Bimodal AFM operation to measure simultaneously mechanical and magnetic interactions . (a) The
first two cantilever-tip eigenmodes (f1, f2) are excited by applying a mechanical force at the cantilever base.
Ferritin molecules are imaged in liquid under the presence of an external magnetic field. (b) The amplitude of
the first mode is used to generate an image of the topography in exactly the same way as in amplitude
modulation AFM. The phase shift of the second mode f2 is used to reconstruct the structure of the protein with
its mechanical (protein shell) and magnetic (iron oxide core) contributions. (c) Scheme, (d) bimodal AFM
topography image and (e) second mode phase image of a single ferritin molecule measured in water. Scale
bar is 20 nm and color scales are 20 nm and 7.2° for (d) and (e), respectively.

5/168

Session: High-resolution imaging

ORAL PRESENTATION

Imaging of the Xenopus laevis oocyte plasma membrane in physiologicallike conditions by Atomic Force Microscopy
1

1

1

1

1

2

Francesco Orsini , Massimo Santacroce , Andrea Cremona , Paolo Arosio , Vellea Sacchi , Armin Kramer ,
3
Bart Hoogenboom
1

Dept Molecular Sciences Applied to Biosystems, Università degli Studi di Milano, Milano, Italy
London Centre for Nanotechnology, University College London, London, England
3
Department of Physics and Astronomy, University College London, London, England
2

Abstract
The oocytes of Xenopus laevis (X. laevis) are an interesting model for the study of many developmental
mechanisms because of their dimensions and the ease with which they can be manipulated. In addition, they
1
are a widely employed system for the expression and functional study of heterogonous membrane proteins
2
which can be cloned, expressed and displayed with high-efficiency on their plasma membrane .
Here, we describe the use of Atomic Force Microscopy (AFM) to visualize the plasma membrane of X. laevis
oocyte with the objective of characterizing its morphological features and performing a quantitative analysis of
the observed structures.
As the extreme fragility of the X. laevis oocyte plasma membrane and the force applied by the AFM tip to the
sample surface during imaging (even when operating under very soft measurement conditions) prevent the
direct visualization of intact devitellinized oocytes, sample preparation protocols have to be developed to
perform AFM imaging on these samples. Moreover, their large dimensions (1.1-1.3 mm in diameter) and the
presence of a rich cytoplasmic content (with yolk and granules) represent an evident drawback in the sample
preparation for AFM imaging. The main difficulties concern both the isolation from a very large cell of a clean
fragment of plasma membrane, whose thickness is only 5 nm, and the deposition and adhesion of this thin
isolated membrane layer on a flat mica leaf. For all these reasons, sample preparation represents one of the
most crucial and challenging critical points to face in the AFM study of the X. laevis oocyte plasma membrane.
We developed different protocols of sample preparation to perform an AFM investigation of the oocyte plasma
membrane. In particular, a methodological approach based on the purification of plasma membrane by
ultracentrifugation on sucrose gradient, which appears to e very promising for high resolution AFM imaging, is
presented and discussed in details. Reproducible AFM topographs, collected operating in physiological-like
conditions, allowed visualization and dimensional characterization of membrane patches which height
corresponds to the one awaited for a single lipid bilayer, as well as the presence of pores in the membrane.
In conclusion, the potential of AFM as a useful tool for the structural characterization of a native eukaryotic
membrane has been established and its relevance for describing the organization of protein complexes in
native biological membranes has been explored.
[1] MF Romero et al. in: S.G. Amara (Ed.), Methods in Enzymology, 296, Academic Press, Oxford, 1998, 17-52.
[2] SA Mari et al. Cell Mol Life Sci, 63, 2006, 100-111.

2

200x200 nm AFM image of an oocyte plasma membrane, showing (yet
unidentified) pores in the membrane at a resolution of few nanometres.
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Tapping mode NSOM on supported lipid bilayers: optimization of optical
fiber levers, imaging, and FCS dynamics measurements
1

2

3

2

3

Dusan Vobornik , Daniel Banks , Zhengfang Lu , Cecile Fradin , Rod Taylor , Linda Johnston

3

1

Laboratory of the Physics of Living Matter, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland
Department of Physics, McMaster University, Hamilton ON L8S 4M1, Canada
3
Steacie Institute for Molecular Sciences, National Research Council of Canada, 100 Sussex Drive, Ottawa,
ON K1A 0R6, Canada
2

Abstract
We study supported lipid bilayers with NSOM (near-field scanning optical microscopy), FCS (fluorescence
correlation spectroscopy), and AFM. Older cousin of AFM, NSOM is an SPM technique that usually uses
home-made optical fiber-based tips, and operates with the same feedback mechanisms as AFM. NSOM
probes allow the collection of both topographic and optical data. Here I present a study of the properties of the
NSOM probes made in our lab and show how we fine-tuned them in order to perform successful experiments
on lipid bilayers. Bilayers have to be kept in liquid, are soft, liquid, with lipid molecules diffusing freely within the
bilayer. We found that the key to less envasive and routine NSOM-FCS experiments on supported bilayers
resides in lowering the NSOM tip-sample interaction force. By reducing roughly by half the diameter of our
NSOM probes we obtained on average an order of magnitude reduction in the interaction force. Small 80 nm
diameter aperture NSOM probe allowed further reduction of FCS-probed area by more than an order of
magnitude compared with the conventional lens-based microscopy, and by a factor of three with respect to our
1
previously reported FCS-NSOM results . More importantly NSOM was used to first image bilayers with subdiffraction-limited resolution, and the areas of interest to probe with FCS were consequently chosen with a subdiffraction-limited spatial precision. As a proof of principle FCS-NSOM curves were acquired on submicrometer size liquid ordered domains on phase separated DOPC-EggSM-Cholesterol supported bilayers.
Small amounts of Texas Red or Oregon Green 1,2-dihexadecanoyl-sn-glycero-3-Phosphoethanolamine (TRDHPE or OG-DHPE) were added to bilayers to provide the optical imaging contrast and enable FCS
measurements. Demonstrated reduction of the observation area and the ability to non-invasively probe and
image soft biological samples with sub-diffraction spatial resolution seem ideally suited to elucidate some of the
more controversial properties of cell membranes, such as the existence and behavior of lipid nanodomains
(“rafts”).
[1] D Vobornik, D Banks, Z Lu, C Fradin, R Taylor, LJ Johnston. Appl. Phys. Lett. 93 (2008) 163904
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Rotational and translational diffusion of the outer membrane porins. The
protein swarm.
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Abstract
Membrane proteins are, due to their amphiphilic nature, restricted to the membrane plane. They diffuse within
the membrane and, typically form oligomers, or densely packed in supramolecular assemblies. Here, we show
high-speed atomic force microscopy (HS-AFM) image sequences of the outer membrane bacterial OmpF porin
proteins in their native lipid enviroment and their native protein density. We observe an organization of the
OmpF porins in what could be called a dynamical ‘swarm’. In this ‘swarm’, there are mutual protein interactions,
translational and rotational diffusion, and local clusters in continuous change. Thanks to the capability of the
HS-AFM for imaging the totality of the individual proteins in membrane area, both in an unlabelled and
simultaneous way, we are able of performing simultaneous tracking of all the positions and rotations of the
proteins. The analysis of the tracking results allows us to understand how the OmpF organize, and provides us
hints about the possible biological significance of the OmpF porin swarm-like organization.

Figure. HS-AFM imaging of the bacterial porin protein. A dynamical swarm-like organization of the porins is
observed. A) Average image produced from a sequence 123 successive frames, in the image it is observed
that the less mobile porins are well contrasted, whereas the highly mobile porins appear fuzzy. Interestingly,
the fuzzy cloud provides us with an indication of the motion area of the highly mobile proteins, and its
distribution indicates the spatial probability of these porins. B) Coarse grain simulation of the motion of two
interacting OmpF molecules.
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Dynamics of Aquaporin-0 and Connexon in native eye lens cells
membranes by high-speed atomic force microscopy (HS-AFM)
Adai Colom Diego, Ignacio Casuso, Simon Scheuring
U1006 INSERM, Institut Curie, 26 rue d'Ulm Paris, 75248 Paris Cedex 05, France
Abstract
The eye lens is formed by a compact stack of cells. Aquaporin-0 (AQP0) and Connexins (Cx) are the major
intrinsic proteins in the membranes, and comprise about 60% and 15% respectively of the total amount of
membrane protein in eye lens cells.
AQP0 and Cx have double-functions, on one hand they forms pores that allow water and metabolite transit
respectively, and on the other hand they play a role as a cell-cell adhesion molecules for the tight packing of
the lens cells necessary for lens transparency.
AQP0 form stable tetramers with each monomer forming a water channel and connexons are hexamers of Cx
with a central metabolite channel (compounds up to 1kDa) in the membrane. It has been demonstrated that
1
malfunction of both proteins results in the formation of cataract .
Over the last years, high-speed atomic force microscopy (HS-AFM) has opened the door for studying dynamics
2,3
of biological processes in real-time and at single molecule resolution . In this work we use HS-AFM for
studying the dynamics of AQP0 and connexon assembly in native eye lens membranes.
The observations show that AQP0 and connexon form junctional microdomains in dynamic equilibrium with
their membrane environment. Molecules dissociate and associate at the borders. The two proteins are
characterized by different dynamic behavior. These differences may play a significant role in the
supramolecular assembly of these proteins in functional junctional microdomains.

Figure A. General Vision of AQP and Cx array.
Figures B. Undocking event of connexon. 1 In the circle there is a Cx. 2) This Cx is instable and is dissociate.
Figures C. Sudden rare statistical events of AQP-0. 1) Corner zone of big array. 2) Instantaneous
oligomerarization of seven tetramers on the array. 3) Seven tetramers are statistically instable and the arrays
quickly dissociates. Frame rate: 250ms.
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Observing the osmophobic effect in action at the single molecule level
Bruno Samori
Department of Biochemistry, University of Bologna, Italy
Abstract
Protecting osmolytes are widespread small organic molecules able to stabilize the folded state of most proteins
against various denaturing stresses in vivo. The osmophobic model explains thermodynamically their action
through a preferential exclusion of the osmolyte molecules from the protein surface, thus favoring the formation
of intrapeptide hydrogen bonds.
By using a combination of experimental strategies based on the Atomic Force Microscopy (AFM) - Single
Molecule Force Spectroscopy, evidence was obtained of a protecting osmolyte slowing down the unfolding
kinetics of a globular protein while concurrently accelerating its folding rate without any complexation in the
unfolding transition state. This observation, to the best of our knowledge, provide the first single-molecule
evidence for a mechanism of protein fold stabilization by protecting osmolytes by a purely indirect, backbonebased mechanism in full accord with the osmophobic model.
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Mechanochemistry of a single polypeptide molecule: Study of forceinduced conformational transitions
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Abstract
The aim of this study is to investigate the mechanochemical behavior of homopolypeptides able to change their
conformation is a stimuli-responsive way. The peptidic secondary structures were studied in detail by atomic
force microscopy (AFM) at the single-molecule level.
Synthetic copolymers containing a polypeptide block were prepared by N-carboxyanhydride amino acid ringopening polymerization. The polymer chains were grafted as a dilute brush onto gold surfaces via disulfide
end-groups. Their mechanochemical behavior was then studied by AFM single-molecule force spectroscopy
(SMFS). The investigated polypeptide blocks were based on poly(L-glutamic acid), which undergoes a
transition from alpha-helix to random coil. This can be induced by external stimuli (pH, ionic strength,
temperature) or simply by applying a force.
We were able to study the mechanically driven unfolding of the peptide by stretching-release cycles of the
biomacromolecule. Stretching the helical peptide resulted in original features in the force-distance traces.
Plateaus that are specific for the helical conformation were detected, quantified and discussed. Pulling-relaxing
SMFS experiments eventually led to a better understanding of the force induced unfolding of a alpha-helix and
the reversibility of the phenomenon.
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Strength in Numbers: Probing equilibrium nanoscale thermodynamics
with molecular force spectroscopy
Aleksandr Noy
University of California Merced, USA & The Molecular Foundry, Lawrence Berkeley National Laboratory, USA
Abstract
Single molecule force spectroscopy measurements probe nanoscale mechanical response of chemical bonds
to external force. While the conventional treatment of force spectroscopy has focused on probing kinetics of the
bond rupture under non-equilibrium fast loading conditions, using it as a way to probe potential energy surfaces
in near-equilibrium conditions remains less unexplored. We show that molecular force spectroscopy using
reasonably stiff harmonic probes can indeed determine the near-equilibrium bond rupture free energies and
demonstrate it using chemical force microscopy measurements of the rupture of small number of well-defined
chemical bonds. We also describe a measurement where we use single molecule force spectroscopy to
determine free energy of single polymer chain pulling out of a small carbon nanotube pore.
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Friction of single myosin rod upon stretching
1

2

3

3

Yukinori Taniguchi , Bhavin S. Khatri , David J. Brockwell , Emanuele Paci , Masaru Kawakami

1

1

School of Materials Science, Japan Advanced Institute of Science and Technology (JAIST) 1-1 Asahidai,
Nomi, Ishikawa, Japan.
2
Institute for Condensed Matter & Complex Systems, School of Physics & Astronomy, University of Edinburgh,
Edinburgh, EH9 3JZ, United Kingdom.
3
Astbury Centre for Structural Molecular Biology, University of Leeds, Leeds LS2 9JT, United Kingdom
Abstract
Viscoelasticity is one of important properties to elucidate the dynamics of molecular motion and/or
conformational changes of biopolymers such as nucleic acids, proteins and polysaccharides. How
biomolecules will respond to physiological time-dependent loads can only be understood from their viscoelastic
response. To investigate the viscoelasticity of biomolecules at single molecule level in aqueous environment,
we have developed an atomic force microscopy (AFM)-based method. In this method, a single molecule
immobilised on the substrate is picked up by a cantilever and stretched at a constant speed, during which the
magnetically-driven oscillatory force is applied to the cantilever and its amplitude and phase information is
acquired. The data is analysed with the simple harmonic oscillator (SHO) model to derive the stiffness and
friction of a single molecule at each extended state. Using this method we investigated the stiffness and friction
of a parallel two-stranded ?-helical coiled-coil of rabbit skeletal myosin II, known as myosin rod or tail. Myosin II
is the motor protein in muscle and its rod region functions as a scaffold of the thick filament in sarcomere. The
mechanical property of the myosin rod is believed to be important for effective force transduction within the
myofibril.
At low stretch the coiled-coil has high stiffness and friction constants compared to those of single unstructured
polypeptide, indicating a large dynamical resistance to bending of the coiled-coil. Upon further stretching, the
force-stretch curve of coiled-coil showed the unfolding/refolding transition around 50 pN. In this force regime,
both stiffness and friction constants decreased with force and reached a minimum. This behaviour is consistent
with a theoretical prediction assuming bistable conformational transition. The friction lowered at the similar level
as that of unstructured polypeptide, implying the energy dissipation due to the unfolding/refolding of the coiledcoil is quite small. At high stretch, the friction increased with force, and interestingly, was slightly higher than
that of unstructured single polypeptide chain. We suggest that the origin of this higher friction is due to the
inter-molecular friction between two entangled strands in the myosin rod. This study highlights the sensitivity of
the dissipative signal to dynamic molecular structure that is hidden to the elastic signal.
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Mechanotransduction of human Notch2 via the LNR-HD.
Natalie Stephenson, Johanna Avis
Manchester Interdisciplinary Biocentre, The University of Manchester, 131 Princess Street, Manchester,
England M1 7DN
Abstract
The Notch receptors are involved in an archaic conserved signalling pathway which conveys differentiation and
proliferation signals to neighbouring cells. Activation of this pathway is caused by metalloprotease cleavage at
the S2 site by ADAM10. A crystal structure of the LNR-HD region of the Notch extracellular domain (NEC)
shows that, in its resting state, the S2 site lies within the HD domain and is occluded by LNRA. Binding of a
ligand distal to the LNR-HD region induces S2 cleavage by triggering a conformational change of the LNR-HD,
exposing the S2 site. One hypothesis suggests that the transendocytosis of the NEC/ligand complex into the
ligand expressing cell produces a mechanical force resulting in the S2 site being uncovered. With this
hypothesis in mind, the Notch2 LNR-HD has been recombinantly produced with engineered tags to allow
selective absorption of the N- and C-termini to the AFM allowing directed mechanical unfolding. Results show
unfolding of the domains within the LNR-HD occur at forces between 100 and 200 pN. The extension seen
from the unfolding events are smaller than expected, supporting the theory that the disulfide bonds remain
intact at these force levels. Further experiments are currently being undertaken to determine whether S2
cleavage can occur during this unfolding process (results to follow).
Further to the experimental work, molecular dynamics simulations (MDS) have been performed using
GROMACS, reproducing the unfolding events occurring when the LNR-HD is subjected to force. This MDS has
shown S2 site exposure occurring as LNRA is pulled away from the HD domain. Force/extension data
retrieved from these simulations is consistent with that gathered through experimental approaches.
Both experimental and MDS force data are within the current known limits of model feasibility (based on
reported NEC/ligand detachment forces) and are consistent with forces observed for proteins with known
mechanical roles as opposed to globular proteins with no known subjectivity to force. As the disulfide bonds
within these domains appear to remain intact it indicates that intermediates may occur on the forced unfolding
pathway, which can allow partial unravelling and rapid refolding in response to the rate and degree of applied
force. These conclusions fit with the idea that mechanotransduction activates the Notch signalling pathway.
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Single-molecule AFM characterization of individual chemically tagged
DNA tetrahedra
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Abstract
Single-molecule characterization is essential to ascertain the structural and functional properties of bottom-up
DNA nanostructures. Here we enlist three atomic force microscopy (AFM) techniques to examine tetrahedronshaped DNA nanostructures that are functionally enhanced with small chemical tags for applications involving
biomolecule immobilization within biosensing and biophysics. The tetrahedra feature three disulfide-modified
vertices to achieve directed immobilization to gold surfaces whereas the remaining corner carries a single
bioligand that can capture and present individual cargo biomolecules at defined lateral nanoscale spacing.
High resolution AFM topographic imaging confirmed the directional surface-attachment as well as the binding
of individual receptor molecules to the exposed bioligands. Insight into the binding behavior at the singlemolecule level was gained using molecular recognition force spectroscopy using an AFM cantilever tip that
carries the molecular receptor. Finally, simultaneous topographic and recognition imaging demonstrated
receptor-ligand interactions on individual tetrahedra at short distances. In summary, AFM characterization
verified that the rationally designed DNA nanostructures to bind in an oriented fashion to the gold surface,
present individual biomolecules at defined lateral nanoscale spacing, and thereby potentially serve as valuable
immobilization agents in biosensing, biophysics, and cell biology.
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Mechanical testing of reference model gels and articular cartilage by
atomic force microscopy
Ettore Landini, Riccardo Gottardi, Davide Carnelli, Matteo Taffetani, Pasquale Vena, Roberto Raiteri
ettore.landini@unige.it, riccardo.gottardi@unige.it, davide.carnelli@gmail.com, matteo.taffetani@gmail.com,
vena@stru.polimi.it, rr@unige.it
Abstract
Osteoarthritis (OA) is a degenerative, invalidating joint disease that affects the articular cartilage (AC) of
millions of people. Since AC has poor regeneration properties, being able to early diagnose OA could help to
avoid remedies like joint replacement surgery. With the present diagnostic techniques OA can be diagnosed
only when it becomes symptomatic and the tissue is then irreversibly altered. Since this disease starts at a
molecular level and leads to changes in the molecular structure of the tissue, a techniques that could resolve
molecules would help to detect early stages of OA. With its nanometric resolution and its possibility to test
biological samples in their physiological conditions, the Atomic Force Microscopy (AFM) represents the ideal
tool for this purpose. In this work, we propose the AFM, which has already been successfully used to
1,2
characterize the structure of engineered and native tissue , as a nanotool for studying the structure and the
mechanical properties of cartilage. Both native and enzyme treated tissue to simulate the effects of OA, were
assessed.
A commercial AFM (Agilent Technologies 5500) with regular sharp pyramidal tip (radius r=5-20nm, cantilever
spring constant k=0.06N/m) as well as with spherical indenter tip (r=7.5µm, k=1.46N/m) was used to test
agarose gels and PDMS as model materials, as well as native and enzyme (hyaluronidase) treated bovine AC
2
in physiological conditions . Hyaluronidase caused glycosamminoglycan depletion which occurs also in the
early stages of OA. The dynamic Young’s modulus (E) of the gels and AC was obtained from AFM forcedistance curves after averaging several unloading response curves taken at a given frequency at each given
3
location. Time dependant response was further assessed by AFM-based dynamic mechanical analysis , stress
4
5
relaxation , and creep measurements.
Measurements performed on bovine AC shows a clear decay of E and a loss of time dependant response after
hyaluronidase treatment, confirmed by all methods. These results demonstrate that AFM-based testing could
6
be used to directly probe the structural integrity of the collagen/glycosaminoglycans matrix , and can be
applied to the assessment of cartilage at the early stages of OA.
[1] A Marsano et al. Biomaterials 27: 5927-5934, 2006.
[2] Stolz et al., Biophys J 86, 2004.
[3] Lee et al., J Biomech. 43: 469-476, 2010.
[4] Moreno-Flores et al., J Biomech. 43: 349-354, 2010.
[5] Moeller et al. J Pol Sci. 47 :1573-1587.
[6] Stolz et al. Nat Nanotech. 4: 186 – 192, 2008.
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Direct nanomechanical mapping of biological membranes
Laura Picas, Felix Rico, Simon Scheuring
Institut Curie / U1006 INSERM / UMR168 CNRS / 26 rue d’Ulm, 75005, Paris, France
Abstract
Crucial for the cell life, the plasma membrane defines the boundaries of the cell and allows the interaction and
exchange of essential molecules. Importantly, among all any kind of membranes (mitochondria, plasma membrane,
endoplasmatic reticulum, etc.) there is a common structural feature: the lipid bilayer and the protein molecules.
As a result of the accepted importance of biological membranes, a number of works have showed up in the last
decades including many different disciplines. The concept of functional rafts or the supramolecular assembly of
membrane proteins in specialized membranes are still under extensive study.
Here we present a novel Atomic Force Microscopy based technique, the Peak Force, for the structural study of
biological membranes. The Peak Force technique allows simultaneously imaging of the sample while
performing nanomechanical mapping. Thus, coupling the sample’s topography with different physical
parameters such as the stiffness, adhesion or dissipation.
This methodology, which allows for the first time the nanomechanical mapping of biological samples close to
molecular resolution, has been implemented for the study of supported lipid bilayers, as a simplistic model of
the cell membrane and, thereafter for the study of a more complex system such is the red blood cell
membrane.
On the one hand, the study of supported lipid bilayers composed of a 1:1 mixture of DOPC:DPPC has allowed
us to address the question of how liquid and gel phase lipid domains would behave upon exertion of different
loading forces. Therefore, providing a proper validation of the method for the further study of more complex
membranes.
On the other hand, the nanomechanical mapping of the red blood cell membrane, which contains all the major
constituents of a native cytoplasmic membrane, has yielded insights on the mechanical properties of its major
constituents: the spectrin network and the cytoplasmic membrane.

Series of PF images showing the topography, stiffness mapping (in MPa), and deformation mapping (in nm) of
SLBs of DOPC:DPPC (1:1, mol:mol) (above) and red blood cell cytoplasmic membrane (below).
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Investigation of cellular mechanics by atomic force microscopy
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Abstract
Atomic force microscopy (AFM) can be used to investigate biological samples under physiological conditions
and hence allows following the dynamics of biological processes, in particular in living cells. In addition, the
application of forces allows elucidating the mechanical properties, i.e. the local elastic moduli, of samples under
investigation like cells or polymeric films. The AFM can also be used to measure forces, which we have used
for determining the protrusion force of migrating cells.
Of special interest is the investigation of the mechanics during cellular dynamics, e.g. cell division or migration.
In eukaryotic cells the mechanical properties are mainly determined by the cytoskeleton and thus mechanical
data reflect in most cases the status of the actin network. Changes in architecture or composition of the
cytoskeleton, or in the activity of actin binding proteins, for instance of myosin creating tension in the network,
can be picked up by mechanical measurements.
Another focus of recent work is to determine mechanical cues as a function of disease state of cells. We
examined here two systems: cell nuclei and cancer cells. (1) Some laminopathies, diseases that are related to
the lamin layer of cell nuclei, have been associated with differences in the lamin layer. By expressing mutant
lamins in the nucleus of Xenopus oocytes and in fibroblast cells we are able to investigate mechanical reasons
of several laminopathies, which has been hypothesized. (2) Cancer cells are thought to be much softer than
normal cells, possibly due to different migration or adhesion properties or because of differences in expression
levels of certain proteins. However, it is difficult to quantify this difference in mechanics unambiguously since
cancerous and normal cells, especially when obtained from patients, exhibit many differences, e.g. in terms of
morphology. We have therefore compared two cell lines, which are well characterized in their degree of
malignity (or the absence of it for the control cells) and are virtually indistinguishable in terms of morphology,
degree of adhesion and so forth.
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Dissecting and genetically engineering tensional homeostasis in living cells
Sanjay Kumar
Department of Bioengineering, University of California, Berkeley
Abstract
Cellular tension generation against the extracellular matrix (ECM) regulates many fundamental cell and tissue
behaviors. Here we describe three integrated approaches we have developed to dissect and genetically
manipulate tensional homeostasis in living cells, in which atomic force microscopy (AFM) and other single-cell
mechanobiology measurements figure critically. First, we have used laser nanosurgery to spatially map the
viscoelastic properties of actomyosin stress fibers and have related these properties to the activities of specific
myosin activators (RhoA/ROCK, MLCK). Second, we have genetically engineered cells to express
constitutively active RhoA and MLCK under tetracycline repression and shown that this enables us to control
many mechanobiological properties in a dynamic and graded fashion, including cortical stiffness (as measured
by AFM), motility, and force generation. Third, we have developed a predictive multiscale computational model
of cell motility on defined ECMs that allows us to systematically investigate relationships between matrix
properties, myosin-based signaling, and motility. Together, these approaches are improving our ability to
measure and “tune” cellular mechanobiological properties at the microscale.
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Manipulation of individual stress fiber and focal adhesions with AFM to
understand the basic mechanics of the cellular construction
Atsushi Ikai, Shinichi Machida, Takahiro Watanabe-Nakayama, Masakazu Saito, Rehana Afrin
Innovation Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midoriku, Yokohama 226-8501 Japan
Abstract
Our aim of using the atomic force microscope in manipulation of biological objects at cellular and molecular
levels is in the elucidation of the basic mechanical principle of protein based nano- to micro structures relevant
to the healthy functioning of human body. From such a point of view, we focused on the analysis of cytoskeletal
networks in red blood cells and cultured fibroblast cells. In this study, the stress fiber system, an important part
of the cytoskeletal network, of cultured fibroblast cells was made fluorescently visible by conjugating GFP with
ß-actin and individual fibers were manipulated with AFM probes in several different ways. First a commercially
available pyramidal tip was inserted into a live cell and placed close to one of the ventral stress fibers inside of
the cell. The tip was then moved laterally pushing the fiber nearly normal to its longer axis. The non-linear
displacement of the fiber from its original straight shape was extended almost to its two fixed ends at focal
1
adhesions suggesting that the fiber was attached to the cortical actin layer on the ventral cell membrane .
When one of the fibers in an intact cell was pulled upward with an AFM tip with a hooking function as fabricated
2
by FIB technology, it was severed with a force of ~10 nN and regenerated after a few hours . When a stress
fiber in a detergent treated semi-intact cell was pulled, it was cut from its two ends in contact with focal
adhesions sites. The regeneration process was taken as a model of cellular level wound healing and
accumulation of several proteins is currently studied using several fluorescently labeled proteins.
When a latex bead of 5 ? 10 µm was placed on the dorsal side of cultured cells to allow formation of artificial
focal adhesion and subjected to cyclically pulling and pushing vertical forces with the AFM, we observed
3
gradual increase of the reaction force from the cell after a rapid force relaxation . The result was interpreted
that the actin based cytoskeletal structure was reinforced under the application of external stress through the
artificially formed focal adhesion.
[1] Hakare et al. Ultramicroscopy (accepted).
[2] Machida et al. Nanotechnology, 21:385102 (2010).
[3] Watanabe-Nakayama et al. Biophysical Journal, 100:564-572 (2011).

Figure 1. Picking-up process of beads adhered on
fibroblast cells. A) Schematic view of the manipulation
of a hrFNIII7–10-coated bead on a cell. B)
Micrographs of rat fibroblasts with hrFNIII7–10-coated
beads adhered, expressing AG1-paxillin and KO1-ßactin with (e–h) or without (a–d) cytochalasin D.
Images (a, e), (b, f) and (c, g) show phase contrast
images (Ph), AG1-paxillin fluorescence, and KO1-ßactin fluorescence, respectively. Images (d) and (h)
are merged from (a–c) and (e–g). Gray, green, and red
in the merged images indicate the phase contrast,
AG1-paxillin fl uorescence, and KO1-ß-actin
fluorescence, respectively. The insets in (b), (c), (f),
and (g) are magnified images around the bead as
indicated by the boxes.
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Single molecule recognition force spectroscopy (SMRFS) on living cells
Linda Wildling, Christian Rankl, Thomas Haselgruebler, Hermann Gruber, Harald Sitte, Peter Hinterdorfer
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Abstract
Atomic force microscopy (AFM) is a powerful method to investigate interactions between a ligand on the AFM
tip and complementary receptor molecules on a sample surface. The possibility to measure under physiological
conditions enables the probing of bioligands on living cells. Due to the enormous diversity of biomolecules a
1
“library” of crosslinkers had to be developed to link all these different molecules of interest to the AFM tip . We
established a reliable synthetic pathway for crosslinker molecules yielding fully functional molecules bound to
the AFM tips, converting it into a biosensor, which can be used in single molecule recognition force
spectroscopy (SMRFS).
These biosensors can now be used to investigate the interaction between a ligand and receptors on
cellsurfaces. Different SMRFM applications on living cells using these crosslinkers were implemented in our
2,3
laboratory and are briefly discussed .
One further aim is to investigate the clustering of receptors on cellsurfaces. The use of a two-armed or a fourarmed linker carrying two or four identical ligands, could give insights in the spatial assembly of cell receptors
deciphering it´s oligomeric state with SMRFM.
These applications show the great potential of SMRFM to study binding kinetics and the supramolecular
assembly of receptors on living cells under physiological conditions.
[1] Ebner A., Wildling L., Zhu R., Rankl R., Haselgrübler T., Hinterdorfer P., Gruber H.J. (2008) Top Curr
Chem, Springer-Verlag Berlin Heidelberg
[2] Puntheeranurak, T., Wildling, L., Gruber, H. J., Kinne, R. K. H., and Hinterdorfer, P., J Cell Sci., 119, 29602967 (2006)
[3] Wildling L., Hinterdorfer P., Kusche-Vihrog K., Treffner Y., Oberleithner H. (2008) Plugers Arch – Eur J
Physiol., in press.
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Neuron-to-substrate interface of patterned 2D neural network
characterized by AFM, Force-Volume mapping and EFM
Silvia Dante, Emanuele Marconi, Marco Salerno, Luca Berdondini
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Abstract
Patterned 2D neuronal networks produced in cell culture are a unique tool to provide information about
synapses formation, network development and functionality. To guide adhesion and growth of neural network,
geometrical, chemical or physical surface cues may be used and different patterning techniques can be
employed.
In this work, long term confined 2D neural networks have been obtained on an intermixed agarose/poly-Dlysine (PDL) thin layer. Patterning of the adhesion protein PDL has been obtained by a nano drop system. Rat
embryos hippocampal neurons were cultured on the patterned surfaces; the neuritis development and neural
network growth were observed over time up to 21 days. Depending on its thickness, the intermixed
agarose/PDL layer was proved to be a suitable substrate to allow successful network development. In
particular, for thickness of the polymer cushion below 100 nm, neurons formed connections and remained in
morphologically healthy conditions up to 21 DIV. The correlation between surface properties (morphology,
stiffness, roughness, charge) and neuron adhesion and survival was investigated by AFM, in dry and wet
conditions. Force-Volume mapping of the surface and Electric Force Microscopy (EFM) showed a dominating
effect of surface stiffness and charge density vs topography. Moreover, the geometry of the adhesion protein
pattern was varied, to understand the interplay between geometrical cues and neuron response. In order to
allow connectivity, a critical distance of 70 µm between spots of adhesion protein was found. Finally, the
functionality at 21 DIV of 2D networks grown on agarose/PDL substrates patterned by micro contact printing
was proved by patch clamp and by the measurements of the basal activity on micro electrode arrays.
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Dynamic measurement of TAT membrane penetration
Elizabeth Hager-Barnard, Benjamin Almquist, Nicholas Melosh
476 Lomita Mall, McCullough Building, Stanford, CA, 94305, United States
Abstract
We present a combined experimental and theoretical study of the interactions between cell-penetrating
peptides (CPPs) and lipid bilayers using dynamic AFM measurements. Understanding how CPPs can pass
through cell membranes is critical for designing drug delivery agents. While CPPs like HIV-TAT have been
widely studied, their ability to penetrate membranes directly, without active transport, is still a matter of
considerable debate. Here, we directly measure TAT-lipid mechanics during the actual membrane
translocation event using TAT-functionalized AFM probes to penetrate through a stack of lipid bilayers.
Dynamic force spectroscopy revealed that both the bilayer breakthrough force and bilayer thickness depended
on the TAT-bilayer contact time. The results provide a detailed view of how TAT interacts with the bilayer.
Upon contact, TAT inserts into the bilayer headgroup to a depth of ~1nm in ~0.5ms. During this same
timescale the bilayer thins from 4.2 to 3.2 nm, reflecting TAT-driven reorganization. Unexpectedly, the energy
barrier for penetration actually increases 52 kT after the bilayer thins, indicating the new conformation has not
weakened the bilayer and suggesting TAT cannot penetrate unassisted. Controls with polylysine or
mercaptoundecanoic acid do not show this thinning behavior, implying the unique TAT-lipid interactions play a
significant role. This approach can be further generalized to the interaction of a variety of peptides or
membrane-active molecules with lipid bilayers. Theoretical modeling of dynamic force spectroscopy
measurements shows distinct features related to the timescale and disruption of lipid membranes upon contact
with a molecular species. By adapting existing AFM protocols to look for these features it will be possible to
directly characterize, with microsecond resolution, the dynamics and energetics of the interactions between
lipid bilayers and a wide range of peptides and molecular species.
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Mechanical origin of atherosclerotic plaque weakening
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Abstract
Although the extracellular matrix is the key determinant of the mechanical behavior and stability of tissue,
remarkably little is known on this tissue component. For example, most biomedical research on the human
aorta focuses on biochemical analysis of tissues or the properties of specific cells present in the aorta. We
show that a physics-based approach can yield important complementary insight. By measuring the mechanical
response of the extracellular matrix by AFM and imaging it with confocal microscopy, we show that the spatial
organization of the network structure of collagen fibers plays an important role.
Atherosclerosis is a common condition in which an artery wall thickens as the result of a build-up of a plaque
that is composed of dead cells and fatty materials such as cholesterol. This plaque is covered by a collagen
cap that prevents exposure of the plaque contents to blood. Rupture of this collagen cap leads to immediate
blood clotting and vessel occlusion which can have lethal consequences like a heart attack.
In this study we show how the collagen structure of the cap changes during the growth of the atherosclerotic
plaque and with the AFM we measure the mechanical implications of this change.
Our study not only provides key insight in the failure mechanism of the collagen cap, but also provides
biomedical researchers a new, physics-oriented view to organs, which has implications for the study of wound
healing, myocardial infarction and even cancer cell migration.

Change in collagen structure during plaque progression.
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Human erythrocytes' aging: morphological and mechanical evaluation on
the nanoscale
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Abstract
The study of the mechanical properties of biosystems and the relationship with their biochemical and structural
1
functionality is an increasingly interesting subject of investigation . In recent years, in particular, the use of the
atomic force microscopy (AFM) allowed to push the level of investigation down to the nanoscale providing the
necessary tools for the understanding of the molecular basis of the mechanical behaviour of the biosystems.
In this context, the erythrocytes (RBCs) constitute a particularly interesting subject of study because their
fundamental physiological function requires appropriate mechanical properties that are strongly influenced by
the behaviour of the membrane-skeleton, a robust and elastic network of proteins that lies beneath the
membrane.
Recently a non-destructive method to probe the mechanical properties of the membrane-skeleton by
measuring the value of a statistical morphological parameter, the roughness of the RBCs plasma membrane,
2
has been developed . Accumulated data demonstrate the sensitivity of the roughness to the membrane3
skeleton integrity in pathological erythrocytes and model systems .
The most popular method to get information on the nano-mechanical properties of materials, however, consists
in the acquisition and analysis of force curves (FCs). In the case of RBCs, this requires the collection of FCs in
selected areas of the cells and in samples whose mechanical characteristics are expected to be different for
physiological or pathological reasons.
In the present report, we describe the application of these two methods to investigate a particularly important
physiological pathway: the aging of RBCs. This is an especially important physiological phenomenon that
modulates the proper cell function and triggers the cell turnover by promoting the removal of malfunctioning
cells when specific aging markers appear on their surface. Thus, the cell aging contributes to control of the
number of erythrocytes in the blood circulation and a deeper understanding of the whole phenomenon has
important consequences for the comprehension of some blood pathologies as well as to provide useful
information to optimize the blood storage conditions.
For the specific case under study, the RBCs aging has been accelerated by depleting the cells of their ATP
content and the specimens have been maintained in shelf condition similar to that of the blood banks all time
long. Basic metabolic functions and morphological properties, with special emphasis to the roughness-based
and to the FCs-based detection of the mechanical properties of the cell, have been monitored along with the
progress of the aging path. In particular, the contribution that the two approaches devoted to the investigation
of the nano-mechanical properties can bring to the comprehension of the whole aging plot are discussed in
terms of the functional and structural information on the RBCs’ characteristics that can be derived in selected
relevant cases along with the aging path.
[1] SE Cross et al. Nature Nanotech. 2 (2007) 780.
[2] M Girasole et al. BBA - Biomembranes 1768 (2007) 1268.
[3] G Pompeo et al. BBA – Biomembranes 1798 (2010) 1047.
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Tip-enhanced Raman spectroscopy (TERS) for nanoscale molecular
analysis and spectroscopic imaging
Renato Zenobi
Department of Chemistry and Applied Biosciences, ETH Zürich, Zürich, Switzerland
Abstract
Tip-enhanced Raman spectroscopy (TERS) is the optical / spectroscopic "cousin" of AFM and STM. The
concept of TERS is based on localized surface plasmons, which lead to a local electric field enhancement if a
metal nanostructure is illuminated by a light beam in resonance with the plasmon. In practice, TERS is done by
dipping an STM tip or a metallized AFM tip into the focus of the excitation laser of a Raman microscope. In
certain configurations, TERS can result in the enhancement of Raman scattering by a factor of > 107, resulting
in single molecule sensitivity. TERS provides both exquisite spatial resolution, and, because a vibrational
spectrum is generated, detailed chemical information. In terms of imaging capabilities, TERS has mostly been
used for point spectroscopy in the past, or for imaging at a fixed Raman shift. With the introduction of highly
enhancing TERS tips, fast CCD detectors, and advanced scanning probe microscopy techniques, true
spectroscopic imaging has become a reality. Images can now be recorded with full spectral information at
every pixel, using large pixel numbers (128x128 .... 512x512) in a reasonable time (on the order of minutes).
This will be exemplified with spectroscopic maps obtained on mixed dye layers, segregated lipid domains, selfassembled monolayers, and graphene. Interesting new phenomena can also be observed, for example rapid
spectroscopic changes between adjacent pixels during such an image scan, suggesting that the optical
resolution in TERS is significantly better than the radius of curvature of the TERS tips, in the single-digit nm
range.
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Nanobiocharacterization platform for single-cell studies based on selfsensing probes
Jorge Otero, Laura Gonzalez, Camilo Rojas, Gonzalo Cabezas, Manel Puig-Vidal
SIC-BIO Group, Electronics Department, University of Barcelona, Marti i Franques 1, 08028 Barcelona, Spain
Abstract
Scanning Probe Microscopy (SPM) applied to molecular and cell biology is a growing research field. Although
they were originally developed to acquire very high resolution images of the sample surface, some of the
techniques are being used widely to measure other properties of the sample in the nanoworld apart from
topography.
These techniques allow researchers to study cells and molecules at unprecedented level of detail. But
conventional equipments present some limitations which difficult the conduction of the most complex and
challenging experiments. The main limitation is the use of the same probe to measure different parameters of
the same sample. As a solution, authors present a platform based on coordinated robots equipped with selfsensing nanotools. The developed station is a 20 degrees-of-freedom robotic platform. Two robots are
implemented by combining microstepper motors and piezoelectric stages: they present long travel range and
nanometric fine resolution. The sample is mounted over a piezoelectric tube to get nm and sub-nm resolution
(scanning mode) and mm range of movement (slip-stick mode).
The first tool is used to obtain sample surface images and it is based on quartz tuning fork resonators. The
second tool, based on a piezoresistive cantilever, is used to measure the nanomechanical properties of the
sample. Specific instrumentation circuitry is developed in order to obtain sub-nm resolution in the scan image
and nN resolution in the force measure with the robot’s tools. Finally, different coordination strategies are
implemented to coordinate robots in the micro- and nanoworld.
As a proof of the applications of the developed station in biological experiments, the two different nanotools are
used in a cooperative experiment. The study of the morphology of Escherichia Coli bacteria using a TF tool is
performed. Then, the elasticities of individual bacterium are measured with the AFM cantilever. Then, the
results can be combined due to the use of the implemented coordination strategies. Results obtained are
comparable with the ones obtained with standard AFM techniques reported in the literature. To our knowledge,
it is the first experimental setup in SPM-based nanobiocharacterization where a specific probe is used for each
type of measurement in the experiment.

The implemented robotic station and and series of optical and AFM images of the interest zone.
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Direct immobilization of avidin protein on AFM tip functionalized by
acrylic acid vapour at RF plasma
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Abstract
The Atomic Force Microscopy (AFM) has been used as a force sensor to measure unbinding forces of single
bound complexes in the nano- and piconewton range. Force spectroscopy measurements can be applied to
study both inter- and intramolecular interactions of complex biological and synthetic macromolecules. Although
the AFM has been extensively used as a nano- force sensor, the commercially available cantilever is limited to
silicon and silicon nitride. Those materials reduce the adhesion sensitive with specific surface and/or molecule.
Here we functionalized the AFM tip with COO- groups by applying acrylic acid (AA) vapor at Radio Frequency
(RF) plasma treatment at 100 W for 5 min. This method provides a remarkable sensitivity enhancement on the
functional group interaction specificity. The functionalized tip was characterized by SEM. The electron beam
high resolution images have shown less sharp tip modification. Silicon wafers (1 0 0) – no treated and
functionalized by AA plasma treatment - were characterized by AES to elucidate the silicon surface sputtering.
The FTIR spectrum shows a high absorbance of avidin protein over the silicon surface functionalized by AA
plasma treatment.
We carried out force spectroscopy assay to measure the unbinding force between the well-established pair
biotin-avidin. At pulling speed of 2µm/s we measured an unbinding force of 106 ± 23 pN, which is in good
agreement with the literature, demonstrating the effectiveness of the tip functionalization by AA plasma
treatment in biological studies.
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Biomolecular force-clamp measurements using a micromachined
electrostatic membrane actuator
Hamdi Torun, Ofer Finkler, Levent Degertekin
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Abstract
AFM-based force-clamp spectroscopy has been employed to measure biological events such as protein
folding/unfolding and receptor-ligand interactions. Traditionally, closed-loop operation of the piezo actuator
determines the performance of a force-clamp setup. Here we present a force-clamp setup employing
micromachined membrane-based electrostatic actuators for improved operation. These actuators have sealed
dielectric membranes with buried electrodes and can be used to actuate AFM cantilevers in fluid. The
displacement range of the actuator is defined by the gap height between its electrodes. Current devices have a
displacement range of 1.8 µm with 200 V actuation voltage. This is adequate to probe receptor-ligand interactions
and a variety of protein pulling experiments. The diameter of a typical circular membrane is ~100-300 µm, so the
foot-print and the moving area of a typical device are much smaller than those of a piezo actuator commonly used
in AFM setups. Thus the effective mass of the actuator can be reduced significantly. The membranes can also be
designed relatively stiff to achieve high (a few hundred kHz) resonant frequencies in fluid.
We use a software-based controller in our force-clamp setup. This is a flexible controller and can easily be
modified, even during its operation. The clamp operation of the membrane does not introduce significant
uncertainty on the cantilever readout. In a typical experiment, we found an uncertainty of 0.8 nm including
system noise and drift. Transient response of the setup is currently limited by the amplifier we use and the
settling time for the setup is ~5 ms. This figure can be improved with a faster amplifier, down to 20 µs.
We employ the setup for biomolecular life-time measurements. Using the force-clamp setup, we stretch the
molecular bonds between human IgG and anti-human IgG molecules. The controller keeps the stretching force
constant by updating the membrane position until a rupture event is observed. We verify the life-time values
with a simple Monte Carlo simulation. The simulations are based on Bell parameters we obtained through
molecular pulling experiments and the results are in good agreement with our experimental findings.

Schematic of the experimental setup for biomolecular force-clamp experiments using electrostatic membrane actuators.
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Single bacteria recognition using Electrostatic Force Microsopy
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Abstract
Cultured microbial colonies often exhibit remarkable phenotypic heterogeneity in response to the same
environment. Understanding this heterogeneity is clearly of great importance in microbiology, for example, aiding
the understanding response of a colony to an antibiotic challenge. Heterogeneity may manifest itself, for example,
in differing morphology, development, biochemical and physiological properties, or behaviour. The vast majority
of microbiological protocols rely on data averaged across thousands or millions of cells in a sample and thus
average out this variability. Some cell-to-cell variability may be observed by conventional techniques, such as
optical microscopy, while others require more advanced techniques, which are often perturbative to the sample
and frequently involving labelling or its destruction. Unsurprisingly, considerable effort is being devoted to
1
developing methodologies enabling the investigation of cell-to-cell variability in single bacteria . To overcome the
challenge, in recent years, some groups have started to develop nanoscale techniques and methods in what is
2-4
being named nano-microbiology . Until now, almost all investigations in this emerging field of research have
been performed with the use of the force measuring capabilities of conventional atomic force microscopes in
order to gain nanoscale insight on morphological, adhesion and mechanical properties of single bacteria cells.
In spite of these promising results, much still remains to be explored in order to better understand the single
bacteria cell variability. We propose that electrical AFM measurements of single bacteria cells; addressing
amongst others: surface charges, dielectric constants, conductivity, etc. offer complementary data that can be
used to aid identification of different phenotypes without the need for labelling, or otherwise complex sample
preparation.
In the present communication we present a methodology to measure the effective dielectric constant of single
bacteria cells with nanoscale spatial resolution (~100 nm) in air environment. The methodology is based on the
realization of Electrostatic Force Microscopy measurements on single bacteria cell and their quantitative
interpretation through the use of finite element numerical simulations and of a tip geometry calibration protocol.
We present proof of concept results obtained on gram negative (salmonella) and gram positive (lactobacillus)
bacteria showing a remarkable difference in their dielectric constant, as seen in figure 1. The difference observed
is compatible with the polar and non polar nature of the corresponding bacteria surfaces.
[1] S V Avery, Nat Rev Microbiology 4, 577 (2006)
[2] YF Dufrene, Nat Rev Microbiology 2, 451 (2004)
[3] D Alsteens et al. Nanosc Res Lett. 2, 365–372 (2007)
[4] Y F Dufrene. The Analyst 133, 297–301 (2008)

(A) Electrostatic force in the second harmonic of the tip approximation to a single Samonella enterica (S. Typhimurium)
SV5015 compared to the simulations for different dielectric constants. (B) The same done for Lactobacillus sakei.
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Simulating non-contact AFM imaging of calcite in water
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Abstract
As a first step towards understanding AFM imaging of complex biosystems in water, we study calcite as a
model system. The calcite surface has been studied extensively because of its important role in
biomineralization, industrial applications, and as substrate for biomolecule growth and manipulation. Although
1
2
recent atomically resolved non-contact AFM images of calcite in water resemble those obtained in UHV , the
3
imaging mechanism in liquid is more complicated , due to the presence of hydration layers around the tip and
surface. These lead to entropic contributions to the force acting on the AFM tip. In this work, we use molecular
dynamics simulations and free energy calculations to study the AFM imaging mechanism in water (see Fig. 1).
The force-distance curves obtained from simulation agree with the contrasts observed in experimental images.
[1] S Rode, N Oyabu, K Kobayashi et al. Langmuir 25, 2850 (2009).
[2] J Schütte, P Rahe, L Tröger et al. Langmuir 26, 8295 (2010).
[3] M Watkins and AL Shluger. Phys Rev Lett. 105, 196101 (2010).

Figure 1: Imaging the calcite surface with a silica tip in water. Left: snapshot of the molecular dynamics
simulation. Water molecules are shown in a licorice representation and hydrogen bonds are indicated by dotted
red lines. Right: force-distance curves above calcium (green), protruding oxygen (red), and carbon (cyan)
atoms obtained from simulation.
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AFM microinjection system for operations on single living cells
Joanna Bitterli, André Meister, Philippe Nidermann, Martha Liley, Harry Heinzelman
CSEM, Centre Suisse d'Electronique et de Microtechnique SA, Jaquet - Droz 1, CH - 2002, Neuchâtel, Switzerland
Abstract
A lot of effort has been dedicated to use atomic force microscopy (AFM) as a microinjection tool. The AFM
probe is used as a needle that delivers molecules into the cell and the AFM microscope controls precisely the
interactions between the probe and the cell membrane. Three methods have been developed to allow the AFM
probe to deliver the molecules into the cells. The first one, and most common method, uses adsorption of
molecules on to the AFM tip (Cuerrier, 2007). Once the tip is inside the cell, the molecules are released from
the tip and into the cell. The second method, nanofountain probe (NFP), is based on probes which have a built
in reservoir filled with molecules and microfluidic channels connected to the reservoir and the tip. The
molecules are transferred from the reservoir to the tip using capillary forces. In order to use capillary forces the
extant media have to be temporarily removed from the cell culture so only a thin meniscus of liquid remains
covering the cells (Loh, 2009). The probes which have reservoir filled with molecules can perform high number
of cell injections compare to the probes which have molecules only attached to the tip. The third method,
nanoscale dispensing (NADIS), is also based on specially fabricated probes with built in reservoir and
microfluidic channels connected to the reservoir and the tip (Meister, 2009). The difference is that the flow of
molecules is controlled with pressure pulses and the extant media do not need to be removed. Using pressure
pulses to deliver molecules, instead of capillary forces, allows control over the volume injected into the cell.
(Figure 1 presents schematic drawing of all 3 methods). This makes the last technique the most promising but
also technically most challenging. We are showing a complete implementation of such a system. The system
consists of an atomic force microscope, a microinjection pump, an AFM holder with fluidic channels and the
NADIS probe. We will discuss the microfabrication of the NADIS probes, the geometry of the microfluidic
channels embedded in the probes, the shape of the tip and sizes of the opening located at the tip. In addition
we will address questions regarding the maximal volume injected into the cell trough the opening located at the
tip. Control of the volume injected from the tip occurs via controlling the time of the pressure pulses generated
by the microinjection pump. We will address survival rate of the cells and efficiency of successful
microinjection. We will also discuss the possibility of nuclear injection using NADIS probes. Finally we propose
several applications for this technique.

Figure 1. Intracellular injection with: a) Standard AFM probe, the tip is functionalized with the molecules, b) NFP
probe, source: Nanofountain Probe for Single – Cell transfection, www.nanoscope.northwestern.edu Volume 7,
Issue 1, Summer 2010 Nanoscpae 37, c) NADIS system, d) NADIS probe with reservoirs, e) cantilever with two
beams, f) cross section of the cantilever with the 2 beams showing microfluidic channels, g) tip with opening.
Optical image: h) AFM microscope with NADIS probe connected to the microinjector, i) Optical image of a group
of cells stained with a dye using a NADIS probe. The NADIS tip was brought close to a cell. A dye precursor
was then released onto the cell to stain it.
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Investigation of structural and chemical changes in genetically modified
Saccharomyces cerevisiae yeast cells by combined AFM and Raman
spectroscopy
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Abstract
The aim of this work was to analyze the Saccharomyces cerevisiae yeast cells using the Micro-Raman and
Tip-enhanced Raman (TERS) spectroscopy together with Atomic force microscopy (AFM) to monitor the
changes in the cells biochemistry and morphology produced by genetic modification.
The Raman spectroscopy of biological tissues and cells is useful and important in the fields of medical and
biological diagnosis. It is a label-free technique for generating unique spectral fingerprints from
microorganisms. On the other hand using of gold AFM cantilevers in the combination with Raman leads to
excitation of surface plasmon resonance on metallic surface and enhancement a quite weak Raman signal in
biological samples. Since the AFM tip is of the nanometer scale, the additional option is the possibility to obtain
localized enhancement on the same scale (10-20 nm).
In this work the differences of the cell membranes of Saccharomyces cerevisiae parental and the modified
strains were identified using Micro-Raman and TERS spectroscopy. AFM was used to evaluate the life-form,
shape and size of the yeast Saccharomyces cerevisiae cells, as well as the cell membrane surface
topographical differences between the parental strain 21PMR MAT? ?leu2 ura3-52 [kil-0] and its transformant
21PMR-[YEpsec1-GDH-ab] synthesizing membranous protein GDH-ab.
The yeast cells samples were prepared by: (i) transfer of cell colonies on clean glass, (ii) centrifugation of cells
water suspension at the low rotation speed and removing of cells on clean glass, and (iii) growth of cell
colonies directly on agar plate.
Raman investigations were done using NTEGRA Spectra system (NT-MDT Inc.) on both inverted and upright
configurations (with 100x high NA objectives and bulk gold cantilevers for TERS measurements) at the
excitation wavelength of 632.8 nm and the controlling laser power in the range of 0.07-70 mW. The acquisition
time varied between 10 to 60 seconds. For non-modified yeast cells we have observed a sufficiently strong
fingerprint region bands at 900, 1100, 1180, 1280, 1450, 1650, 1875, and 2900 cm-1. In the case of modified
cells the intensity of these bands is significantly smaller and some additional bands arise; however, further
investigation is needed for interpretation of this fact.
AFM investigations were done on NTEGRA Spectra system (upright configuration) in the tapping mode using
commercial silicon cantilevers NSG11 with a force constant of 5 Nm–1 (for topography images) and in the
contact mode using CSG10 cantilevers with a force constant of 0.1 Nm–1 (for characterization of membrane
elastic properties). The forced displacement measurements have been used to identify the difference in
mechanical properties of the parental and modified cells. It was observed the difference in morphology of the
cells membrane. The modified cells have the surface roughness in 1.5-2 times higher than non-modified ones
at the same size of both cells. The AFM investigations of cells membrane morphology revealed the membrane
morphology changes and membrane fracturing is going faster in modified cells.
The obtained results indicate that Raman spectroscopy combined with AFM can be used for fingerprinting of
different yeast strains and structural analysis of cellular compartments.
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Use of Crooks fluctuation theorem to study the interdomain folding
cooperativity of a protein
Carlos, Bustamante
Department of Molecular and Cell Biology, Department of Physics, Department of Chemistry and QB3 Institute
University of California, Berkeley, CA 94720, USA
Abstract
Proteins are complex functional molecules that tend to segregate into structural regions. Throughout evolution,
biology has harnessed this modularity to carry out specialized roles and regulate higher-order functions such
as allostery. Cooperative communication between such protein regions is important for catalysis, regulation,
and efficient folding; indeed, lack of domain coupling has been implicated in the formation of fibrils and other
misfolding pathologies. How domains communicate and contribute to a protein’s energetics and folding,
however, is still poorly understood. Bulk methods rely on a simultaneous and global perturbation of the system
(temperature or chemical denaturants) and can miss potential intermediates, thereby overestimating protein
cooperativity and domain coupling.
One possible way around this problem is to use single molecule manipulation methods (optical tweezers or
AFM) to mechanically induce the selective unfolding of particular regions of single protein while one monitors
the response of other regions not directly affected by the external force. However this approaches posses an
even more challenging difficulty, i.e., How can we learn about the state of regions of the molecule not
encompassed between the points of attachment used to pull on the protein? To solve this problem, we surmise
that it should be possible to reveal the status of protein regions not directly subjected to force by determining
the free energy needed to unfold the mechanically affected part. If there is no coupling between the region
manipulated and the other domains in the protein, then the free energy should reflect that required only to
unfold the local domain being directly affected by the force. On the other hand, if there is coupling between
domains, a larger free energy will be determined, corresponding to the domain directly manipulated and the
one coupled to it. However, unfolding of any protein region by force does not usually occur at equilibrium and
therefore the work done by the tweezers or the AFM is irreversible and necessarily larger than the free energy
change associated with that process. To overcome this problem we applied one of the newly derived
fluctuation theorems (Crook’s theorem) that makes it possible to extract equilibrium thermodynamic information
from the irreversible work done on a system. In this way we evaluate the cooperativity between domains by
determining the unfolding energy of topological variants pulled along different directions. We show that
topology of the polypeptide chain critically determines the folding cooperativity between domains and, thus,
what parts of the folding/unfolding landscape are explored. We speculate that proteins may have evolved to
select certain topologies that increase coupling between regions to avoid areas of the landscape that lead to
kinetic trapping and misfolding.
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The effect of co-solutes and temperature on single polypeptide
adsorption
Sandra Kienle, Thorsten Hugel
Physics Department, Institute for Medical Engineering (IMETUM) and Nanosystems Initiative Munich (NIM), TU
Munich, Boltzmannstr. 11, 85748 Garching, Germany
Abstract
Co-solutes like ions, ligands or small molecules determine the function of many proteins not only in solution,
but also in the presence of interfaces (like lipid bilayers). The co-solutes can change the interaction of the
protein with the interface as well as its folding or unfolding behavior. The same holds true for variations in the
ambient temperature.
1
In our previously introduced molecular force sensor , a polypeptide is bound covalently to the AFM tip and can
be desorbed from different surfaces in aqueous environment. This setup allows us to do several hundred force
- distance curves with one and the same polypeptide under different conditions. From these curves we get the
1
desorption force, the desorption length and the Gibbs free energy .
We recently extended this method to investigate the interaction between polypeptides, co-solutes and surfaces
2,3
under different temperatures . We present how binding of co-solutes like glucose or urea can be translated
into a change in polypeptide desorption force to gain information on the association constants and the
adsorption site length.
By measuring the desorption force for different solution temperatures and calculating the Gibbs free energy of
the desorption process for each temperature we get information about the entropy and the enthalpy in
dependence of the polypeptide and the surface used. These thermodynamic parameters allow to put entropy
4
5
convergence onto a test and can directly be compared with theoretical MD-simulations .
[1] M Geisler, T Pirzer, C Ackerschott, S Lud, J Garrido, T Scheibel, T Hugel. Langmuir 24, 1350 (2008)
[2] M Geisler, RR Netz, T Hugel. PCT/EP2011/055062
[3] M Geisler, RR Netz, T Hugel. Angewandte Chemie-International Edition 49, 4730 (2010)
[4] PL Privalov and NN Khechinashvili. Journal of Molecular Biology 86, 665 (1974)
[5] F Sedlmeier, D Horinek and RR Netz. Journal of Chemical Physics 134, 055105 (2011)

AFM-based molecular force probe

35/168

Session: Force and mechanical measurements

ORAL PRESENTATION

Role of JAMs in mediating metastatic progression: an AFM Study
Justyna Jaczewska, Anila Qureshi, Ewa P. Wojcikiewicz
Florida Atlantic University, Charles E. Schmidt College of Medicine, Department of Biomedical Science
777 Glades Rd., PO Box 3091, Boca Raton, FL 33431
Abstract
Altered cell to cell and cell to extracellular matrix (ECM) interactions are the hallmark of cancer cell metastasis.
These changes entail altered cell adhesive and mechanical properties and are accompanied by altering
adhesion receptor levels. One such group of receptors is the Junctional Adhesion Molecules (JAMs), altered
levels of which have been implicated in the metastatic progression of mammary epithelial cells. JAMs belong to
the Immunoglobulin superfamily of receptors and are involved in cell adhesion, maintenance of cell polarity,
control of junctional permeability, and cell signaling, all of which are altered during metastasis. However, the
role of soluble JAMs (sJAMs), cleaved from the cell surface in response to inflammatory mediators, is still
poorly understood. The presence of sJAMs may physically disrupt cellular junctions thus facilitating cell
detachment as well as initiating pro-migratory signal transduction pathways. We hypothesize that compliance
changes of mammary epithelial cell lines may be a predictor of their invasiveness. Secondly, we postulate that
sJAMs play a role in altering the mechanical and adhesive properties of these cell lines. We employed atomic
force microscopy (AFM) whole cell adhesion and compliance measurements in conjunction with both woundinduced migration and invasion assays to address our hypotheses. Our results indicate that the most invasive
mammary epithelial cancer cell lines are also the most compliant, with the degree of compliance increasing
incrementally with cell invasiveness. Subsequently we investigated the potential role of sJAMs in mediating
metastatic progression. Our AFM measurements indicate that sJAM treatment of normal mammary epithelial
cells reduces their compliance to the level observed in cancerous cell lines. Preliminary whole cell AFM
adhesion data also suggest a reduction in extracellular matrix (ECM) interactions as indicated by a reduction in
the work of de-adhesion of our cell lines to ECM components. Further investigation is underway to determine if
these changes alone are sufficient for increased mammary epithelial cell invasiveness. In conclusion, our work
addresses one potential pro-metastatic mechanism that may be utilized by cancer cells to alter their
biophysical properties thus facilitating metastasis.
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Probing viscoelastic properties of decellularized lung matrix with atomic
force microscopy
Tomás Luque, Esther Melo, Joaquin Cortiella, Joan Nichols, Ramon Farre, Daniel Navajas
Unitat de Biofísica i Bioenginyeria, Dept. de Ciències Fisiològiques I, Facultat de Medicina, Universitat de
Barcelona, c/Casanova, 143, 08036 Barcelona, Spain
Abstract
Engineered lungs are potentially useful as an alternative in lung transplantation. It has been shown that
differentiation of both adult and embryonic stem cells in culture depends on the mechanical properties of the
substrate. Moreover, a site-specific differentiation pattern has been recently found when seeding embryonic
stem cells inside decellularized lung matrices. Therefore, the mechanical interaction with the microenvironment
could be critical in determining the fate of stem cells in the lung. Although the complex elastic modulus (G*) of
lung epithelial cells is known to be ~1 kPa, the mechanical properties of the alveolar extracellular matrix (ECM)
are poorly defined. The aim of this work was to study the viscoelastic properties of the alveolar ECM of
decellularized rat lungs by Atomic Force Microscopy (AFM). Rat lungs (N=3) were harvested from
exsanguinated adult Sprague-Dawley rats and treated with a detergent solution to remove cellular
components. Decellularization was carried out by subsequent freezing and thawing and sodium dodecyl sulfate
perfusion. After several washes with PBS, the upper lobe of the left lung was snap frozen with liquid nitrogen in
tissue freezing medium (OCT). Lung sections (~7 um thick) were then obtained using a cryostat and placed on
top of positively charged glass slides. Several rinses with PBS were performed prior to the AFM
measurements. The samples were probed with a silicon nitride V-shape cantilever (nominal stiff constant of
0.03 N/m) with a pyramidal tip. After calibration of the photodiode on the glass surface, the alveolar ECM was
indented (at 10 um/s) up to 1 um to acquire force curves. The zero deflection offset and the contact point were
computed by fitting the pyramidal Hertz contact model to these curves. Then the sample was indented 0.5 um
and low-amplitude (50 nm) sinusoidal oscillations (1.6 Hz) were applied to the ECM. G* was computed in the
frequency domain from the ratio of the Fourier transforms of oscillatory force and oscillatory indentation. G*
data was separated into storage (G’) and loss moduli (G* = G’ + iG’’). We also computed the tangent ratio
(G’’/G’), which is an index of the solid-like (<<1) or liquid-like (>>1) behavior of the sample. Measurements
were taken at the center of alveolar septa and at alveolar corners. AFM contact images were obtained at
different regions of the decellularized matrix. The figure shows an example of height and deflection images
acquired at the center of an alveolar septum of the matrix. At alveolar septa, G’ was 4.4 ± 1.0 kPa (mean ±
SD), G’’ = 0.4 ± 0.1 kPa and G’’/G’ = 0.10 ± 0.01. At alveolar corners G’ was 3.9 ± 0.9 kPa (mean ± SD), G’’ =
0.4 ± 0.1 kPa and G’’/G’ = 0.11 ± 0.01. Differences between G* values in septa and corners were not
statistically significant. We conclude that alveolar extracellular matrix exhibits a predominant solid-like behavior
with stiffness slightly higher than that of alveolar epithelial cells.

Height (left, colour level ranges 4 µm) and deflection error (right) images obtained in contact mode at the
center of an alveolar septum of the ECM. Scan size is 10 µm.
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Mechanical mapping of single proteins at submolecular resolution
Felix Rico, Chanmin Su, Simon Scheuring
1
2

Institut Curie, U1006 INSERM, 26 rue d’Ulm, Paris, France 75005
Bruker Nano, Inc. 112 Robin Hill Road, Santa Barbara, CA 93117

Abstract
The capacity of proteins to carry out different functions is related to their ability to undergo conformation
changes, which depends on the flexibility of protein structures. There are some indirect measurements to
estimate the mechanical properties of protein domains, such as B-factors derived from crystallographic
analysis and unfolding forces form dynamic force spectroscopy. However, the determination of the actual
flexibility of proteins and protein substructures is difficult to be quantitatively estimated. In this work, we applied
an imaging mode based on indentation force spectroscopy (Peak Force) to map quantitatively the flexibility of
individual membrane proteins in their native, folded state at unprecedented submolecular resolution. Our
results enabled us to correlate protein flexibility with crystal structure and showed that a-helices are stiff
structures that may contribute importantly to the mechanical stability of membrane proteins, while inter-helical
loops appeared more flexible, allowing conformational changes related to function.

High-resolution images of topography (A) and stiffness (B). Individual trimers are encircled. Three-fold
symetrized correlation average topograph (C) and stiffness (D) calculated from 13 bacteriorhodopsin trimers
from A and B.
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Force-induced formation and propagation of adhesion nanodomains on
living yeast cells
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2
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Abstract
Unravelling the structure-function relationships of the yeast cell wall is a major challenge in current
microbiology. A key question is to understand how cell wall proteins respond to mechanical force and how they
assemble to form nanodomains.
By combining single-molecule atomic force microscopy (AFM) with the tools of genetics and cell biology, we
showed that the precise delivery of piconewton forces on yeast adhesion proteins (adhesins) triggers the
formation of adhesion nanodomains on live cells (Alsteens et al. 2010; Garcia et al. 2011). Single Als5p
adhesins from the pathogen Candida albicans were pulled with AFM tips terminated with specific antibodies.
Single-molecule stretching induced the formation of adhesion domains of 100–500 nm, that we called
“nanoadhesomes”, and their propagation over the entire cell surface. This was consistent with earlier
microscopic studies showing that following adhesion of one region of the cell to fibronectin-coated beads, the
entire surface of the cells becomes competent to mediate cell-cell aggregation. We showed that Als5p
nanodomains resulted from protein redistribution triggered by force-induced conformational changes in the
initially probed proteins, rather than from non-specific cell wall perturbations. Using AFM and fluorescence
microscopy, we also found that nanodomains are formed within ~30 min, and migrate at a speed of ~20
nm.min-1, thus indicating that domain formation and propagation are slow, time-dependent processes. Lastly,
we demonstrated that clustering is abolished with a single-site mutation in the conserved amyloid-forming
sequence of the protein, indicating that amyloid interactions represent the driving force underlying Als5p
clustering.
What is the mechanism underlying domain formation? We suggest that, in the initial stage, stretching and
unfolding of Als5p with the AFM tip extend conformations in which homologous hydrophobic interactions are
favored. Fast hydrophobic interactions between extended tandem repeats would first promote Als5p selfassociations and the recruitment of further neighboring proteins. Next, slower interactions would take place
between the stimulated proteins, such as amyloid interactions between threonine-rich regions, and then
propagate across the entire surface.
Collectively, our experiments demonstrate that AFM is a powerful platform for analyzing the localization and
mechanics of individual yeast cell wall proteins. Our data shed new light into the mechanical response of yeast
adhesins, and contribute to refine our understanding of the molecular bases of cell adhesion. The results are
also of medical relevance since they offer exciting prospects in therapeutics for developing new antimicrobial
strategies to fight pathogens.
[1] Alsteens D, MC Garcia, et al. (2010). Force-induced formation and propagation of adhesion nanodomains in living
fungal cells. Proceedings of the National Academy of Sciences of the United States of America 107 20744-20749.
[2] Garcia MC, JT Lee, et al. (2011). A Role for Amyloid in Cell Aggregation and Biofilm Formation. Plos One 6
e17632.
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Imaging the dynamic clustering of cell adhesion proteins on the surface of a living cell. A) Single C. albicans
adhesins were localized and stretched using an AFM tip bearing specific antibodies, on different locations of a
single yeast cell. B) Molecular recognition map recorded on a cell that was never probed, thus not subjected to
force. Coloured pixels document the detection of single proteins (the blue and red pixels correspond to forces
in the 0-150 pN and 150-300 pN range, respectively). Most proteins were isolated and evenly distributed,
without any clear evidence for clustering. C) Subsequent recognition map recorded on a remote area of the
same but force-stimulated cell. Proteins in the second map were no longer isolated but clustered into
nanodomains referred to as “nanoadhesomes”.
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Frequency dependent modulus of elasticity of a polymer blend measured
with PFM and nanoindentation
Kim Sweers, Kees van der Werf, Dirk van den Ende*, Martin Bennink, Vinod Subramaniam
Nanobiophysics (*Physics of Complex Fluids), Faculty of Science & Technology, Mesa+ Institute for
Nanotechnology, PO Box 217, 7500 AE Enschede, University of Twente, The Netherlands
Abstract
Recently several AFM surface property mapping techniques like pulsed force microscopy (PFM), HarmoniX or
Peakforce QNM, have been introduced. These modes all work at different operating frequencies. However,
complex materials are known to display viscoelastic behavior, a combination of solid and fluid-like responses,
depending on the frequency at which the sample is probed. Here, we show the frequency dependent behavior
of a polymer blend frequently used as a calibration sample.
The soft and hard components of the polymer blend are low-density polyethylene (LDPE) and polystyrene
(PS), with a stiffness of 0.2 GPa and 2 GPa respectively. The spring constant of the AFM cantilever is matched
to the LDPE. From 260 Hz to 1100 Hz the sample was imaged with the PFM method as implemented on a
WITec alpha300 microscope series (Figure 1). At low frequencies, single-point nanoindentation was performed
on a Bruker Bioscope Catalyst. The ratio of the LDPE and PS stiffness was calculated for both measurement
methods (Figure 2B). The relative height of the LDPE islands (with respect to the PS) was plotted as a function
of the frequency and show a much lower height than measured with tapping mode at 120 kHz (Figure 2A).
Both graphs clearly show a frequency dependent behavior.
We show that viscoelastic effects are clearly measurable with AFM, and should be kept in mind when
measuring polymers or complex biological samples at different, especially high, frequencies.

Figure: (A) Height increase of a large LDPE island versus frequency. (B) Stiffness increase of LDPE island w to
the stiffness of PS as a function of frequency. (C) Height and stiffness images at 4 different frequencies, where
the height of the LDPE droplets gradually increases and the contrast of the stiffness between both polymers
decreases (image size 2.5*10 µm).
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Quantitative nanomechanical mapping of marine diatom in seawater
using Peak Force Tapping AFM
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Abstract
It is generally accepted that a diatom cell wall is characterized by a siliceous skeleton covered by an organic
envelope essentially composed of polysaccharides and proteins. Understanding of how the organic component
is associated with the silica structure provides an important insight into the biomineralization process and
patterning on the cellular level.
We have selected weakly silicified marine diatom Cylindrotheca closterium. The unique characteristics of
Cylindrotheca spp. cell wall are regions which are believed to be completely unsilicified. The nanomechanical
properties were measured over the entire cell surface in seawater at a resolution that was not achieved in
previous studies of marine diatoms. Based on nanomechanical mapping of diatom cell wall we discovered silica
nanoparticles in the valve region that has been reported to be unsilicified and purely organic. A cell wall model
is proposed with individual silica nanoparticles incorporated in an organic matrix. Such organization of girdle
band and valve regions enables the high flexibility needed for movement and adaptation to different
environments while maintaining the integrity of the cell.
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Mechanisms underlying the long-distance coordination of structural
changes within a pore-forming toxin complex: Intra-protein forces and
cooperative subcomplexes
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Abstract
Perfringolysin O (PFO) is the prototypical member of a large family of cholesterol-dependent pore-forming
cytolysins. These proteins are secreted as water-soluble monomers that bind to a lipid membrane, assemble
into ring-shaped prepore complexes of usually 30-50 monomers, and then finally insert into the bilayer,
apparently simultaneously, to form the pore. Within a single monomer, this membrane insertion process occurs
as one of its domains (D2) collapses during the refolding and bilayer insertion of another of its domains (the
TMHs). Two of the most poorly understood aspects of the PFO pore-forming process are how the
conformational changes within these two distant regions in a single monomer are coordinated and how the
structural changes within one monomer are coordinated with those of the other monomers within the same
complex, some of which can be more than 25 monomers (~60nm) away.
For the first question, we found that the typically used models describing long distance communication within
proteins, the sequential (Koshland-Némethy-Filmer) and the concerted (Monod-Wyman-Changeux) models,
did not provide a satisfactory explanation for the observed structural changes in PFO. Here we propose a third
model in which the conformational changes that occur in one region (the TMHs) produce an intra-protein
compressive pressure across the other region (the D2 domain), which then catalyzes its restructuring. We
provide evidence for this model with molecular dynamic simulations, free energy calculations, and single
molecule mechanical manipulations and imaging with atomic force microscopy (AFM). The novelty of this
model resides in the proposition that it is the force exerted by one domain onto another that drives the
conformational changes in the latter. For the second question, we present our findings for a hierarchal
organization of the structure and cooperativity in the PFO complexes. We show that PFO complexes most
frequently consist of an integral multiple of six monomers, suggesting that hexamers are a basic “building
block” of the assembly. Moreover, we have found that the prepore to pore conversion appears to occur, within
a single complex, in terms of multiples of hexameric blocks, suggesting that hexamers are also a basic
“cooperative block” of the complex. Thus, we suggest that the long distance coordination of structural changes
between monomers in PFO complexes is achieved by a first cooperative coordination of the conformational
changes of monomers within a hexameric unit, and then a coordination of the structural changes between
these units. We anticipate that these principles may be of general relevance to other bacterial pore-forming
complexes and may provide a rational basis for the engineering of specifically tailored pores for
biotechnological applications.
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FM-AFM constant height imaging and force curves: high resolution study
of DNA-tip interactions
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Abstract
AFM is a widely used tool in Biophysics for single-molecule studies. Fundamental biological molecules have
been observed with AFM such as proteins, DNA, and lipids. Here we present our results on DNA. Even if the
1
periodicity and the right-handed chirality of the DNA double helix have been shown by AFM , the ultimate submolecular resolution is still lacking. It must be stressed that the DNA structure can be influenced by the
interaction with the substrate on which molecules are fixed, and strong interaction of the AFM tip with the
sample (as in contact mode AFM) can be invasive for soft samples. The choice of appropriate substrates and
the implementation of tapping mode AFM are crucial starting points to obtain any good result in this field of
research.
Dynamic mode AFM allows atomic resolution on flat surfaces. For rougher samples, the morphology and
thermal vibrations are resolution limiting factors. Nevertheless, recent works showed that it is possible to obtain
2
3
atomic structure of Pentacene molecules and on the top of single-walled carbon nanotubes at low
temperature (LT) with dynamic mode AFM. In our work, we are trying to apply the same concepts to the
imaging of biological samples, more precisely to switch off the vertical feedback to reduce noise (constant
height imaging of frequency shift) and to acquire 3D frequency shift maps. Our main interest is dsDNA,
observed at RT and LT, in UHV, and deposited either with Mg2+ on mica or on APTES modified mica
substrates.
Our data shows that with flexible samples such as DNA the substrate flatness is a critical and often limiting
factor in obtaining atomic-level resolution. Frequency shift maps at constant height show previously
unobserved details on DNA molecules with size comparable to phosphate groups. Non contact topographic
images along the DNA show periodical variations reminiscent of the right handed helix.
Single frequency shift vs. distance curves can be acquired along the DNA molecules and converted in force
4
curves . They show similar periodical variations. We are trying to model the influence of the substrate and to
determine the tip-sample interaction.
[1] HG Hansma. Annu Rev Phys Chem. 52 (2001) 71.
[2] L Gross, F Mohn, N Moll, P Liljeroth, G Meyer. Science 325 (2009) 1110.
[3] M Ashino, A Schwartz, T Behnke, R Wiesendanger. Phys Rev Lett. 93 (13) (2004) 136101.
[4] JE Sader and S P Jarvis. Appl Phys Lett. 84, 10 (2004) 1801.
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High-resolution AFM by tracking the resonance frequency of ultrasmall
cantilevers
Carl Leung, Bart W. Hoogenboom
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Abstract
Ultrasmall cantilevers have been a key element for fast-scanning AFM experiments. They are characterized by
their high resonance frequencies and a relatively low thermal noise threshold which determines the ultimate
noise floor for AFM. Thus far, ultrasmall cantilevers have been operated in intermittent contact (tapping) mode
but not in the so-called non-contact modes for imaging biomolecules in liquid. These modes rely on tracking
shifts in cantilever resonance frequency. With conventional cantilevers, they have been successfully applied to
obtain atomic-resolution images in liquid and are increasingly used for high-resolution imaging of biomolecules.
Here we report on high-resolution imaging experiments on a number of benchmark samples, obtained by
tracking MHz resonance frequencies of ultrasmall cantilevers. Overcoming a number of experimental obstacles
that have thus far prevented this type of experiments, our experimental set-up uses an interferometric detection
scheme1-3, optical cantilever actuation, and a customized Vortis controller from JPK Instruments. It has
achieved subnanometre-resolution on mica and on the membrane protein bacteriorhodopsin. In addition, it
enables us to measure DNA at higher resolution and at significantly lower forces than intermittent contact
mode.
[1] Hoogenboom BW, Hug HJ, Pellmont Y, Martin S, Frederix PLTM, Fotiadis D, Engel A, “Quantitative
dynamic-mode scanning force microscopy in liquid,” Applied Physics Letters, 88, 193109, (2006).
[2] Hoogenboom BW, Suda K, Engel A, Fotiadis D, “The supramolecular assemblies of voltage-dependent
anion channels in the native membrane,” Journal of Molecular Biology, 370, 246, (2007).
[3] Hoogenboom BW, Frederix PLTM, Yang JL, Martin S, Pellmont Y, Steinacher M, Zach S, Langenbach E,
Heimbeck HJ, “A Fabry-Perot interferometer for micrometer-sized cantilevers,” Applied Physics Letters, 86,
074101, (2005).
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Myelinating and demyelinating phenotype of Trembler-J mice by Atomic
Force Microscopy and Confocal Microscopy
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Abstract
The functional study of myelination and demyelination using Trembler-J mice sciatic nerves was analyzed with
atomic force microscopy (AFM) and Confocal Microscopy (CM). AFM permits nano-scale imaging and probing
of biological samples in a physiologically relevant environment. This study reports the application of AFM as a
detector of profound topographical and nano-mechanical changes that occur during neuropathological
processes such as the Charcot-Marie-Tooth type 1A (CMT1A) syndrome. CMT1A is the most frequent human
hereditary demyelinating neuropathy. Trembler-J mice are frequently used as an animal model to study
CMT1A. The mapping of the putative primary defect as a T1703C semidominant point mutation in pmp-22
gene, on mouse chromosome 11, (resulting in the substitution of a leucine residue by a proline residue in the
PMP-22) shows a gene dosage effect and raised a specific myelin disorder. PMP-22 is a transmembrane
protein synthesized by myelinating Schwann Cells which plays a key role in the maintenance of myelin
structure and compaction. The substitution in PMP-22 protein prevents normal protein folding, avoiding
membrane insertion of PMP-22 and normal myelination.
During CMT1A pathological process and disease evolution, Schwann cells and axons go through different
changes which affect the normal cellular kinetic of the cytoskeleton arrangement (e.g. actin and
neurofilaments), the extracellular matrix organization (e.g. laminin, fibronectin and several collagen types) and
basal lamina formation, among others. Components of basal lamina and the secretion and formation of
extracellular matrix proteins by Schwann cells have been demonstrated to be a requisite for proper myelin
formation and maturation.
Two key properties of eukaryotic cells, stiffness and elasticity, are determined by the underlying cytoskeleton
and can be measured with AFM and correlated with images of topographical cell surface. In this work,
topographical, mechanical and molecular changes occurring during pathological myelination in adult sciatic
nerve fibers from Trembler-J mice were analyzed by AFM and successive CM. AFM images obtained from the
surface of myelinating Schwann cells of Trembler-J mice showed significant alterations in the organization of
extracellular matrix components. In particular, results indicated that those differences might correspond to an
altered collagen fiber secretion and surface organization. Additionally, actin cytoskeleton organization and a
non specific perinuclear and myelin PMP22 distribution were observed by CM in pathological SC compared to
normal cells. These observations might suggest that unfolded PMP22 aggregates in SC cytoplasm remains
anchored in the endoplasmic reticulum and/or the Golgi apparatus. Differences in biomechanical properties
between normal and demyelinating Schwann cells were determined by AFM. This observation suggests that
myelinating Trembler-J fibers might be less stiffer than normal fibers agree with differences found in actin
cytoskelton organization.
Taking all these results into account, AFM nano-scale imaging focused on topographic and nanomechanical
properties might let a new approach to study the myelination and demyelination processes. This indicates that
AFM might be considered as a potential tool for providing early efficient diagnosis of peripheral neuropathies.
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Figure. AFM images. Representative AFM images of the Schwann cell surface from wild-type (A1, A2 and A3)
and Trembler-J (B1, B2 and B3) adult sibling mice. (A3) and (B3) show 3-dimensional height images. AFM
images were obtained in contact mode under liquid (buffer) conditions. Topographical images showed
alterations in the collagen fiber organization in Trembler-J Schwann cell extracellular matrix compared to the
wild-type phenotype. Images size 6µm.
Mechanical measurements. Force-distance curves were generated on the surface of fixed Schwann cells along
the internodal region. After the images were scanned, single ramps were obtained and averages were plotted
in (C). Wild-type (blue line, n=8), Trembler-J (red line, n=8). Trembler-J fibers were less stiff compared to the
wild-type condition. Mechanical properties of cell surface were determined using a DNP-10 (veeco probes)
AFM tip, Kc=0.4310 N/m.
Genotyping. (D) 6% PAGE showing wild-type and Trembler-J mice genotyping. The fragment size of the
molecular marker (MM) is indicated at left in bp. After the BfaI digestion the +/+ (wild-type) shows two bands of
221 and 500 bp and the TrJ /+ shows three bands of 221, 500 and 721 bp (arrows). Image adapted from
Rosso et al., 2010.
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Visualization of supramolecular structures by high speed atomic force
microscopy
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Abstract
Natural DNA forms long double helixes with an apparent width of 1.5-2.0 nm upon AFM imaging. However,
very different 2D and 3D-shapes can be generated from DNA materials by designing branched structures with
multiple ways linking linear segments. Particularly origami technology allows generating almost any shape by
self-assembly. However, these supramolecular structures lack functional properties such as recognition,
catalysis, transport etc. that are commonly found in proteins. We successfully developed and characterized
hybrid building blocks (PDNA) associating in the same covalent structure nucleic and protein domains, the first
providing auto-organization properties when the second brings recognition, optical, electrical or catalytic
1,2
functions .
3,4
High speed atomic force microscopy imaging revealed that hybrids between PDNAs and DNA frames
globally feature the same structures and dynamic than the classic corresponding double stranded DNAs.
However, simultaneous imaging of the DNA and protein components was found difficult because the relatively
small (2 nm) protein domains used in this study appeared to have a faster dynamic than the filamentous DNA
parts. In conditions where dynamic of the DNA part is well visualized, protein domain is hardly detectable on
images. Reciprocally, larger constructions more tightly bound on the mica surface evidenced restricted
dynamic of the nucleic part but allowed clear visualization of the protein domains.
When nucleic domains include both double- and single (ss-) stranded parts, clear interactions occurred
between the ss-parts leading to the statistic formation of transient concatemers on the surface through
formation of inter-base hydrogen bonds. While free energy of interaction calculated from possible base-pairing
in solution remains in the order of thermal energy, the analysis of the size distribution of polymers illustrated
formation of fairly stable association when bound on the surface.
Results evidenced that PDNA and DNA have similar auto-organization properties while the former additionally
carry protein functions. However, imaging of such complexes raised the question of managing domains with
very different dynamic properties.
[1] Boireau W, Duncan AC, Pompon D. (2005) Bioengineering and characterization of DNA-protein assemblies
floating on supported membranes. Methods Mol Biol 300, 349-368.
[2] Pompon D and Laisne A. (2007) PDNA as building blocks for membrane-guided self-assemblies. Biochem
Soc Trans 35, 495-497.
[3] Ando T, Kodera N, Takai E, Maruyama D, Saito K, Toda A. (2001) A high-speed atomic force microscope
for studying biological macromolecules. Proc Natl Acad Sci U.S.A 98, 12468-72.
[4] Ando T, Uchihashi T, Kodera N, Yamamoto D, Taniguchi M, Miyagi A, Yamashita H. (2007) High-speed
atomic force microscopy for observing dynamic biomolecular processes. J Mol Recognit 20, 448-58.
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High speed AFM imaging (raw data) of two assemblies and a schematic description of the image (insert).
Constructs encompassing five PDNA units hybridized to a large single-stranded DNA were prepared as
outlined on the scheme.
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Nanoscale stiffness of collagen I triple-helixes studied by AFM and
computerized image processing
Arkady Bitler, Emanuel Perugia, Inna Solomonov, Sidney Cohen
Faculty of Chemistry, Weizmann Institute of Science, P.O.B. 26, Rehovot, Israel, 76100
Abstract
Collagen is the most abundant extracellular matrix protein in animals and humans. It provides the basis for
tissue structure and directs cellular functions. The pathologic breakdown of collagen is linked to progression of
1
cancer and inflammatory arthritis diseases and is accompanied by profound changes in its structure and
mechanical response. Most of the previous studies of collagen mechanics have focused on large scales
corresponding to collagen fibrils and bundles. However, the mechanical properties of collagen fibers at the
length scales 10-100 nm have never been checked. The nanoscale dimensions of the single collagen triplehelix molecule presents a challenge in studying the mechanics of collagen. We used atomic force microscope
(AFM) to acquire high-resolution images of collagen I triple-helices under ambient conditions in tapping mode.
Analysis using custom software was applied to track and measure the angles between fixed-length segments
2
along each triple-helix, following the approach suggested in previous studies of DNA elasticity . Statistics were
collected for over a hundred molecules (several thousands of angles). Changing the segment length allowed
exploring the mechanics of the triple-helices at various scales. Corresponding angular distributions are
compared and analyzed, and persistence length and elastic constant evaluated.
[1] Lauer-Fields J, Juska D, Fields G. Biopolymers (Peptide Science) 66: 19-32, 2002.
[2] Rivetti C, Guthold M, Bustamante CJ. Mol Biol. 264: 919–932, 1996.
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Investigations into the formation and effect of pore forming toxins on live
cells and lipid model membranes Using High Speed AFM
1

1

1

2

2

Georg Fantner , Blake Erickson , Jonathan Admas , Roberto Barbero , David Gray , Angela Belcher

2

1

Laboratory for Bio- and Nano- Instrumentation, Interfaculty Institute for Bioengineering, Ecole Polytechnique
Federal de Lausanne, Lausanne, CH-1015, Switzerland
2
Biomolecular Materials Group, Department of Biological Engineering, Massachusetts Institute of Technology,
Cambridge MA, 02139 USA
Abstract
Pore forming toxins (PFTs) are proteins or peptides that attack cells by physically creating unregulated pores into
the cell membrane of the attacked cell and thereby disrupting the regulation of what can and can not enter or leave
the cell. PFTs are wide spread in a large variety of organisms, ranging from bacteria, to plants and animals, where
they can act in a similar fashion, but for very different purpose. As an example of PFT, antimicrobial peptides (AMP)
are a promising class of antimicrobial agents in the battle against bacteria that have built up resistance to
conventional antibiotics. The mechanism by which these peptides kill bacteria is still poorly understood. The
interaction of the peptides with the bacterial cell walls has been suggested to be responsible for the bactericidal
1-3
effect . Thus far, this interaction has not been visualized nor is there much data on the kinetics of this interaction.
4
We have used custom-built AFM components to image for the first time the bactericidal action of antimicrobial
peptides in real time. We investigated the activity of the chimeric AMP CM15 with nanometer spatial- and seconds
temporal-resolution on live E.coli cells. We observed rapid changes in surface morphology of the cells after injection
of the AMP, with a response time that differs between individual monoclonal bacteria in the same image. Using
combined AFM and fluorescence microscopy, we correlated the change in cell morphology to cell wall permeability
5
and cell death . In order to study the dynamics of pore formation in more detail, we have created lipid model
systems, which form well-controlled membranes on which PFT action can be studied. Using QNM, high speed AFM
and molecular dynamics simulation, we have studied the dynamics in the model membranes and it’s interaction with
PFTs.
[1] B Bechinger. Biochimica et Biophysica Acta-Biomembranes 1462, 157 (Dec 15, 1999).
[2] G Francius, O Domenech, MP Mingeot-Leclercq, YF Dufrene, Journal of Bacteriology 190, 7904 (December 15, 2008).
[3] REW Hancock, Current drug targets - Infectious disorders 2, 79 (2002).
[4] GE Fantner et al. Ultramicroscopy 106, 881 (Jun-Jul, 2006).
[5] GE Fantner, RJ Barbero, GS Gray, AM Belcher. Nature Nanotechnology, Vol 5 2010 281-285.

Figure 1: Escherichia coli cell disruption induced by CM15, imaged with high-speed AFM. a) Time series of CM15
antimicrobial action. CM15 injected at t = -6 s and images recorded every 13 s, with a resolution of 1024 × 256 pixels and a
rate of 20 lines/s. The surface of the upper bacterium (1) starts changing within 13 s. The lower bacterium (2) resists
changing for 78 s. b) Larger-area view recorded 12 min after addition of CM15. Most bacteria are corrugated, but some are
still smooth. c) High-resolution image of bacterium 3 showing that this bacterium is still smooth at t = 16 min. d) Image of
the now corrugated bacterium 3 at t = 30 min. Eventually, all bacteria in the field of view are affected by CM15. Images
were recorded in liquid in tapping mode with a tapping frequency of 110 kHz. Phase images are shown here for high
contrast. e) High resolution images of the bacterial surface, showing distortion due to the peptide but no discernible pores.
Images b-e were recorded with a resolution of 1024 × 256 pixels and a rate of 2 lines/s.
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Effect of antimicrobial peptides on biological membranes
1

1

2

3

2

2

Krisztina Nagy , Attila G. Végh , Kata R. Mikulás , Gábor Csanálosi , Éva Kondorosi , Attila Kereszt ,
1
1
György Váró , Zsolt Szegletes
1

Inst. of Biophysics, Biological Research Centre of Hungarian Academy of Sciences, Szeged, Hungary
Inst. for Plant Genomics, Human Biotechnology and Bioenergy, Bay Zoltán Foundation for Applied Research,
Szeged, Hungary
3
University of Szeged, Szeged, Hungary.
2

Abstract
Biological activity of antimicrobial peptides is intensively studied, but the details how they interact with
membranes are not fully understood yet. We report here an in situ atomic force microscopic study describing
the effect of few antimicrobial peptides on artificial supported bilayers and natural membranes. Concentration
dependent interaction of these peptides and membranes resulted the destruction of the membrane. Some
natural membranes were much more resistant against indolicidin, probably due to their high protein content.
Indolicidin preferred the border of membrane disks, where the lipids might be more accessible. In this paper we
have concluded that the mechanism indolicidin interacts with bilayers is thinning or solubilization rather than
initiating pore formation.
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SPM Technologies past – present - future
Christoph Gerber
Swiss Nanoscience Institute, NCCR National Center of Competence for Nanoscience, Institute of Physics,
University of Basel, Basel, Switzerland
Abstract
Nature is the best example of a system functioning on the nanometer scale, where the involved materials,
energy consumption and data handling are optimized. Opening the doors to the Nanoworld the emergence of
the Scanning Tunneling Microscope 30 years ago in 1981 and the Atomic Force Microscope 25 years ago in
1986 led to a shift of paradigm in the understanding and perception of matter at its most fundamental level. The
capability to investigate surfaces with unprecedented atomic resolution in a three-dimensional fashion
introduced a wealth of related techniques using probes with local interaction and has been adapted for various
environments, such as vacuum, fluidics, ambient, high and low temperatures, magnetic fields etc. In particular
AFM, first designed as an instrument to image non-conductive surfaces on the atomic level has surpassed its
predecessor, to a certain extent, in its wide range of applications.... A reflection
Concepts in taking AFM technology beyond imaging have already stimulated a number of applications in
biology. In recent years we have taken AFM Technology way beyond imaging exploring new frontiers in bio
analyses and diagnostics using biochemical cantilever array technology providing a platform applicable in
upcoming fields such as system and synthetic biology, bioengineering etc. with far-reaching implications to
evaluate treatment response efficacy in personalized and preventive medicine.
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High-speed bio-AFM coming of age
Toshio Ando
Department of Physics & Bio-AFM Frontier Research Center, Kanazawa University, Kakuma-machi, Kanazawa
920-1192, Japan
Abstract
All vital phenomena result from the dynamic activity of biological molecules. Reflecting this fact, dynamics of
biological molecules in action is now widely studied by single-molecule fluorescence microscopy created in mid
1980s. However, the fluorescently labeled biological molecules themselves are invisible in the observations
even using super-resolution fluorescence microscopy. The structure of biological molecules has been studied
using X-ray crystallography, NMR, electron microscopy, and atomic force microscopy (AFM) but the obtained
structures are essentially static. Thus, the concomitant assessment of structure and dynamics is infeasible.
Even the emerging X-ray free-electron laser will not be able to break this limitation. To overcome this longstanding problem, high-speed AFM (HS-AFM) has been developed in the last 2 decades and is now coming of
1,2
age . In fact, the number of publications on HS-AFM imaging is rapidly increasing in the last two years (Fig.
1). This is due partially to the recent commercialization of small cantilevers (Olympus, Japan) and HS-AFM
apparatuses (Research Institute for Biomolecule Metrology, Japan) developed by my group.
For example, the following phenomena have thus far been captured on video by HS-AFM; unidirectional
3
4
translocation of cellulase along cellulose fibers , translocation of EcoRII restriction enzyme along DNA ,
5
6
opening of 3D hollow structure of DNA origami , ATP-induced conformational change in P2X4 receptors ,
7
8
membrane-mediated protein-protein interaction , photo-induced structural change in bacteriorhodopsin (bR) ,
9
10
process of forming supported planar lipid bilayer , self assembly of amyloid-like fibrils , walking of myosin V
11
12
along an actin filament , response of bR to alternate two-color illumination , and transportation of synthetic
13
DNA nanorobot . In some of these studies, the structure of molecules could not be well resolved but visualized
dynamic events provided new insights into the respective dynamic phenomena. When the structure of
molecules was well resolved, the visualized dynamic structures and events provided very details of how
molecules operate to function. Various dynamic events appear simultaneously in a molecular movie, which
facilitates quick finding of several facts including those inaccessible with
conventional approaches. This is one of the powerful features of HS-AFM.
A variety of HS-AFM apparatuses with different capacities are, however, still
desired to be developed for biological research; HS-AFM with a wider-scan
capability, tip-scan type of HS-AFM combined with a fluorescence microscope,
high-speed non-contact AFM, high-speed diaphano-AFM, and ultra-fast noncontact AFM. Various efforts are currently being carried out to materialize some
of these capabilities. Thus far, AFM has no capability to look into the interior of
cells. Recently, scanning near-field ultrasound holography (SNFUH) has been
14
developed for high-resolution sub-surface imaging . Although this was exciting
news, recent studies revealed that the sub-surface imaging capability is given by
an indirect way. Materials embedded in the sub-surface affect the elasticity of
the sample surface and this effect is detected by the cantilever tip. Because of
this indirect detection, SNFUH will not be widely used to image intracellular
structures. Alternative techniques need to be developed to materialize true
imaging of interior of live cells at high resolution. One possibility is to increase
the spatial resolution of scanning acoustic microscopy (SAM) that is already
demonstrated to be able to image the interior of cells at few µm resolution, under
the non-contact condition. Once an operation principle for high-resolution
detection of acoustic wave in SAM is established, it will open an avenue to
materialize high-speed diaphano-AFM and ultra-fast non-contact AFM.
“Necessity is the mother of invention”. These innovative microscopes will be
materialized in the near future.
Fig 1. Chronological progress of
publications on HS-AFM imaging.
[1] T Ando et al. Proc Natl Acad Sci. USA 98: 12468-12472 (2001).
[2] T Ando, T Uchihashi, T Fukuma. Prog Surf Sci. 83: 337-437 (2008).
[3] K Igarashi et al. J Biol Chem. 284: 36186-36190 (2009).
[4] JL Gilmore et al. Biochemistry 48: 10492-10498 (2009).
[5] M Endo et al. J Am Chem. Soc. 131: 15570-15571 (2009).
[6] Y Shinozaki et al. PLoS Biol. 7: e1000103 (9 pp) (2009).
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[2] T Ando, T Uchihashi, T Fukuma. Prog Surf Sci. 83: 337-437 (2008).
[3] K Igarashi et al. J Biol Chem. 284: 36186-36190 (2009).
[4] JL Gilmore et al. Biochemistry 48: 10492-10498 (2009).
[5] M Endo et al. J Am Chem. Soc. 131: 15570-15571 (2009).
[6] Y Shinozaki et al. PLoS Biol. 7: e1000103 (9 pp) (2009).
[7] I Casuso, P Sens, F Rico, S Scheuring. Biophys J. 99: L47-L49 (2010).
[8] M Shibata et al. Nat Nanotechnol. 5: 208- 212 (2010).
[9] M-C Giocondi et al. Biochim Biophys Acta.-Biomembranes 1978: 703-718 (2010)
[10] P-E Milhiet et al. PLos One 5: e13240 (8 pp) (2010)
[11] N Kodera, D Yamamoto, R Ishikawa, T Ando. Nature 468: 72-76 (2010).
[12] M Shibata et al. Angew Chem Int Ed. 50: 4410-4413 (2011).
[13] SFJ Wickham et al. Nature Nanotechnol. 6: 166-169 (2011).
[14] G Shekhawat and VP Dravid. Science 310:8 9-92 (2005).
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FluidFM: Towards a standard tool for microorganisms
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ETH Zürich, Laboratory of Biosensors and Bioelectronics, Gloriastrasse 35 ETZ F76, 8092 Zürich
ETH Zürich, Institute for Microbiology, HCI F 429, Wolfgang-Pauli-Strasse 10, 8093 Zürich

Abstract
Fluid force microscopy (FluidFM) uses atomic force microscopy cantilevers with integrated microfluidic
1
channels . A continuous fluidic circuit is extending from a liquid reservoir through the chip, to the very tip of the
cantilever. The versatile fabrication process of the cantilevers allows the batch fabrication of the openings
2
down to 20 nm , whereas we work currently with 200nm openings. Both overpressure and underpressure can
be applied to the built-in fluidic circuit. The setup is able to operate in liquid environment, thus under the
physiological conditions for microorganisms.
Single cell analysis and manipulation is becoming increasingly important. On one hand, to analyse a specific
single, tools of selection are needed. On the other hand, a promising method of manipulation is the direct
injection of interfering substances into single cells. However, so far no generic injection method down to the
low femtoliter range is available. We aim to achieve this using FluidFM technology.
Its key features are the precise spatial control, the force feedback and pressure controlled nanofluidics. Using
this combination we have already shown two applications. A) The a safe and quick approach onto single cells
1
and subsequently grasping and displacing them . This procedure was then used to detach adherent
mammalian neurons, and to transfer single yeast cells from one substrate to another for further cultivation or
analysis. This protocol also allowed measuring the adhesion of cells to a substrate. B) The injection of arbitrary
3
solutions into mammalian cells .
We now focus on improving these techniques and give microbiologists a multifunctional tool. This is achieved
by advancing both hard- and software as well as developing the necessary experimental protocols.
A modification of the displacement protocol will allow to measure forces between coated microparticles and a
random substrate in solution. To improve the injection into mammalian cells, we are developing methods to
calibrate the injected volume, a crucial element for quantitative experiments. We will also show preliminary
results on the injection into yeast cells, a rugged microorganism who demands higher injection forces as well
as special stabilization protocols.
Step by step, we aim to develop FluidFM technology into a simple and versatile tool for microbiology and
biomedical research in general.
[1] P Dörig, P Stiefel et al. Appl Phys Lett. 97(2) (2010) 023701.
[2] JW Berenschot, NR Tas, HV Jansen, MC Elwenspoek. (2008). 3rd IEEE International Conference on
Nano/Micro Engineered and Molecular Systems, NEMS 2008.
[3] A Meister, M Gabi et al. Nano Letters 9 (2009) 2501.
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Advances in fast AFM technology for biomedical applications
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Bruker Nano GmbH, Dynamostr. 19, 68165 Mannheim, Germany
Bruker Nano Surfaces Division, 112 Robin Hill Rd, Goleta, CA 93117, USA

Abstract
Since the invention of Atomic Force Microscopy (AFM) by Binnig & Quate the AFM’s broad potential for
imaging and characterization of numerous physical surface properties on the nano scale has been somewhat
offset by it’s slow imaging speeds when compared to other common microscopy techniques (optical, SEM,
TEM). Therefore, the AFM is sometimes seen as a “specialty tool”, powerful when other suitable techniques
are not available.
For over a decade now, the academic AFM community has been looking for ways to make AFM faster,
developed a good understanding of the challenges, and have addressed, on an academic scale, many of them.
Driven by the researcher’s quest for discovery, many of these efforts were aimed at better time resolution of
processes on the nano scale, while some also anticipated in their innovation the need for versatility and
productivity of a fast general purpose AFM.
We have, in an effort of over six years, worked together with many of the leaders in the field to bring together
the best of these solutions, while at the same time striving to understand the many different applications for a
commercial high speed AFM system, and iteratively exploring the design trade offs to address a broad majority
of them in one tool.
Three main application areas emerge, all of which have relevance when applying AFM in the biomedical field:
- Biomaterials samples typically show significant heterogeneity. To bring the AFM’s capability of nano scale
mechanical characterization to bear, one therefore needs to first develop an understanding of the morphologies
that are representative for a given sample, before covering the necessary sample area to develop such a
representative understanding of the sample. This is generally time consuming due to the AFM’s slow imaging
speeds, to the point where this can become a bottle neck for the use of AFM as a technique. Using faster AFM
significantly improves the researcher’s ability to “survey” the sample, to understand and capture it’s
heterogeneous nature.
- Application of AFM to Drug development problems can give powerful insight and lead to significant time (and,
hence, cost) savings in the phase of formulation development, by catching phase separation and crystal
nucleation processes, which indicate material instability, on the nano scale. Typical experiments in this area
involve 10s to 100s of samples, to profile the impact of different formulation parameters on the outcome.
Faster, higher throughput AFMs enable the throughput required for these “screening” experiments.
- In single molecule AFM studies, the observation of processes on the second scale (and faster) has been
demonstrated (Ando et al., Lyubchenko et al., Scheuring et al., others) and has received much recent attention.
An update on the use of fast, general-purpose AFM for such “Dynamics” studies will be given.
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Inherently slow and weak forward forces of neuronal growth cones
measured by a drift-stabilized AFM
Thomas Fuhs, Lydia Reuter, Iris Vonderhaid, Josef A. Käs
University of Leipzig, Faculty of Physics and Earth Science, Institute for Experimental Physics I, Soft Matter
Physics Division, Linnéstraße 5, 04103 Leipzig, Germany
Abstract
The preference of neurons for soft substrates, such as glia cells, has been shown convincingly in previous
1,2
experiments . This preference confines the neurons to within the CNS and keeps them from wandering off.
Yet the question remains, whether growth cones (GC) are physically unable to penetrate into stiff environments
such as glial scars, or if they are just repelled by biochemical inhibitors.
Looking at various mechanical properties of outgrowing GCs we found that GCs lack the necessary stability as
well as the produced forces are too low to penetrate into hard environments.
To penetrate into tissue a cell must produce a force that points along the direction of motion. We have already
3,4
shown that it is possible to measure such forces with an AFM using fast moving fish keratocytes .
Taking this system to slow and weak mammalian cells measurement times go up from 5 minutes to 1-2 hours,
and constant heating is required to keep the neurons happy. Under these conditions one can no longer
assume the system to be drift free, so the drift has to be measured, or even better an active feedback loop
keeps the relative position of scan head and sample constant. We realized a feedback loop similar to the setup
5
described in , using an optical tweezer and a marker bead fixed to the sample surface. As our AFM scan head
blocks access to the forward scattered light of the trapping light we use the backscattered signal. Still we can
determine the position of our sample with at least 50nm accuracy in all 3 dimensions. This allows us to
measure pN forces over time spans of 2 hours and more.
[1] Agarose gel stiffness determines rate of DRG neurite extension in 3D cultures; AP Balgude, X Yu, A
Szymanski, RV Bellamkonda; Biomaterials, May 2001.
[2] Neurite branching on deformable substrates; Flanagan LA, Ju Y-E, Marg B, Osterfield M, Janmey PA;
Neuroreport, Dec 2002.
[3] Cell migration through small gaps; CA Brunner, A Ehrlicher, B Kohlstrunk, D Knebel, JA Käs, M Goegler;
European Biophysics Journal, Oct 2006.
[4] Origin and Spatial Distribution of Forces in Motile Fish Keratocytes; M Goegler, CA Brunner, A Ehrlicher, D
Koch, T Fuhs, C Wolgemuth, JA Käs; under Review.
[5] Ultrastable Atomic Force Microscopy: Atomic-Scale Stability and Registration in Ambient Conditions; GM
King, AR Carter, AB Churnside, LS Eberle, TT Perkins; Nano Lett., 2009.
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AFM-based probe array platform for cell biology
Mélanie Favre, André Meister, Gilles Weder, Réal Ischer, Martha Liley, Harry Heinzelmann
CSEM, Centre Suisse d'Electronique et de Microtechnique SA, Neuchâtel, Switzerland
Abstract
AFM investigations of living cells provide new information in both biology and medicine. However, slow cell
dynamics and the need for statistically significant sample sizes mean that data collection can be an extremely
lengthy process. We address this problem by parallelizing AFM experiments using a two-dimensional cantilever
array, instead of a single cantilever.
We have developed an instrument which is able to operate a two-dimensional cantilever array, to perform
topographical and mechanical investigations in both air and liquid (Figure a). Deflection readouts for all the
cantilevers of the probe array are performed in parallel and online by interferometry. An instrumental platform
has been developed. This includes the optical read-out, micro- and nanopositioning stages, as well as a fluid
chamber to keep the cells in a liquid environment. A home-made phase contrast microscope allows the
simultaneous observation of the cells.
The 2 dimensional AFM arrays in silicon nitride were developed and fabricated at CSEM (Figure c). Cantilevers
with and without tips were fabricated: the former to analyse the topography and mechanical properties of cells,
and the latter to measure intercellular interaction forces. The creation of cell arrays with the same pitch as the
cantilever arrays will enable us to do parallel force spectroscopy on cells. Two methods are used to create cell
arrays. The first one consists of trapping cells in suspension through a microporous membrane by
hydrodynamic drag. Cells positioned on the pores can be instantaneously released, e.g. to be transferred onto
a cantilevers array for further cell adhesion measurements. The second method is using chemical surface
modification to pattern adherent cells (Figure d).
Proof-of-concept has been demonstrated by analyzing the topography of hard surfaces (Figure b) and fixed
cells in parallel, and by performing parallel force spectroscopy on living cells (Figure e). These results open
new research opportunities in cell biology by measuring the adhesion and elastic properties of a large number
of cells. Both properties are essential parameters for research in the different phases of cancer development.

a) Schematic of the instrumental platform. b) Parallel imaging of a microstructured surface. c) AFM probe array.
d) Cell array. e) Parallel force spectroscopy on living cells.
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Noninvasive protein structural flexibility mapping by bimodal dynamic
force microscopy
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Abstract
Mapping of the protein structural flexibility with sub-2-nm spatial resolution in liquid is achieved by combining
bimodal excitation and frequency modulation force microscopy. The excitation of two cantilever eigenmodes in
dynamic force microscopy enables the separation between topography and flexibility mapping. We have
measured variations of the elastic modulus in a single antibody pentamer from 8 to 18 MPa when the probe is
moved from the end of the protein arm to the central protrusion. Bimodal dynamic force microscopy enables us
to perform the measurements under very small repulsive loads (30–40 pN).

Topography and flexibility map of a single IgM antibody. (a) Frequency modulation AFM image taken at a
frequency shift of 40 Hz (peak force of 40 pN). (b) Flexibility map (elastic modulus) obtained simultaneously
with the topography image by recording the amplitude and phase of the second mode. (c) Topography (grey)
and flexibility (black) profiles along the lines marked, respectively, in Figs. (a)-(b).
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Force spectroscopy: data acquisition and analysis
Philippe Carl
90b Avenue de la Gare, 91300 Massy, France
Abstract
The atomic force microscope (AFM) has emerged as a powerful tool for the measurement of mechanical
properties at the nanoscale. For example, single-molecule force spectroscopy experiments have revealed new
insights into intra and inter-molecular forces, as well as shown variations in physical parameters of individual
molecules with respect to the mean values derived from ensemble measurements. The mechanical properties
of free standing films, micro-capsules and biological samples have also been measured using AFM nanoindentation. However, these techniques require the acquisition and analysis of hundreds or even thousands of
force - distance curves to obtain a statistically relevant result. Unfortunately, users are not provided with
software that allows user-friendly analysis of this large number of force - distance curves.
The analysis of the force – distance curves must include consideration of the calibration of the tip and
cantilever, the appropriateness of the model used for analysis, the consideration of the probe geometry
(sphere, cone,…), as well as the portion of the data fit by the model. We will present innovative methods based
on mathematical transformations that can simply take into account all of these questions during analysis.
Moreover, ad hoc tools for the analysis of large amounts of data will be demonstrated. In particular, we will
present a new way of looking at the analyzed results. This method allows the user to view analyzed data in 3D
or even 4D as well as to navigate between analysis modes to modify and update the previously analyzed
results.
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AFM-based method for imaging and magnetic characterization of isolated
nanoparticles with nanometer lateral resolution
Stephan Block, Christiane A. Helm
Institut für Physik, Ernst-Moritz-Arndt Universität, Felix-Hausdorff-Str. 6, D-17487 Greifswald, Germany
Abstract
We present a new AFM-based method, which allows the simultaneous measurement of magnetic and
geometric properties of nm-sized objects (nanoparticles, e.g. colloids or clusters) and hence it becomes
possible to distinguish different materials by their unique magnetism (e.g. superparamagnetism or
diamagnetism). Basically, an oscillating magnetic field is applied to the surface, and with a magnetic AFM-tip
the surface magnetization is probed. Spatial changes of the magnetic flux density affect the vibration amplitude
of the magnetic AFM tip and thus, (dynamic) magnetic properties of the surface can be determined with high
resolution.
In the present work, this new technique is applied to (diamagnetic) gold and (superparamagnetic) maghemite
(γ-Fe2O3) nanoparticles. It is shown, that the magnetic susceptibility of nanoparticles with lateral resolution of
few nanometers can be resolved at least qualitatively. Additionally, the preliminary measurements show that
superparamagnetic and diamagnetic nanoparticles (with a diameter of less than 20 nm) can be clearly
distinguished. This allows to unambiguously identify nanoparticles in AFM measurements simply by the nature
of their magnetism, which might be a very valuable tool in biochemical or biomedical methods like AFM-based
immunolabeling of proteins.
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Abstract
The atomic force microscope (AFM) is a convenient tool to probe living samples at the nanometric scale.
Among its numerous capabilities, the instrument can be operated as a nano-indenter to gather information
about the mechanical properties of the sample. In this operating mode, the deformation of the cantilever is
displayed as a function of the indentation depth of the tip into the sample. By fitting this curve with theoretical
models such as those of Hertz or Sneddon, it becomes possible to estimate the Young’s modulus of the
sample at the indentation spot. However, such a processing has the drawback to sum the mechanical
contribution of all the structures encountered by the tip along its indentation path. We recently noticed that
dividing the indentation curve in segments and by applying the Hertz or Sneddon model on each of them one
can highlight stiffness differences along the indentation path. This “simple” additional processing step permits
therefore to distinguish structures located underneath the sample’s surface according to their mechanical
properties.
This new imaging mode has been tested on different cell types such as neurons, macrophages, plant cells and
bacteria. The experiments not only consisted in recording static data all over the samples but also in following
the changes occurring on living organisms after the injection of various chemicals into the AFM imaging
chamber. Applied onto living nerve cells the technique highlighted the depolymerisation of actin cytoskeleton
underneath the cellular membrane, the incorporation of foreign bodies into macrophages or the migration of
stiff materials into the cell wall of plant cells.
Since the technique does not require any additional hardware and is fairly easy to implement in the data
processing chain, we believe that stiffness tomography will find numerous applications in biologically oriented
AFM imaging.

Fig 1. Stiffness tomography image of a macrophage.
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Study of relation between physical properties and physiological functions
of mesenchymal stem cells
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Abstract
Physical properties are externally and directly detectable indicators of a given material, and often determine its
fundamental functions. The association would be applicable not only to large and static materials but also to
small and dynamic animal cells. In fact, cells and tissues are dynamically influenced by physical environments
in vivo. Thus, many scholars study about physical cell properties and cell sensing mechanism for recognizing
the physical environments.
MSCs are a heterogeneous population of stem/progenitor cells with pluripotent capacity to differentiate into
mesodermal/non-mesodermal cell lineages. They have been extensively investigated for their applications in
regenerative medicine. Successful use of MSCs in cell-based therapies will rely on the ability to effectively
identify their properties and functions with a relatively non-destructive methodology. In this study, we
characterized the physical properties of and analyzed the association between the physical properties and
physiological functions of substrate-adherent MSCs.
The cell stiffness and thickness were measured by atomic force microscopy (AFM; Nanowizard I, JPK
Instruments). The Young's modulus of the cell was calculated according to the Hertz model.
We clarified the relation of the surface stiffness and thickness of MSCs at a single-cell level. The role of apical
surface of stress fiber (perinuclear actin cap) in regulating the thickness and stiffness of these cells was
determined by using several actin cytoskeleton-modifying reagents. Then, we analyzed the effects of these
reagents on the proliferation and differentiation activities of MSCs. Accordingly, actin stress fibers in MSCs are
potent regulators of the proliferation activity of each cell. This study has helped elucidate a possible link
between the physical properties and the physiological functions of the MSCs, and the corresponding regulatory
role of the actin cytoskeleton.
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Applications of AFM in nanomedicine: From microbiology to cardiology
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Abstract
In this presentation, we will focus on 3 applications of AFM in life science and medicine. The first one is related
1
to the determination of the adhesive properties of Lacotocci to the intestinal mucus . We worked with different
mutants unable to produce mucus binding proteins or unable to produce pili. Thanks to a deep analysis of the
force curves recorded between a lacto probe and a surface covered with mucins, we were able to decipher the
role of the mucin binding proteins and the role of the pili.
In the second application, Pseudomonas aeruginosa cells were treated with 2 major antibiotics: ticarcillin and
2
tobramycin. We have demonstrated that treated cells present an altered shape, roughness and elasticity .
Moreover, we took advantage of the recent peak force mode to image, in liquid, on living cells, the mucus that
surrounds the bacteria (figure 1). Those results are detailed in the abstract by Formosa et al.
Finally, I will deal with exciting results obtained on living cardiomyocytes (CM). The cells were extracted from
mice heart, adhered to laminin coated petri dish and kept alive during the AFM experiments using the perfusing
cell from Brucker. Figure 2 shows the surface topography of a cardiomoyocyte. Z striations and myofilaments
can be seen. We analyzed WT mice and KO mice for ephrin B1. This protein is supposed to be a structural
protein specific of the lateral membrane of the CM. It is involved in adult cardiac tissue architecture
3
stabilization. Therefore, The morphology and elasticity of WT and KO cells are totally different . Those results
are detailed in the abstract by Severac et al.

Figure 1A: AFM Peak Force height image of 2 Pseudomonas aeruginosa cells surrounded by their mucus.
Figure 1B: AFM 3D height image of a cardiomyocyte surface. (10 µm in large, Z range 150 nm)
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Characterizing a blood clot after 5300 years in ice
Marek Janko

1,2,3,4

, Robert W. Stark

2,3,4

, Albert Zink

2,5

1

Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universität München, 80333 Munich,
Theresienstraße 41, Germany
2
Center for NanoSciences, Ludwig-Maximilians-Universität München, 80799 Munich, Schellingstraße 4, Germany
3
FB Material- und Geowissenschaften, TU Darmstadt, Petersenstr. 32, 64287 Darmstadt, Germany
4
Center of Smart Interfaces, TU Darmstadt, Petersenstr. 32, 64287 Darmstadt, Germany
5
European Academy of Bolzano, Institute for Mummies and the Iceman, Viale Druso 1, 39100 Bolzano, Italy
Abstract
Blood is an eminent body fluid. It is essential for processes such as wound healing or the immune defence.
Investigation of ancient blood residues may thus offer the unique possibility to trace genetic links, to provide
indication of the immune status of an individual, or to give forensic and pathologic information.
The Tyrolean Iceman, Europe’s oldest natural mummified human body, was killed by an arrow shot and shows
several wounds at its body. However, so far no blood particles have been identified doubtlessly on this 5300year-old freeze-dried mummy. In this study, atomic force microscope (AFM) measurements and Raman
spectroscopy were used to detect and analyze red blood cells in tissue samples of the ancient body. The AFM
revealed particles with the typical morphology of red blood cells but the Raman spectra showed some
molecular differences in comparison to recent cells. Bands characteristic for fibrin were identified, which
suggest that the red blood cells found in the mummy tissue are remnants of a blood clot. AFM nanoindentation
experiments showed that the mummy’s blood corpuscles were significantly softer than recent blood cells.
Single red blood cells from the mummy featured a Young’s modulus of 2.0 GPa whereas the elasticity of recent
blood cells averaged to 2.5 GPa. The results proof the preservation of red blood cells in ancient tissue and
provide first insights on the degradation of blood compounds in general and the long term stability of red blood
cells in particular.

66/168

Session: AFM in Nanomedicine

ORAL PRESENTATION

AFM and QCM-D – a useful combination to understand nanomaterial –
lipid membrane interactions
Rickard Frost, Fang Zhao, Bengt Kasemo, Sofia Svedhem
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Abstract
In recent studies, we have investigated how the lipid membrane, one of the most vital structures of a cell,
interacts with various types of nanomaterials. In the field of nanomedicine, different cellular barriers, and
components therein, are often targeted when substances (drugs) are loaded into nanocarriers designed to be
delivered to cells or to specific organelles. The cell membranes are commonly also exposed to nanomaterials
in consumer products, e.g. TiO2 nanoparticles in sunscreens. Due to these reasons, it is of importance to
understand how nanomaterials for various applications interact with lipid membranes.
Here, we present a screening platform where model lipid membranes are exposed to nanomaterials and their
interactions are studied with atomic force microscopy (AFM) and quartz-crystal microbalance with dissipation
monitoring (QCM-D). These two complementary techniques, which can be further combined with additional
surface sensitive techniques, are useful for both screening purposes and in depth studies. The QCM-D
responses measure in real-time the mass and the viscoelastisity of the adsorbed material, and thus give
information about the structural arrangement of the nanomaterial and the lipid membrane on the sensor
surface. AFM analysis provides complementary information on the topography of the adsorbed materials, data
that give valuable additional input to the understanding of the studied interactions. The lipid membrane, which
follows the flat contour of the sensor surface, is detected by force spectroscopy.
Three examples are presented. The platform has been applied to detect structural rearrangements of
1
polymeric drug carriers when adsorbed to membranes , disruption of membranes after exposure to TiO2
2
nanoparticles (Figure 1) , and selectivity for the interaction of graphene oxide with differently charged lipid
3
membranes .
Furthermore, it also proved possible to build multilamellar structures of graphene oxide and lipid membranes in
a layer by layer fashion. The presence of holes in the lipid membrane, e.g. caused by TiO2 nanoparticles, is
clearly evident in the AFM analysis, both in the topography image (thickness ~ 5 nm) and in the corresponding
force spectra. By using the described methodology, it is possible to study how nanomaterials behave at a
biological interface and evaluate the nanoparticle design. The results clearly indicate the potential of the
platform as a tool for early characterization and screening of novel nanomaterials.
[1] Frost, R.; Grandfils, C.; Cerda, B.; Kasemo, B.; Svedhem, S. J. Biomaterials and Nanobiotechnology 2011, Accepted.
[2] Zhao, F.; Holmberg, J. P.; Frost, R.; Abbas, Z.; Kasemo, B.; Hassellöv, M.; Svedhem, S. Submitted.
[3] Frost, R.; Edman, G.; Chakarov, D.; Svedhem, S.; Kasemo, B. Submitted.

Figure 1. Schematic model of a lipid membrane disrupted by TiO2 nanoparticles.
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Nanoparticle drug-delivery: Methods to study binding, uptake and
intracellular transport of individual biofunctionalized carbon nanotubes
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Abstract
In the development of novel anti-cancer therapies tailored nanomaterials gain increasing interest. Among these
materials carbon nanotubes (CNTs) possess a huge potential as multipurpose drug delivery and diagnostic
systems in nanomedicine. CNTs can cross biological barriers, such as cell membranes, and their high surface
area provides for attachment of multiple copies of different chemical and biological entities. A detailed
understanding of uptake routes for bio-functionalized CNTs has to be established and is vital for future medical
applications.
At present, the atomic force microscope (AFM) offers a unique solution to study biological specimens on the
nanometer scale under (near-) physiological conditions, and without the need for rigorous sample preparation,
staining or labelling. Furthermore, it provides a versatile tool-box to characterize biological systems and study
their interactions. Here we give an overview for the application of AFM to investigate bio-functionalized CNTs
and their interaction with complex biological systems. We present AFM topography imaging as a fast and
simple method to assess CNTs and surface functionalization, as well as to visualize binding of CNTs to
biological membranes, including the nuclear envelope and cell surfaces.
Moreover, we performed AFM molecular recognition force spectroscopy (MRFS) to probe the binding of folic
acid (FA) functionalized double-walled carbon nanotubes (DWNTs) to live cells. Selective cell targeting with
folic acid (vitamin B9) is a common strategy in cancer therapies. The uptake is mediated by folate binding
receptors which are significantly upregulated in a broad spectrum of human cancers. For MRFS experiments, a
new method has been developed to stably attach CNTs to the AFM tip. With our study we were able to show
for the first time targeted binding of CNTs on the single nanotube level. We found that FA functionalized CNTs
can bind multiple folic acid receptors (FR) simultaneously, leading to a multi-valence effect and increased
binding probability. Those properties are beneficial for targeted drug-delivery and cellular uptake.
In addition to our AFM studies, we performed single particle tracking to trace fluorescently labeled FA
functionalized DWNTs after specific uptake by cancer cells. The “roadmap” of individual trajectories clearly
showed paths of directed diffusion and areas of nanotube confinement in the cytoplasm. We calculated timeconstants for nanotube transport inside cells which is an important factor for drug-delivery applications of CNT
shuttles. We further found indications for involvement of microtubule motors in the active transport of FA
functionalized DWNTs. Complementary to the fluorescence experiments, cellular uptake was confirmed by
confocal µ-Raman microscopy as a label-free technique. CNTs have a high Raman scattering cross-section
and exhibit resonance enhancement, accordingly DWNTs could be easily and unmistakably detected inside the
cytoplasm.
The employed techniques can be adapted to various targeting agents and different nanoparticles for
comparative studies of drug-delivery approaches. New and significant insights into the delivery process and
transport mechanism can be expected that provide information crucial to future clinical applications for
nanoparticle based drug-delivery therapies.
This work was supported by EC grant Marie Curie RTN-CT-2006-035616, CARBIO ‘Carbon nanotubes for
biomedical applications’ and Austrian FFG grant mnt-era.net 823980, ‘IntelliTip’.
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AFM topography imaging of A) BSAbiotin-functionalized CNT on a dense layer of avidin. B) RNA-coated CNTs on
nuclear membrane. Dashed circle: individual nuclear pore complex. C) RNA coated MWNT on cell membrane.
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The effects of S1P and Thrombin on the micromechanical properties of
human pulmonary arterial endothelial cells
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Abstract
The function and disruption of the pulmonary endothelial cell barrier are critically linked to highly distressing
patho-physiologic events in pulmonary inflammatory conditions. A dynamic structure that supports the cellular
morphology and is linked to barrier modulation, the actin cytoskeleton is an important factor in endothelial
permeability. Using atomic force microscopy we characterize structural and mechanical properties of the
endothelial cells in different conditions. In normal growing conditions, live human pulmonary arterial endothelial
cells (HPAEC) present a slight distribution of elasticity across the cell, with lower Young’s modulus on the cell
body and higher modulus measured on lamellipodia. HPAEC respond differential to the barrier-protecting
agonist sphingosine 1-phosphate (S1P) and barrier-disrupting agonist thrombin. Elasticity maps of individual
HPAEC treated with the barrier protecting molecule S1P show that the elastic modulus was significantly
elevated when measured on the lamellipodia. On the other hand, during thrombin-induced cellular contraction,
Young’s modulus was significantly elevated on the cell body as compared to the peripheral regions. These
results correlate with the re-distribution of the actin filaments as observed by immunofluorescence analysis.
The mechanical properties of cell-cell interface in the presence of various stimulants could provide insights into
the cytoskeletal response and contribute to a controlled vascular barrier regulation.
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Evaluation of nuclear stiffness of isolated eukaryotic nuclei derived from
human skin fibroblasts
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Abstract
Atomic Force Microscopy (AFM) is widely used to investigate the mechanical properties of extremely soft bio1,2
materials and has been applied to determine the elasticity of several types of eukaryotic cells and the
3
stiffness of isolated nuclei from Xenopus oocytes . Here, we used AFM to evaluate the stiffness of isolated
eukaryotic nuclei from human skin fibroblasts and mouse embryonic fibroblasts (MEFs) from wild type (wt) or
4
Lamin B1 (LMNB1)-deficient mice .
Nuclei were extracted by osmotic lysis, plated onto a poly-L-lysine-coated petri dish and analyzed by AFM.
Nuclei elasticity was probed by spherical polystyrene beads (4 µm diameter) mounted on silicon tipples
2
cantilevers TL1, with nominal spring constant of 0.03 N/m. Force maps (8x8) covering an area of 4x4 µm were
acquired in the centre of the nucleus.
We first evaluated whether the proliferation status of the cells influenced nuclear stiffness, by comparing nuclei
from proliferating and serum-deprived human skin fibroblasts. Nuclei from proliferating fibroblasts displayed a
broader distribution of nuclear stiffness values compared to nuclei from serum-deprived cells, likely due to the
presence of cells in different stages of the cell cycle. We subsequently tested the effect of prolonged in vitro
culture on the mechanical properties of nuclei. We found that nuclear stiffness was not affected by the number
of passages in culture.
LMNB1 is a type V intermediate filament protein that forms a stable structure in the nuclear lamina and
nucleoplasm, contributing to determine nuclear shape, size, nuclear mechanics, distribution of nuclear pores
and other nuclear proteins. To test the contribution of LMNB1 to nuclear stiffness, we established MEFs from
LMNB1-deficient and wt mice. Nuclear stiffness of wt MEFs was similar to human fibroblast nuclei, indicating
the relevance of MEFs to model human cells. The effects of LMNB1 on nuclear stiffness are currently under
investigation on MEFs from LMNB1-deficient mice.
Our work demonstrate that AFM can be applied to measure the rigidity of eukaryotic cell nuclei of mouse and
human origin, indicating the relevance of this technique for systematic analyses of pathological affections of
nuclear properties.
[1] Proc. Natl. Acad. Sci. USA Vol. 96, pp. 921-926, February 1999
[2] Nature Nanotech. Vol. 2, pp. 780-783, December 2007
[3] Biophys. J. Vol. 96, pp. 4319-4325 May 2009
[4] Proc. Natl. Acad. Sci. USA Vol. 101, pp. 10428-10433, July 2004
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Influence of cataract on the structure and surface topography of canine lens
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Abstract
Atomic force microscopy utilizing both tapping mode and mac mode were used to visualize the alteration in
canine lens during the progression of cataract under ambient conditions. We evaluated progression stages of
canine cataract such as immature, mature and hypermature. Canine lenses of the poodle breed were used to
evaluate the distinct levels of cataract. The lenses were obtained through a surgical procedure in the
Veterinary Hospital of University of São Paulo. The AFM is an important tool that permits to analyze healthy
and diseased tissues, showing the pathologic alteration and requiring no previous preparation. The analysis
through AFM was carried out in the equipment Molecular Imaging PicoScan I (Tempe, AZ, USA). The system
was operated in MAC Mode and intermittent contact mode, both using MAClevers type II cantilevers. Our
results show that AFM can obtain high-resolution images and the physical properties changes information
about cataract progression levels. In addition, histology detects an analogous morphology confirming the use
of AFM to characterize cataract formation. Comparing the techniques, we have concluded that this
investigation showed the AFM as a tool that permits to analyze the disease and to characterize the changes in
the fibers and to visualize the presence of the calcium agglomerates described in the literature.

72/168

Session: High-resolution imaging

POSTER

Penetration and organization of Alamethicin in lipid membranes:
influence of sphingomyelin and cholesterol
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Abstract
Alamethicin (Alm) is a 20-amino acid, antibiotic peptide produced by the fungus Trichoderma viride. The
peptide can interact and change the permeability of biological membranes by forming ionic pores. This model
peptide has been extensively studied with biophysical techniques but very little is known about its nanoscale
influence on biomimetic membranes. Atomic force microscopy (AFM) combined with Langmuir monolayers
were used to compare the interaction of Alm with membrane models mimicking lipid rafts and plasma
membranes. AFM analysis of mixed Alm/lipids monolayers showed that peptide organization was modulated
by the molecular packing of lipids (Figure 1). However, adsorption experiments of Alm into lipid monolayers
indicated that the peptide penetrates preferentially into sphingomyelin (SM) monolayers. Accordingly, AFM
images of SM and monolayers transferred at 37 mN/m after Alm adsorption proved the ability of Alm to
destabilize the SM membranes. Indeed, calcein leakage experiments showed that the permeabilizing activity of
Alm was enhanced by the presence of SM in the membrane.

AFM images obtained for mixed Alm/DPPC (A), Alm/SM (B) transferred at 20 mN/m. (z-scale = 10 nm). AFM
images of SM transferred after Alm insertion at 37 mN/m (C).
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Nanoscale investigation of the early steps of malaria pigment formation
provoked by the interaction of hemin with supported lipid membranes
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Abstract
Plasmodium falciparum is the causative agent of a severe form of malaria. During his life cycle, the parasite
enters the host's red cells and lives on host's haemoglobin, which liberates the non-degradable waste hemin.
This molecule is highly membranotropic, so the parasite biocrystallizes this disposal product into a membraneinactive polymer called haemozoin. The mechanism of haemozoin formation still remains unclear, even if
several hypotheses on the nature of catalysers (lipids or proteins) have been suggested.
In this study, we have used model membranes composed of a binary mixture of dioleoylphosphatidylcholine
(DOPC)/dipalmitoylphophatidylcholine (DPPC) 1:1 (mol/mol).
We have demonstrated that hemin polymerization occurs after its accumulation in lipid membranes, particularly
at the boundary between gel and fluid phases
AFM revealed that the time-lapse polymerisation of haematin in situ produces at least three different types of
structures, each structure having its own characteristics. Furthermore, AFM images allowed to measure the
growth characteristics of haematin fibres (period and amplitude) at the nanoscale.

Time-lapse AFM images of the interaction between hemin and PC SLBs (scale bars are 5 µm for time lapse
images and 1µm for the magnification).
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The size and shape of gel phase domains in supported lipid membranes
can be tuned by changing the fusion temperature
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Abstract
The organization of biological membranes plays a key role in the development and regulation of membranes
functions. Supported lipid bilayers (SLBs) are routinely used as simplified artificial structures mimicking
biological membranes. Furthermore, they are also particularly suitable for atomic force microscopy (AFM)
analyses.
To obtain these SLBs, liposomes, made of various phase-separated binary mixtures of phospholipids, are
deposited on freshly clived mica surfaces.
Even if the technique of fusion is now well known, and easy to perform, the mechanism of bilayers formation
and the influence of various parameters such as the fusion temperature, the fusion time, the ionic strength and
lipid concentration is still not clear.
In this study, we have prepared supported phospholipids bilayers of a binary mixture of
dioleoylphosphatidylcholine (DOPC)/dipalmitoylphophatidylcholine (DPPC) 1:1 (mol/mol) and of
DOPC/distearoylphosphatidylcholine (DSPC) 1:1 (mol/mol). Then, we have modulated the fusion temperature
from 21°C to 60°C and from 21°C to 70°C for each composition, respectively.
AFM observations of gel phase segregation have revealed small round gel domains (~ 0.2µm²) when the
fusion temperature was under the transition phase temperature (Tm) and large multilobed gel-phase domains
(~ 400µm²) when the fusion temperature was higher than the Tm. In fact, we have shown that the size and
shape of gel domains can be tuned simply by modulating the temperature of fusion.

SLBs formed by fusion of vesicles on freshly cleaved mica at 21°C (A) and at 60°C (B).
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Abstract
The visual photoreception takes place in the retina, where specialized rod photoreceptor cells are located. The
rod outer segments (ROS) contain a stack of 500-2000 sealed membrane disks. The visual pigment rhodopsin
1
is responsible for light detection and is the major ROS disk membrane protein . Rhodopsin is a structural
prototype for the G-protein-coupled receptor (GPCR) superfamily, an important group of membrane proteins
2
responsible for the majority of physiological responses to stimuli such as light, hormones, peptides, etc .
Besides rhodopsin, peripherin/Rom proteins located in the rim of membrane disks are thought to be
3
responsible for the disk morphology . Initially, it has been reported that rhodopsin was arranged in densely
packed rows of dimers in osmotically shocked ROS disks where no disk rim and thus no peripherin molecules
4
were shown, leaving the question on the supramolecular organization of ROS disks open . Furthermore, the
existence of rhodopsin in such dense rows of dimers appeared ambiguous with respect to its function that
5-7
requests membrane fluidity . Here, we performed atomic force microscopy of native disk membranes and
described the spatial organization of rhodopsin and peripherin/Rom molecules. We find that rhodopsin is
loosely packed in the central region of disk membranes, in average about 26,000 molecules covering around
one third of the disk surface. In addition, we show that peripherin/Rom proteins are densely packed in the rim
region of ROS disks and that a protein-free bilayer girdle separates the rhodopsin-rich and peripherin-rich
regions. This study thus reveals the native morphology of disk membranes and a novel concept of GPCR
membrane assembly and function.
[1] Krebs W and Kühn H. Structure of isolated bovine rod outer segment membranes. Exp Eye Res 25, 511 (1977).
[2] Pierce KL, Premont RT, and Lefkowitz RJ. Seven-transmembrane receptors. Nat Rev Mol Cell Biol 3, 639 (2002).
[3] Molday RS, Hicks D, and Molday L. Peripherin. A rim-specific membrane protein of rod outer segment
discs. Invest. Ophthalmol. Vis. Sci. 28, 50 (1987).
[4] Fotiadis D. et al. Atomic-force microscopy: Rhodopsin dimers in native disc membranes. Nature 421, 127 (2003).
[5] Niu S. et al. Reduced G protein-coupled signaling efficiency in retinal rod outer segments in response to n-3
fatty acid deficiency. J Biol Chem. 279, 31098 (2004).
[6] Niu S, Mitchell D, and BJ L. Optimization of receptor-G protein coupling by bilayer lipid composition II:
formation of metarhodopsin II-transducin complex. J Biol Chem. 276, 42807 (2001).
[7] Mitchell D, Niu S, and Litman B. Optimization of receptor-G protein coupling by bilayer lipid composition I:
kinetics of rhodopsin-transducin binding. J Biol Chem. 276, 42801 (2001).
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Analysis of the kinetoplast DNA of trypanosomatids using atomic force
microscopy
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Abstract
Trypanosomatids seem to be among the most divergent eukaryotic cells known and possess unique
properties, such as the peculiar organization of mitochondrial DNA. This family comprises monogenetic and
digenetic protozoa, including the genera Crithidia, Phytomonas, Trypanosoma and Leishmania, which infect
insects, plants and animals. The mitochondrial or kinetoplast DNA (kDNA) of trypanosomatids is the most
unusual DNA found in nature, being unique in organization and replication. The kDNA is composed of
thousands of topologically interlocked DNA circles (minicircles and maxicircles) that form a giant network. To
understand the biological significance of the kinetoplast DNA, it is necessary to learn more about its structure.
Because traditional structural methods are unable to reveal more about the topological organization of kDNA,
new procedures are necessary to determine the fine details of this remarkable structure. Atomic force
microscopy (AFM) has been extensively used to elucidate morphological changes to DNA structure, such as
the formation of knots, nicks, supercoiling and bends. DNA is the biopolymer most studied by scanning probe
methods, and it is now possible to obtain reliable and reproducible images of DNA using AFM. There are
several protocols to immobilize DNA molecules on a surface and determine the size, shape and details of the
molecular structure or molecular interactions. Our previous work demonstrated that we were able to obtain
sharp, high-resolution images of kDNA network of Crithidia fasciculata using critical point drying methodology
(CPD). In samples critical point dried the resolution of individual strands of kDNA was greatly improved when
compared with samples dried using nitrogen flow, the most common methodology used to prepare DNA for
AFM observation. The use of CPD prevents drying artifacts, which occurs when the sample is exposed to the
surface tension of the liquid–gaseous phase border. In the present work, we analyzed intact isolated kDNA
network of some trypanosomatids using AFM. The AFM images of kDNA showed networks with sizes of 7.72 x
6.89 ± 0.64 x 0.65 µm for C. fasciculata, 7.5 x 6.7 ± 0.84 x 0.77 µm for C. deanei and 8.43 x 7.54 ± 1.27 x 1.23
µm for T. cruzi. In the intact networks, we could identify closed DNA molecules that correspond to the
minicircles. However, long strands of DNA, that could represent maxicircles, were rarely observed. In addition
we observed a clustering of DNA molecules, forming rosettes, distributed throughout the network in all species
analyzed. These rosettes, which present distinct numbers of DNA strands, seem to be a structural pattern of
kDNA network organization in all trypanosomatids analyzed. Once AFM allows one to perform distinct
topographical measurements, we were able to observe interconnections between the molecules that form the
kDNA disk, indicating the overlapping of DNA strands. Our data confirmed that AFM is a powerful tool to study
the structural organization of biological samples, including complex arrays of DNA such as kDNA, and can be
useful in revealing new information of structures previously visualized by others means. Supported by CNPq,
FINEP and FAPERJ.
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Stripe domains in membranes have a rippled substructure
Adam Cohen Simonsen, Uffe Bernchou, Henrik Midtiby, John Hjort Ipsen
MEMPHYS -Center for Biomembrane Physics, Department of Physics and Chemistry (IFK), University of
Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark
Abstract
In this work we investigate the relationship between stripe domains and the ripple phase in membranes. The
ripple phase is a peculiar corrugated membrane phase consisting of complex patterns of ripples (waves) with a
periodicity of 10-50 nm while stripe domains are micrometer long elongated dendritic domains. Both domain
types are frequently encountered in model membrane studies, but have not been linked explicitly. Past results
have demonstrated that solid and ripple phases exhibit rich textural patterns related to the orientational order of
tilted lipids and the orientation of ripple corrugations. Here we reveal a highly complex network pattern of ripple
and solid domains in DLPC, DPPC bilayers with structures covering length scales from 10 nm - 100 µm. Using
spincoated double supported membranes we investigate domains by correlated AFM and fluorescence
microscopy. Cooling experiments demonstrate the mode of nucleation and growth of stripe domains enriched
in the fluorescent probe. Concurrent AFM imaging reveals that these stripe domains have a one-to-one
correspondence with a rippled morphology running parallel to the stripe direction. Both thin and thick stripe
domains are observed having ripple periods of 13.5±0.2 nm and 27.4±0.6 nm respectively. These are
equivalent to previously observed assymmetric/equilibrium and symmetric/metastable ripple phases,
respectively. Thin stripes grow from small solid domains and grow predominantly in length with a speed of ~3
times that of the thick stripes. Thick stripes grow by templating on the sides of thinner stripes or can emerge
directly from the fluid phase. Bending and branching angles of stripes are in accordance with an underlying six
fold lattice. We discuss mechanisms for the nucleation and growth of ripples and discuss a generic phase
diagram that may partly rationalize the coexistence of metastable and stable phases.

Ripple structure in the core of a stripe domain.
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Morphological and electrokinetic indicators erythrocytes of rats at
stressful infuences estimated by AFM
Anna Derjugina, Ekaterina Gorshkova, Svetlana Pleskova, Vasilii Krylov
N.I. Lobachevsky Nizhny Novgorod State University, Gagarina ave., 23, build. 3 208, 603 950 Nizhny
Novgorod, Russia
Abstract
Now actual problem of biology and medicine it is the stress reaction. After stress effect there is decrease the
negative charge of erythrocytes that causes the increase aggregation of erythrocytes, disturbances of rheology
and initiates the process of thrombogenesis. The mechanism of the erythrocytes electronegativity change can
be connected with redistribution of the membrane charges in consequence of the morphology cells change.
The goal of the work: to study the correlation between change of morphological parameters and electrokinetic
activity of erythrocytes as a result of modeling stress-reaction.
Experiences have been spent on white rats-females (weight 200 – 250 g). Sharp stress have been modeled by
exotoxin – bee venom (0,1 mg/kg) or adrenaline (0,1 mg/kg). Both preparations were used intraperitoneal.
Physiological solution has been used as a control. Blood for the analysis has been taken from a sublingual vein
on 15, 60 and 120 minutes after influence. Morphology of erythrocytes has been investigated by atomic force
microscopy, electrokinetic properties – by microelectrophoresis. For scanning there were used DNP probes
(Veeco, USA) with the tip ROC diameter of 50 nm, angle 70º, and resonance frequency in fluid around 14 kHz.
The scanning has been done in semi-contact mode by Solver Bio (NT-MDT, Russia).
Results of researches have shown that both kinds of stressful influence caused transformation of erythrocytes.
Thus bee venom has been caused of smaller stress intensity then adrenalin. It was accompanied by reversible
changes of cells morphology and their electrokinetic properties. Adrenaline caused irreversible change of
erythrocytes morphology and reduction of membrane electronegativity. So, after 15 minutes of adrenaline
influence the deformation of dyscocytes has been registered: increase the sizes of the central zone – the
sphericity of cells. After 60 minute of adrenaline influence the erythrocytes were transformed in
echinopoikilocytes and echinospherocytes. After 120 minute – the increase in sphericity of cells was observed
and reconstruction of the discoidal forms as result bee venom interaction. Thus, the sphericity increase of
erythrocytes defines reduction of their electronegativity which has reversible character at action of stress of
small intensity, and irreversible character at strengthening of stressful influence.
Acknowledgement: The work was supported by grant P 604 (18.05.10)
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Visualization of supramolecular structures by high speed atomic force
microscopy
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Abstract
A lot of articles describes self-assembly of artificial DNA base forming filaments conformations predefined 2D
1,2
or even 3D structures like cubes . However, these supramolecular structures lacking functional properties
such as recognition, catalysis, transport, etc. that are commonly found in proteins. The aim of this work is to
successfully develop, characterize and model building blocks based hybrid proteins and nucleic acids that
create supramolecular structures geometrically defined and biologically functional.
Synthetic proteo-nucleic structures (PDNA) encompassing a single-stranded DNA sequence covalently
attached to a redox protein domain able to interact with surface or matrix were designed and characterized.
The protein-DNAs are hybrid structures in which a protein has been covalently attached to an oligonucleotide
3,4
sequence (ssDNA) through chemical bonds . They are building blocks interchangeable with DNA to create
structures combining supramolecular assembly properties of DNA to the functional properties of the protein.
We have characterized these new structures, initially by conventional low speed atomic force microscopy (LS5,6
AFM) and by high speed atomic force microscopy (HS-AFM) .
High-speed atomic force microscopy illustrated rapid lateral diffusion of assemblies on mica, revealing transient
association between non-complementary PDNA extremities and frequent trapping by surface defects.
7
Regularly organized protein domains were visualized using a larger DNA framework .
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Biophysic of the yeast cell wall exposed to heat shock
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Abstract
Discovered in 1986, the AFM has now emerged as a valuable tool in microbiology. More than a simple imaging
tool, its main interest resides in the ability to measure forces at the pN scale. With this microscope, it is
possible to work in liquid, at the nanometer scale, on living cells. Based on a sharp tip scanned over a surface
or approached and retracted from the surface, the AFM is extensively used in our group to probe single
molecule interactions, to measure cell elasticity, to image complex cell structures.
Yeast cells are surrounded by a thick cell wall whose chemical composition and molecular organization have
been studied in details by biochemical and genetic methods. In this study, we took advantage of the Atomic
Force Microscope (AFM) to investigate effect of temperature on the cell surface topography and the cell wall
nanomechanical properties of yeasts.
Raising temperature also caused a strong modification of the elasticity properties (measured by the Young
modulus) of the cell wall. While the untreated cells exhibited a Young modulus (E) of 657 kPa +/- 196, this
value dramatically dropped to 103 kPa +/- 76 after 2 hr heat shock at 42°C.
As described previously, the cell wall nanomechanical properties are essentially due to the linkage between
beta-glucan and chitin. Our results show for the first time that the biophysical organization of the cell wall is
deeply altered by a heat shock treatment as shown in the figure. In the near future we will use AFM tips
functionalized with ConcanavalinA or Wheat Germ agglutinin (WGA) to examine whether part of this cell wall
reorganization induced by a heat shock implicated changed in mannoproteins.

Yeast typical images obtained by AFM after a 60 minutes of 42°C exposure. The structural modifications on the
cell wall are clearly visible.
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High resolution Kelvin Probe Force Microscopy of single biomolecules on
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Abstract
Electrostatic forces and potentials are keys in determining the interactions between biomolecules. We
demonstrate the ability of Kelvin Probe Force Microscopy (KPFM) to image surface charges on biological
samples in air and at molecular resolution. Specifically, we show that high resolution KPFM reveals the
electrostatic potential of buffer salts shielding negatively charged DNA molecules assembled on silicon and
also on an insulating surface such as mica, which provides access to configurations of DNA that are
projections of its structure in solution. In particular, we apply dual-frequency mode to minimise the tip-sample
distance at which the Kelvin probe signal is acquired and use the fundamental resonance of the cantilever to
determine surface potential and its first overtone to detect the topography. We anticipate that measuring the
electrostatic potentials of proteins and DNA by KPFM will be an important step towards the understanding of
biomolecular physics on surfaces, especially in the fields of biosensing and bionanoelectronics.
[1] Leung C, Maradan D, Kramer A, Howorka S, Mesquida P, Hoogenboom BW, “Improved Kelvin Probe Force
Microscopy for imaging individual DNA molecules on insulating surfaces,” Applied Physics Letters, 97, 203703, (2010).
[2] Leung C, Kinns H, Hoogenboom BW, Howorka S., Mesquida P., “Imaging surface charges of individual
biomolecules,” Nano Letters, 9, 2769, (2009).
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Secondary structure of double-stranded DNA under stretching:
Elucidation of the stretched form
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Abstract
Almost two decades ago, measurements of force versus extension on isolated double-stranded DNA molecules
revealed a force plateau. This unusual stretching phenomenon in DNA suggests that the long molecules may
be extended from the usual B form into a new conformation. Different models have been proposed to describe
the nature of DNA in its stretched form, S-DNA. Using atomic force microscopy combined with a molecular
combing method, we identified the structure of lambda-phage DNA for different stretching values. We provide
strong evidence for the existence of a first-order transition between B form and S form. Beyond a certain
extension of the natural length, DNA molecules adopt a new double-helix conformation characterized by a
diameter of 1.2 nm and a helical pitch of 18 nm.

Typical AFM images [(A) 2 µm × 2 µm and (B) 500 nm × 500 nm] of stretched DNA molecules in the
coexistence zone of B and S DNA forms (DNA lengths between 17 m and 22 µm). (c) Histogram representing
the statistical analysis of diameter measurements of the coexisting segments. The histogram shows two peaks.
One peak is at 2.4 nm and corresponds to the diameter of ds-DNA in its B form, and another peak at 1.2 nm
corresponds to the diameter of the DNA in its stretched form.
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Piezoelectric self-sensing AFM Scanning Probe for high resolution
imaging and Dynamic Force Spectroscopy measurements
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Abstract
Atomic Force Microscopy (AFM) has been widely used in biotechnological research to visualize proteins or cell
components with a sub-nanometric resolution. However, most of the commercial AFM models used the
standard optical lever method which is difficult to set in liquid environment and sensitive to optical artifacts as
interferences. Thus, it is extremely interesting to find an alternative approach to resolve such type of problems.
Herein, we introduce a piezoelectric self-sensing probe for molecular imaging and Dynamic Force
Spectroscopy (DFS) measurement of ligand-receptor interaction. In a previous work we have demonstrated the
efficiency of our system in DFS measurements between functionalized tip and bovin serum albumin (BSA)
covalently linked to the surface. In this work, we tested the capabilities for high resolution of our system by
imaging two kinds of antibodies (IgG and IgM) deposited on mica surface.
The used methodology proved to be very promising approach for high resolution imaging of isolated proteins
with well-defined structures as well as for dynamic force spectroscopy measurements.

Top: Close view of the piezoelectric scanning probe operating in buffer solution. Left: High resolution imaging
of IgG antibodies. Right: Dynamic force Spectroscopy obtained on BSA proteins with a functionnalized tip.
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Difference kind morphology of pseudopodia neutrophil in phagocytosis
of bacteria and xenobiotics investigated by atomic force microscopy
Elza Mikheeva, Svetlana Pleskova, Ekaterina Gorshkova
N.I. Lobachevsky Nizhny Novgorod State University, Gagarina ave., 23, build. 3 208, 603 950 Nizhny
Novgorod, Russia
Abstract
The neutrophil granulocyte is the main cells component of the system non-specific defense of human
organism, because this kind of cells has high mobility and rich bioaggressive potential. They absorb (by
phagosytosis) and destroy all foreign agents (including antigens) getting to a microorganism. So, the goal of
work was a comparison between pseudopodia which the neutrophil forms at absorption of microorganism
(Staphylococcus aureus, Candida albicans) and pseudopodia which the cells forms at adsorbtion xenobiotics
(CdSe/ZnS-MAA quantum dots).
Atomic force microscope SOLVER BIO™ (NT-MDT, Zelenograd, Russia) includes optical inverted microscope
and measuring AFM head was established on it. The neutrophil have been incubated with microorganism or
xenobiotics (in the dark, 37ºC, 30 min, in equivalent ratio). After incubation cells have been washed and
suspended in PBS. The cells have been investigated both in native (vital), and in the fixed condition. For
fixation the methanol has been used.
The result of the experiments series has shown essential distinction between morphology of neutrophils
pseudopodia at absorption of microorganisms and pseudopodia which neutrophil formed in the phagosytosis of
xenobiotics. At absorption of microorganisms the cells pseudopodia are extremely structured, but differ on
length: for Candida phadosytosis the neutrophils formed short pseudopodia, for Staphylococcus adsorption –
longer branched out pseudopodia. When cells absorbed quantum dots the character of pseudopodia changed
significantly: they were straight lines, short, «fused» on the ends.
Thus the morphology of neutrophils pseudopodia directly depends on kind of absorbed object and changes in
that cause if the xenobiotic is absorbed. These distinctions are very well visualized if to use the atomic-force
microscopy.
Acknowledgments: the work is confirmed by the Russian Foundation for Basic Research (project 09-04-97068
r_Povolzhye_a), Federal-desired program GK No 14.740.11.0456.
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Multimodal nanoscopy on Cell-ECM – signaling during osteoclast binding
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Abstract
Osteoclasts are highly polarized cells that resorb bone by generating a pH gradient between the cell and the
bone surface. They work to remodel and repair bone throughout a human life. Disturbance of this process can
lead to osteoporosis. Polarized osteoclasts can only be found on bone suggesting that a target recognition
process takes place before further polarization. The attachment mechanism of osteoclasts to bone surface is
not fully understood, though past studies have shown aVß3-integrin involvement in the binding process.
Binding to bone is likely a unique property of osteoclasts making it a good target for specific and selective
treatment for osteoporosis. To serve this end it would be crucial to develop methods that would reveal the
biological processes, control the binding and resorption machinery.
A combination of laser scanning confocal fluorescence microscope and atomic force has already been in use
for some years, but the resolution of confocal microscope is approximately 250 nanometers due to diffraction of
light. Details that are smaller than half of the used wavelength cannot be resolved. A microscope using
stimulated emission depletion (STED) enables far-field fluorescence images from intracellular processes with a
lateral resolution of 50 nanometers and AFM provides near-field topographical information in nanometer
resolution in z-direction. With biological samples (e.g. cells) the lateral resolution of AFM is in the same range
as the resolution of STED microscope. To overlay the data objects detectable with both modalities are needed.
The tip position detection and fluorescent reference particles with small size distribution can be used. Image
analysis and overlay was performed with automated ImageJ-macro.
Reference particles are easy to visualise but the reference particles should be dense enough to cover all
regions of interest. Manufacture of such samples was tedious since too dense coverage masked interesting
features and contaminated AFM-tip and too sparse coverage required very large scan field which sowed data
acquisition and made nanoscale resolution difficult to obtain. Tip detection was more convenient method. The
cantilever was easy to observe in bright field image, but precise detection of the tip is not as easy. The tip of
the cantilever can be coated with fluorescent material although this increases the tip radius. This can avoided
when detecting reflection / autofluorescence signal from the tip in confocal image. This allows overlays to be
performed with less than 50 nanometer mismatch.
The combination of STED and AFM has been proven to be a powerful tool that provides nanoscale spatial and
temporal information. Overlay of the images from the two modalitites allow monitoring movements of individual
proteins in respect to cell membrane organization. In addition the functionalized AFM-probe can be used to
trigger signaling events between the cell and extracellular matrix (ECM). The STED nanoscope can reach
imaging speeds up to 8000Hz hence the processes can then be followed instantaneously due to precise
temporal control. Binding to ECM can be recorded along with location of adhesion mediators in the binding
domain. This dynamic observation produces further information on cell signaling during osteoclast attachment.
The new technology provides a nanoscale perspective to complicated signaling processes and resolves myriad
of biological problems.
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AFM studies of HIV-1 integrase selectivity on chromatinized integration
sites
Monica Naughtin, Pascale Milani, Cédric Vaillant, Marc Ruff, Alain Arneodo, Françoise Argoul, Marc Lavigne
Laboratoire Joliot Curie, CNRS, ENS Lyon, IGBMC Illkirch, Pasteur Institute, Paris
Abstract
Background:
HIV integrase is a virally-encoded enzyme which catalyzes the insertion of the reverse-transcribed viral
genome into the host DNA. HIV-1 integration is influenced by several factors including the cellular cofactor
LEDGF/p75, the transcriptional process and chromosome structure. In vitro studies have shown that
integration of the HIV-1 genome is disfavored into strongly positioned nucleosomes, however, these studies
have used regular nucleosome positioning sequences such as the 5S sequence. Structural studies of
Integrase have been limited by the fact that Integrase is highly insoluble. One previous atomic force
microscopy (AFM) study of Integrase complexed with viral DNA has demonstrated that AFM is a potential tool
for studying Integrase/DNA complexes (Kotova et al., 2010).
Aims:
We propose an in vitro study of Integrase binding and selectivity on chromatin by AFM. Firstly we will study the
position of nucleosomes around integration sites identified in infected cells. We aim to identify the in vitro
positions on human genomic sequences containing natural HIV-1 integration sites using AFM and to compare
them to our predicted positions. Finally we would like to use AFM to visualize Integrase/viral DNA complexes
(the Intasome) binding to chromatin.
Methods:
We have selected published HIV-1 integration sites in infected cells, and have predicted the nucleosome
positions on DNA sequences surrounding these sites. We have classified these sequences according to
whether the integration site is predicted to be covered by a nucleosome or in a linker region. We amplified
approximately 1kb regions by PCR with a 5’-biotin labeled primer. Polynucleosomes were assembled on
sequences using a salt dialysis technique. Polynucleosomes were imaged using a Nanoscope III system on
spermidine-coated mica, in tapping mode, in air. Nucleosome positions were calculated using
ScanningAdventure, or Matlab software. We have generated “blocked” viral DNA donor substrates to form
intasome complexes with Integrase. We are optimizing the conditions to visualize these complexes on APScoated mica.
Results and Discussion:
We have assembled polynucleosome templates containing natural integration sites and visualized them using
AFM. We measured the linker sizes between nucleosomes positions, and compared to the predicted positions
and to positions characterized using conventional biochemical protocols. In the future, we aim to study
Integrase binding to these polynucleosome templates and to determine the parameters responsible for the
selectivity of integration in chromatin.
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Measuring single small molecule binding via rupture forces of a split aptamer
Thi-Huong Nguyen, Lorentz Steinbock, Hans-Jürgen Butt, Mark Helm, Rüdiger Berger
Max Planck Institute for Polymer Research, Johannes Gutenberg University Mainz, Institute of Pharmacy and
Biochemistry, Mainz 55128, Germany
Abstract
Aptamers are specific oligonucleotides (DNA or RNA) which bind small inorganic or organic molecules, large
1
proteins or cells . In particular, the high affinity of aptamers is expected to lead to a new class of therapeutic
reagents. Thus the detection and characterization of binding strength of small molecules is important for drug
and medical research. Atomic force spectroscopy (AFS) with a force resolution in the piconewton range is a
valuable tool for studying interactions on a single molecular level. The detection of very small target molecules
less than 500 Dalton is characterized by only a few hydrogen interactions between the aptamer and the target
2,3
molecules. Thus tiny rupture forces well below 100 pN are predictable . Furthermore for AFS the target
molecules as well as the aptamer probes are typically immobilized on the AFM-tip or sample surface,
respectively. This concept suffers from the need to chemically manipulate or label the target analyte by binding
sites that interact with surfaces. We solved this problem by using a split aptamer probe. Both components of
the aptamer were immobilized on the SFM-tip and sample surface, respectively. During the AFS experiment
the split aptamers form defined binding pockets for the free analyte. The concept of using a split aptamer
allowed the detection of the binding of Adenosine mono-phosphate (AMP) molecules being label-free. We
found an increase in rupture force of 11 pN in the presence of AMP molecules in both binding pockets. The
route to use a split aptamer probes in AFS enables us to determine precisely the dissociation constant of the
4
AMP-aptamer system (4.0 ± 1.5 µM) .
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High-resolution AFM imaging of milk casein micelles
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Abstract
The casein micelles of bovine milk result from the supramolecular assembly of casein proteins alpha-s1, alphas2, beta, kappa and minerals. They are regarded as soft colloid particles and are responsible for the white color
of milk. Elucidation of the nanostructure of this particle and of the interaction forces that account for its stability
in the milk suspension have been the goal of substantial research in the last decades. This knowledge is
indeed of fundamental interest in order to better understand the physiological properties of milk as well as its
maneuverability in dairy processes. The present work reports on the potentially significant contribution of
atomic force microscopy (AFM) to this field of research.
Casein micelles isolated from bovine milk were either adsorbed on mica surfaces and imaged in air conditions,
or chemically immobilized on gold substrate and imaged either in air or in physiological conditions (i.e., in a
relevant saline liquid solution). High-resolution images were obtained in all conditions and showed particles
with “raspberry-like” surfaces, possibly as a result of a heterogeneous internal structure of the casein micelle.
For the first time, morphological changes of the micelles as induced by acidification could be observed in
physiological fluid conditions. The results are discussed with respect to the effect of interaction of the casein
micelle with surfaces.
Successful immobilization of the casein micelle in fluid opens perspective for the measurement of its
mechanical properties as well as the measurement of force-distance profiles in physiologically or
technologically relevant conditions as a means to investigate the colloidal interactions responsible for its
stability behavior.

Casein micelles immobilized on gold and imaged in air (Fig 1a: height; Fig 1b: error) or in liquid (Fig 2)
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Effects of DHA incorporation in membrane lipid rafts of MDA-MB-231
human breast cancer cells
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Abstract
One of the major targets for breast cancer therapy is the epidermal growth factor receptor (EGFR). EGFR is a
transmembrane protein with intrinsic protein tyrosine kinase activity that is activated by ligand binding, most
important being EGF. EGFR over-expression contributes to increased cell proliferation and migration in breast
1
cancer .
Recent findings in membrane biology suggest that the plasma membrane is composed of microdomains of
saturated lipids that segregate together to form lipid “rafts”. Lipid rafts have been operationally defined as
cholesterol- and sphingolipid-enriched membrane microdomains resistant to solubilization by nonionic
2
detergents at low temperatures. Lipid rafts are enriched in several signaling proteins, including EGFR .
N-3 polyunsaturated fatty acids (PUFA), namely eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), decrease proliferation and induce apoptosis in EGFR over-expressing MDA-MB-231 human breast
3,4
cancer cells .
Here we report a biophysical approach aimed at investigating the changes in lipid composition, induced by
DHA incorporation, and their correlation with EGFR content modifications in MDA-MB-231 cell lipid rafts
applying imaging and spectroscopic tools, namely AFM and FTIR microspectroscopy. Moreover, the
biophysical approach is coupled to a detailed biochemical analysis by means of biochemical assays (SDSPAGE, Western Blotting and HPLC/GC).
Biochemical analyses show that DHA increases the unsaturated degree of phospholipids in lipid raft fatty acids
of breast cancer cells, therefore, it alters their physical-chemical properties. Many acylated proteins directly
interact with membrane lipid bilayers by their saturated acyl moieties. Then we suggest that the altered lipid
composition of microdomains might determine the displacement of proteins from lipid rafts in n-3 PUFA-treated
cells with alteration of signal transduction.
In addition, morpho-dimensional changes in lipid rafts are visualized and quantitatively analyzed by AFM
studying purified membrane samples both before and after the DHA incorporation. AFM technique allows to
obtain three-dimensional images of the surface topography of lipid microdomains at nanometer resolution in a
physiological-like environment thus providing structural/functional insights that cannot be obtained with more
conventional approaches. High resolution AFM imaging shows on MDA-MB-231 lipid rafts, after DHA
incorporation, features in agreement, for dimensions and shape, with membrane proteins. A more accurate
investigation using specific antibodies could confirm, in the next future, the nature of the observed structures
and allow their identification. These preliminary results suggest that AFM could be an useful tool to
characterize changes in the membrane protein content induced by DHA treatment at single protein level.
[1] Muller-Todow C et al., Clin Cancer Res, 10, 1241-1249 (2004).
[2] Foster LJ et al., Proc Natl Acad Sci USA, 100, 5813-5818 (2003).
[3] Schley PD et al., Breast Cancer Res Treat, 92, 187-195 (2005).
[4] Corsetto PA et al., Chem Phys Lip, 163, S28 (2010).
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The N-terminal molecular switch of TRF proteins
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Abstract
Despite great similarity in their domains sequence and organization, the telomeric TRF1 and TRF2 proteins
have been found to have different biological functions and behaviour on DNA.
In this work, we reveal that these protein intrinsic properties are not as different as previously assumed. A
detailed study of TRF2-DNA complexes using AFM indicates that human TRF2 can create higher-order
structures on DNA by association of structural units where about 100 bp of DNA are wrapped around a dimer
of the protein. This DNA condensation modifies DNA topology and is correlated with telomeric invasion, a
phenomenon that is believed to favour telomeric DNA looping. AFM studies of several mutants reveal that
TRF1 could act similarly but is prevented to do so by the presence of its N-terminal acidic domain. Analyzing
the acidic domains of TRF1 proteins from chicken, mouse and human, we have found a correlation between
the length of the acidic domain and the ability to inhibit wrapping and invasion. Amazingly, the binding of a
TERRA-like RNA molecule on TRF2 N-terminus converts TRF2 to a TRF1-like protein. We propose that the Nterminal domains of TRF1 and TRF2 could constitute molecular switches between a wrapping (topology and
invasion) and a non-wrapping behaviour and that partners of these proteins could regulate these switches.
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Partitioning of lactose permease of Escherichia coli into biomimetic
supported lipid bilayers
Carme Suárez-Germà, M.Teresa Montero, Jordi Hernández-Borrell, Òscar Domènech
Joan XXIII s.n., 08028 Barcelona, Spain
Abstract
Phosphatidylethanolamine (PE) and phosphatidylgycerol (PG) are the two main components of the inner
membrane of Escherichia coli (E. coli). It is well known that E. coli inner membrane presents phospholipids with
a nearly constant polar headgroup composition. However, bacteria can regulate the degree of unsaturation of
the acyl chains to adapt to different external stimulus. Studies on model membranes of mixtures of PE and PG
mimicking the proportions found in E. coli can provide essential information of the phospholipid organization in
the biological membranes and may help in the functional understanding of membrane proteins.
In this work we have studied the influence of the structure of phosphadidylethanolamines differing in the acyl
chain saturation on the properties of model membranes. Three different phospholipid systems were studied:
DOPE:POPG, POPE:POPG and DPPE:POPG at molar ratios of 3:1. Lipid mixtures were analyzed at 24 and
37 ºC through three different model membranes: monolayers, liposomes and supported lipid bilayers (SLBs).
Data from three different techniques: Langmuir isotherms, generalized polarization and Atomic Force
Microscopy (AFM) evidenced that at 24 and 37 ºC only the DPPE:POPG system presents coexistence
between gel and fluid phase. In the POPE:POPG system the fluid / gel coexistence appears at 27 ºC.
Therefore in order to investigate the distribution of lactos permease (LacY) of Escherichia coli between
phospholipids phases, we have used AFM to explore the distribution of LacY in SLBs of the three
phospholipids systems at 27 ºC where the DOPE:POPG is in fluid phase and POPE:POPG and DPPE:POPG
exhibit fluid / gel coexistence. The observations indicate that LacY prefered fluid phases.
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Reconstitution of photosynthetic antenna membrane protein assembly
1

1,2

1

1

1

1,3,4

Ayumi Sumino , Takehisa Dewa , Natsuko Watanabe , Nobuaki Sasaki , Masaharu Kondo , Mamoru Nango
1

Graduate School of Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku Nagoya 466-8555, Japan
JST/PRESTO
3
Graduate School of Science, Osaka City University, 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan
4
JST/CREST
2

Abstract
In a bacterial photosynthesis, light-harvesting complex 2 (LH2) and light harvesting-reaction center complex
(LH1-RC) play the key roles of capturing and transferring light energy and subsequent charge separation.
These antenna complexes form molecular assembly, however, how the assembly influences the efficiency of
the energy conversion is not yet clear. In this study, we reconstituted LH2 and LH1-RC into lipid bilayer to
investigate the molecular assembly of LH2 and LH1-RC by atomic force microscopy (AFM) and intermolecular
fluorescence resonance energy transfer from LH2 to LH1-RC.
LH1-RC and LH2 isolated from purple photosynthetic bacteria, Rps. palustris (LH1-RC, LH2) and Rb.
sphaeroides (LH2), were reconstituted into liposomal membrane. A suspension of lipid/detergent/membrane
protein was dialyzed against a detergent-free buffer solution, giving a protein-reconstituted liposomal solution.
Figure 1 shows AFM images of Rb. sphaeroides LH2 (A) and Rps. palustris LH1-RC (B) incorporated into lipid
bilayers. The LH2 molecules whose structure is cylindrical (d = 6 nm) could be clearly observed (Fig. 1A). AFM
image of LH1-RC clearly shows protruded part (H-subunit of RC, h = 〜 3 nm) surrounded by ellipsoidal
structure (LH1, d = 〜 13 nm) (Fig. 1B). These structures were in good agreement with corresponding
1,2
crystallographic structures . For functional analysis of these reconstituted complexes, we measured the
intermolecular excitation energy transfer from LH2 (Rps. palustris) to LH1-RC in micellar and liposomal
solutions (Fig. 2A and 2B, respectively). The molar ratio of these complexes was LH2/LH1-RC = 1/1. In the
case of the LH2-only membrane (black line) fluorescence from B850 was observed upon irradiation λex = 800
nm (B800 of LH2).
The LH1-RC-only membrane (gray line) showed very weak fluorescence upon irradiation at 800 nm. (Emission
from LH1-RC appears at 900 nm upon excitation of B880 band.) When the LH1-RC was added into the LH2
micellar solution (the spectrum colored in blue in Figure 2A), fluorescence from LH2 (λem = 867 nm) was
slightly suppressed and band was broadened. This indicates that energy transfer from LH2 to LH1-RC takes
place in the micellar solution. In sharp contrast, when both LH2 and LH1-RC complexes were incorporated into
a liposomal membrane (the spectrum colored in blue in Figure 2B), fluorescence from LH2 (λem = 867 nm)
was significantly suppressed and that from LH1-RC (λem = 895 nm) was prominently enhanced. This clearly
3
shows enhanced energy transfer from LH2 to LH1-RC in the reconstituted membranes . It was also found that
the extent of energy transfer strongly depends on phospholipids constituents in the reconstituted lipid bilayer.
Such reconstituted molecular assemblies are useful experimental platforms to investigate the relationship
between supramolecular arrays and function.
[1] G. McDermott, et al. Nature 1995, 374, 517.
[2] A. W. Roszak, et al. Science 2003, 302, 1969.
[3] A. Sumino, et al. e-J. Surf. Sci. Nanotech. 2011, 9, 15.
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Figure 1. AFM images of LH2 (A) and LH1-RC (B) in lipid bilayers.
Figure 2. Fluorescence spectra of LH2 and/or LH1-RC in micellar (A) and liposomal (B) solutions. Black line,
LH2-only; gray line, LH1-RC-only; blue line, LH2/LH1-RC coexisting system. Œªex = 800 nm
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Worm-like Ising model for protein mechanical unfolding under the effect
of osmolytes
Daniel Aioanei, Marco Brucale, Bruno Samori
Department of Biochemistry 'G.Moruzzi', University of Bologna, Via Irnerio 48, 40126 Bologna, Italy
Abstract
1

We present an Ising-like model for protein mechanical unfolding which adds Worm-like chain behaviour to a
2,3
4
recent generalization of the Wako-Saito-Munoz-Eaton (WSME) model with support for the osmolyte effect .
5
The thermodynamics of our model are exactly solvable , while protein kinetics under mechanical tension can
be simulated via Monte-Carlo algorithms at near-physiological or experimental conditions. We simulate the
force-clamp and velocity-clamp unfolding of a model protein with constant forces going from very high to as low
as the limiting case of zero-magnitude, and velocities equal to those of previous single-molecule force
spectroscopy (SMFS) experiments. The simulations, performed in the presence of varying concentrations of
pervasive osmolytes, qualitatively explain recent SMFS findings about the effect of osmolytes on protein
5,6
mechanical stability .
[1] C Bustamante, JF Marko, ED Siggia, S Smith. Science, 265, 1599 (1994).
[2] H Wako and N Saito. Journal of the Physical Society of Japan, 44, 1931 (1978).
[3] V Munoz, PA Thompson, J Hofrichter, WA Eaton. Nature, 390, 196 (1997).
[4] D Aioanei, I Tessari, L Bubacco, B Samori, M Brucale. Proteins: Structure, Function, and Bioinformatics, n/a
(2011), ISSN 1097-0134.
[5] P Bruscolini and A Pelizzola. Physical Review Letters, 88, 258101 (2002)
[6] D Aioanei, S Lv, I Tessari, A Rampioni, L Bubacco, H Li, B Samori, M Brucale. Angewandte Chemie, 50,
4394 (2011).

Simulated velocity-clamp curve of a homomeric polyprotein made up of of 8 tandem repeats of the B1 domain
of streptoccocal protein G. The velocity was 50.1 nm/s, the cantilever spring constant was 0.06 N/m and the
solvent had a concentration of 2.25 M guanidinium chloride.
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Analysis and control of a cell adhesion force to the substrate as a basis
for development of a novel mechanical cell sorting system
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Abstract
We have been developing the single cell manipulation technique by using an AFM and an ultra-thin AFM tip
(AdvancedTEC-Cont, NanoWorld) sharpened to 200 nm in diameter (nanoneedle). The insertion of a
nanoneedle into a mammalian cell does not affect the cellular viability. We developed a method for
intracellular filamentous proteins detection in a living cell using an antibody-immobilized nanoneedle and AFM
by measuring “fishing force” which we defined as the maximum force exerted on the cantilever during rupture
of antibody-filamentous protein complexes while evacuating the inserted nanoneedle from a cell. For example
in the case of mouse embryonic carcinoma P19 cells, the fishing force of an intermediate filament nestin, a
neural stem cell marker, reached to 2-3 nN (force loading rate of 0.3-1.0 µN/s).
If we can control the cell adhesion force less than a fishing force, we could fish out a cell by the antibodyimmobilized nanoneedle. It would be the basis of novel mechanical cell sorting technology. Firstly, we
investigated rupture forces of cell adhesion and cell contact to the substrates by vertical pulling a cell to confirm
the proof of concept. P19 cells chosen as a nestin positive, while mouse fibroblast NIH3T3 cells served as
negative control for nestin detection. A nanoneedle with hooks was used to detach the naturally cultivated cells
from culture dish using AFM. The adhesion force of P19 and NIH3T3 cells on the culture dishes reported to be
about 25 nN and 60 nN, respectively. To determine the cell contact force to the substrate, we performed a
force measurement on the culture dish using the fibronectin-coated tip-less cantilever where a cell was
attached. The trypsin-treated cells were spread on the BSA-coated glass substrate and the single cell was
enabled to attach onto the fibronectin-coated tip-less cantilever by contacting the cantilever to the cell for 5 s.
The resulting contact force was found to be less than 0.1 nN for both the P19 and NIH3T3 cells. The results
suggested that we need to control the cell adhesion force around 1 nN to lift up a cell by fishing force using
antibody-immobilized nanoneedle. To achieve the controlled adhesion forces, we used a reagent
Biocompatible Anchor for Membrane (BAM, SUNBRIGHT OE-020CS, NOF Co.) equalizing the adhesion
forces of P19 and NIH3T3 cells approximately 18 nN for higher adhesion condition and less than 1 nN for lower
adhesion states. The details of the study will be discussed.
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Single-molecule force spectroscopy of DNA-gold interactions
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Abstract
Due to the wide use of DNA based technology, interest in a better understanding of the DNA –surface
interactions at molecular or sub-molecular level is growing. Although intensive interest has been devoted to
disclose the interactions of DNA duplexes on surfaces, especially on gold due to its stability and
biocompatibility, very little is known about DNA–gold interactions. The main goal of our studies is to contribute
to the characterization, the control and the use of these interactions for the development of smart sensors and
logical machines. To this end, we investigated DNA–gold interactions by utilizing AFM-based single molecule
force spectroscopy (SMFS) under physiological conditions e.g., in aqueous solution at a well-defined pH and
salt concentration. Following a gold–thiol chemistry, ssDNA molecules were first immobilized on a gold–coated
AFM tip, by their modified 5’ ends. Subsequently, the AFM tip was brought into contact with a gold substrate for
recording the DNA–gold interactions at a constant pulling rate. The results reveal different unbinding forces for
DNA bases; A, C, T and G. Additionally, the effect of the surface morphology on the response of a single
stranded DNA is observed.
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Reconstitution of membrane proteins with a defined orientation into a
tethered lipid membrane
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Abstract
The study of protein structures gives information on their functionality and thus help to understand biological
processes. Additionally, misfolding of proteins is the cause of many diseases, such as Alzheimer Disease. The
same is valid for membrane proteins. However, this is a challenge as these proteins lose their functionality or
denature outside a lipid membrane. Atomic force microscopy offers a new and innovative approach for the
study of membrane proteins. Especially force measurements on single proteins can yield valuable information
on the protein structure. To obtain significant information the protein of choice has to be placed on a solid
substrate. In the case of membrane proteins detergents have to be used to stabilize the protein structure
outside a membrane and prevent them from denaturing. In most cases however, the protein needs to be
studied in its natural environment, a bilayer lipid membrane. This can be achieved by incorporating the protein
into an artificial tethered bilayer lipid membrane (tBLM).
The formation of a tethered lipid bilayer on a glass surface and the incorporation of a Rhodopsin with defined
orientation have been studied by atomic force microscopy. Using a Rhodopsin as a model protein this
approach later can easily be modified to study any member of the Rhodopsin family and other membrane
proteins. The goal of this work is to establish a final protocol combining the advantage of concentrationcontrolled protein density and the knowledge about protein orientation due to specific coupling.
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Open source software tools for single molecule force spectroscopy
Marco Brucale, Daniel Aioanei, Bruno Samorì
Università di Bologna, Dipartimento di Biochimica, Via Irnerio 48, 40126 Bologna (BO), Italy
Abstract
We present three open-source software packages (one soon to be released), recently developed by our group,
dealing with specific practical and theoretical aspects of atomic force microscope (AFM) based Single Molecule
Force Spectroscopy (SMFS) experiments. The two already released packages are freely available online and
1-3
ample documentation was published elsewhere . We will present brief outlines of the packages’ capabilities,
point to published examples of their functionality and provide basic documentation.
1
Hooke is an open source, extensible software package for the analysis of AFM SMFS data. It supports most
widespread file formats and allows to perform basic SMFS data manipulation and filtering such as displaying,
annotating, and measuring individual points on force curves, and performing automatic Worm-like chain and
Freely-jointed chain fits of force peaks. It can also automatically single out curves containing measurable
signals from a batch of raw data, employing several different filtering algorithms. Hooke also includes a basic
toolbox for handling and measuring force clamp SMFS curves.
2
Refolding is the second open source software package we present herein. Although AFM-SMFS techniques
are routinely used to study protein unfolding kinetics, they are only rarely employed to study protein folding
kinetics. The discrepancy arises because mechanical protein refolding studies are more technically challenging
with commercial setups. We thus developed software that can drive and analyze mechanical refolding
experiments when used with the widespread commercial AFM setup “Picoforce AFM”, Bruker (previously
Digital Instruments). We expect the software to be easily adaptable to other AFM setups. We also developed
an improved method for the statistical characterisation of protein folding kinetics, and implemented it into an
AFM-independent software module.
3
Finally, we will present a Maximum Likelihood (ML) framework for the estimation of protein kinetic parameters .
Constant velocity unfolding SMFS data can be employed to reconstruct the protein unfolding energy landscape
and kinetics. However, methods applied so far require the specification of a single stretching force increase
function, either theoretically derived or experimentally inferred, which must then be assumed to accurately
describe the entirety of the experimental data. The very existence of a suitable optimal force model, even in the
context of a single experimental dataset, is still questioned. We present a Maximum Likelihood (ML) framework
for the estimation of protein kinetic parameters which does not presuppose the existence of a single force
characteristic function. Rather, it employs a heterogeneous set of functions, each describing the protein
behavior in the stretching time range leading to one rupture event. This set of functions is constructed via
piecewise linear approximation of the SMFS force vs time data. We prove the suitability of the approach both
with synthetic data and experimentally.
[1] M. Sandal, F. Benedetti, M. Brucale, A. Gomez-Casado, B. Samori, Bioinformatics 2009, 25, 1428.
[2] D. Aioanei, M. Brucale, B. Samori, Bioinformatics 2011, 27, 423.
[3] D. Aioanei, B. Samori, M. Brucale, Physical Review E 2009, 80.
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Probing the effect of ligands on DNA strands binding by single molecule
force spectroscopy
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Abstract
Due to particular features like self–assembling and molecular recognition properties, DNA is one of the most
promising building blocks in the development of “bottom–up” nanodevices, with possible applications in areas
like biotechnology, medical science or computational logic. The implementation of such devices calls for a
strong basic effort aiming at a better understanding of the forces governing the interactions between the
constitutive subunits at the molecular scale. We report here on the measurement of the forces that hold
complementary strands of DNA and on the effect induced by the non-covalent binding of ligands. Minor groove
binders and intercalators, used as therapeutic or coloring agents in medicine can be potentially carcinogenic or
mutagenic, since they perturb DNA structure and replication by binding. In this context, a thiol-derivatized
single stranded DNA constituted of 12-base oligonucleotide was grafted onto the AFM-tip and its
complementary strand to a gold-coated substrate. Both DNA strands were designed to correspond to the
formation of a DNA-duplex long enough to be detected by force spectroscopy. The DNA hybridization obtained
via the contact of the AFM-tip with the substrate was successfully detected by the force curves showing a
rupture corresponding to an extension similar to the length of the DNA-duplex formed. In addition, the energy
landscape of the interaction was probed by loading rate dependent measurements. The presence of ligands
induces a stabilization or destabilization of the double helix, according to their nature. These promising results
have an important impact for the utilization of atomic force spectroscopy on short DNA-duplexes to probe the
role and mimic the effects of ligand binders having therapeutic properties.
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The mechanical properties of fibrin fibers and fibrin fiber junctions
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Abstract
Blood clots have the mechanical task of stemming blood flow; yet despite decades of work our understanding
of the mechanical properties of blood clots is still poor. In fact, currently there is no good mechanical model of a
blood clot available. One of the key missing elements in constructing a model of a blood clot is knowledge of
the mechanical properties of the clots constituents, nanoscopic fibrin fibers.
We have used a combined atomic force/fluorescence microscopy technique to determine numerous
mechanical properties of single, crosslinked and uncrosslinked fibrin fibers, and the junctions between these
fibers. In this technique, fibers are suspended across grooves and the atomic force microscope is used to
stretch the fibers and record force data. Meanwhile, the fluorescence microscope records images of the
stretching process.
We have determined uncrosslinked fibers are very soft, with a modulus of 3.9 MPa, but increase in modulus
(stiffness) at ~100% strain by a factor of 3. They also have a sigmoid shape to their energy loss, at low strain
fibers display little energy loss while at high strains 70% of the energy used to stretch the fiber is lost. In
comparison, crosslinked fibers were stiffer, with a modulus of 8.0 MPa, less extensible, deformed at strains as
low as 10%, strain hardened by a factor of 1.9 and showed large energy loss beginning at low strains. The
viscoelastic properties of fibrin fibers were determined and it was shown crosslinking has the effect of
decreasing extensibility and increasing modulus and dissipated energy.
We also determined the strength and failure mechanisms of the junctions between fibers. Junctions are
remarkably resilient and do not show extensive unzipping under an applied force. This resilience may be partly
due to a triangular architecture of the junction.
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Influence of external loading force on bacterial adhesion force measured
by atomic force microscopy
Yun Chen, Henk J. Busscher, Henny C. van der Mei, Willem Norde
W.J. Kolff institute, Antonius Deusinglaan 1, FB41, 9713 AV Groningen, The Netherlands
Abstract
Atomic force microscopy (AFM) is a widely applied technique for directly measuring bacterial adhesion forces.
However, the involvement of the loading force in AFM force spectroscopy may bias the adhesion force,
because such an imposed force is usually absent under natural conditions. The aim of this study is to unravel
the relationship between the applied loading force and the measured adhesion force. Systematic
measurements were performed for four different bacterial strains having distinctive morphological features at
their cell surface, and the measured adhesion forces were correlated to the applied loading forces. A linear
relationship was observed for the studied strains, from which the adhesion force in the absence of a loading
force can be inferred. A simple model is proposed under the premise of elastic deformation of the bacterial cell
surface to reveal the underlying mechanism of the adhesive contact. By fitting the experimental data to this
model, we were able to quantitatively assess the surface mechanical parameters of the various strains and
interpret those in terms of their surface features. This model was also applied to address the long-range and
short-range contributions to the adhesion force. Our findings and proposed model may provide a novel way to
reveal and understand valuable information encrypted within the AFM force-distance curves.
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AFM study of elastic properties of human erythrocytes: force-versusdistance curves to investigate Young's modulus during in vitro aging
process
Simone Dinarelli, Marco Girasole, Giovanni Longo, Antonio Cricenti
ISM CNR, Via del fosso del cavaliere 100, 00133 Roma, Italy
Abstract
Atomic Force Microscopy (AFM) is a useful tool not only to image the topography of surfaces at high resolution
or to measure statistical parameters such as the surface’s roughness on the nanoscale, but also to investigate
the mechanical properties of specimen, for instance their elastic moduli (i.e. the Young’s modulus). This work
presents an application of a simple and direct way to approach the measurement of elastic properties of
biosystems with a very high spatial resolution. This is still a challenging issue in current surface probe
measurements: indeed, recent research trends are trying to correlate information on the nano-mechanical
properties with different physiological or pathological functionality of the cell. In the present study we used a
custom AFM to measure “force-versus-distance” curves (f-d curves), during the in vitro aging of RBCs, in order
to evaluate how the aging process influence the elastic response of the cell itself. Collected data have been
interpreted using a theoretical model that allowed us to determine the elastic modulus of the cell in very
localized area, highlighting how the aging process influences the membrane-skeleton conditions in terms, for
instance, of where the single defects start and how they spread over the whole cell. Under a morphological
point of view, the aging process can be described by a sequence of different cell’s shape: in the first stage the
cell has the physiological biconcave shape, in the last stage the cell’s morphology is completely dominated by
the presence of spicules and large vesiculation takes place. The “intermediate” cell’s shape is identified by the
presence of some aging markers, of different size and distribution, that are correlated with the status of the
underlying membrane-skeleton (i.e. it’s integrity). By collecting force-distance curves we were able to measure
the mechanical properties of aging markers from their first appearance to the complete maturation and to follow
the complete aging morphological path by characterizing each aging step with the peculiar distribution of the
Young’s modulus over the surface.
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Nanomechanical properties of DOPC nano-patches in dry environment
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Abstract
The cell membrane is a complex system of fundamental importance in biology, since its composition and
organization is strictly related to the cell function. Numerous studies have suggested the importance of lipids
and in particular the coexistence of lipid ordered and disordered phases in plasma membranes. To reveal lipids
domains, techniques capable of nanoscale lateral resolution are used, such as AFM, which has been
extensively applied to investigate lipids domains in liquid environment. However, many other surface-sensitive
techniques (e.g. STM, KPFM, EFM, TOF-SIMMS, etc.) require a dry environment. This constraint opens the
question on whether lipids in dry environment constitute a good model for the plasma membrane, since lipid
bilayers undergo instabilities when directly dried on solid supports. In the present study, we propose using the
spin-coating technique1 to obtain stable lipid layers in dry environment, as an alternative to the existing
methods of preparation. We spin-coated DOPC lipids layers on a mica substrate and studied their structural
and mechanical properties using AFM. We show that stable patches with diameter ranging from few
micrometers down to tens of nanometers can be obtained. Despite being in air, the spin-coated lipid patches
show remarkable fluidity with sub-nN rupture force level, similar to the lipid behaviour in liquid, thus making
them good model systems of biological membranes in dry environment.
[1] Simonsen, A. C. and Bagatolli, L. A., Langmuir 20, 9720 (2004).

Figures (A) Schematic representation of the AFM tip on spin-coated DOPC nano-patches. (B) Representative
force vs. indentation curve taken on nano-patches (blue: approach, pink: retract) (C) Histogram of the
breakthrough force values for different DOPC nano-patches in dry environment.
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Biophysical properties of cartilage repair, automated AFM in tissue and
regenerative medicine
Lewis Francis, Ilyas Khan, Paul Lewis, Charlie Archer, Steven Conlan, Olly Littleton, Lydia Powell
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Abstract
Atomic force microscopy offers a high resolution functional tool for characterising the bio mechanical and bio
physical interactions and characteristics of molecules, cells and tissues. We have developed a fast, non
invasive force volume technique which when applied to live explanted cartilage tissue enables the monitoring
of the adjusted surface mechanical properties expected in ex-vivo tissue regeneration and integration models.
Treatment of explanted cartilage with FGF2 and TGF?1 growth factors is shown here to induce dynamic
remodelling of the tissue surface zone. A systems biology approach, using Q-RT-PCR, traditional histological
methods, immunofluorescence and AFM enable, from gene to functional surface markers, the detection of
mechanically robust cartilage repair mechanisms. Our experiments show that the cardinal properties of
increased stiffness, decreased adhesion and increased friction as measured in the transition from immature to
mature cartilage of freshly isolated tissue are replicated in vitro through growth factor induced maturation of
immature articular cartilage. Changes in the biomechanical and bio-tribological properties provide vast
amounts of functional data alongside molecular insights.
New applications for AFM in cell and tissue biology face the challenge of complimenting and adding value to
traditional molecular techniques. A secondary aim of the study is to develop data production, standardisation
and analysis methods to fully understand the nature of the interactions between tip and sample throughout the
force curve. We aim to develop an open source platform that will result from HPC-informed algorithm
development of force analysis that will enable data input and analysis from the range of AFM systems available
to the community. This automated facilitation of data production, modelling and statistically robust analysis, will
allow fully quantitative differences between healthy, diseased, and repaired tissue systems to be elucidated.
We aim to provide the next generation of resources required by bioscience researchers involved in tissue
regeneration to exploit the force measurement capabilities of AFM.
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Cohesiveness and hydrodynamic properties of young drinking water
biofilms investigated by AFM
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Abstract
Drinking water biofilms are complex microbial systems composed of heterogeneous clusters. Atomic force
microscopy (AFM) measurements were performed on such matter of 4, 8 and 12 weeks old in order to quantify
the mechanical detachment shear stress of the clusters, to estimate the biofilm entanglement rate and to
predict hydrodynamic detachment. With consecutive AFM imaging we evaluated that the removal of the
clusters occurred generally for mechanical shear stress of about 100 kPa for clusters volumes greater than 200
3
µm . This value appears 1,000 times higher than hydrodynamic shear stress experimentally available and
described in literature for biofilm detachment. Nevertherless, we developed a theoretical model based on the
averaging of elastic and viscous stresses in the cluster and by including the entanglement rate ξ. The results
highlighted a slight increase of the detachment shear stress with age and also the dependence between the
posting of clusters and their volume. Indeed, the experimental values of ξ allow predicting biofilm hydrodynamic
detachment with same order of magnitude than was what reported in the literature. The apparent discrepancy
between the mechanical and the hydrodynamic detachment is mainly due to the fact that AFM mechanical
experiments are related to the clusters local properties whereas hydrodynamic measurements reflected the
global properties of the whole biofilm.

Influence of aging and hydrodynamic formation conditions on
biofilm clusters detachment.
(a) Corresponds to the detachment shear stress of a 4 weeks
old drinking water biofilms under a hydrodynamic formation
shear stress of 0.120 Pa (black circle), 0.175 Pa (grey circle)
and 0.230 Pa (white circle).
(b) Corresponds to the detachment shear stress of a 8 weeks
old drinking water biofilms under a hydrodynamic formation
shear stress of 0.120 Pa (black circle), 0.175 Pa (grey circle)
and 0.230 Pa (white circle).
(c) Corresponds to the detachment shear stress of a 12 weeks
old drinking water biofilms under a hydrodynamic formation
shear stress of 0.120 Pa (black circle), 0.175 Pa (grey circle)
and 0.230 Pa (white circle).
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Probing single fibronectin interactions with conducting polymer
electrodes using functionalized atomic force microscopy probes
Amy Gelmi, Michael Higgins, Gordon Wallace
ARC Centre of Excellence for Electromaterials Science, Intelligent Polymer Research Institute, University of
Wollongong NSW Australia
Abstract
In this presentation, we focus on biomedical applications involving the emerging use of Conducting Polymers
as electrodes for controlling in vitro cell culture systems (e.g. enhanced cell proliferation and differentiation) or
in vivo implantation for neural recording/stimulation and neural prosthesis applications. Conducting polymers
representing a new generation of neural electrodes uniquely operate by simultaneously delivering bioregulative
cues (e.g. expulsion of nerve growth factors or drugs) and electrical stimulation. For example, nerve cell
adhesion and neurite outgrowth on these polymers can be dramatically enhanced by applying a voltage to
modulate the redox state of the polymer. At present, the underlying mechanisms for the cell-material
interactions are unknown and require extensive characterization in order to further develop these polymers for
use as implantable electrodes and drug release devices.
Polypyrrole is a conducting polymer increasingly used as a neural electrode. We have recently incorporated
extracellular matrix (ECM) components into the polymer with the aim of improving electrode biocompatibility
through the exposure of ECM cell binding regions (e.g. RGD peptide). Another important focus of our research
is the adsorption of fibronectin, a major cell adhesion molecule which binds to the ECM and is critical for
mediating cellular interactions via binding to cell integrin receptors. The presence of ECM and/or accretion of
cell adhesion molecules at these polymer surfaces are very important for conditioning the electrode-cell
interface to promote favorable interactions such as intimate contact with nerve cells while avoiding unwanted
foreign body responses.
To understand the interaction of fibronectin with conducting polymers, we have functionalized Atomic Force
Microscopy (AFM) probes to directly measure the interaction forces between fibronectin and conducting
polymer electrodes with incorporated ECM components such as hyaluronic acid and chondroitin sulfate. These
measurements have been performed using in situ electrochemical AFM to study the fibronectin-polymer
interaction in response to changes in the surface charge and surface energy of the polymer electrode upon
electrical stimulation. The presentation will highlight several major findings including the ability to resolve
single fibronectin protein interactions with the polymer. We will show differences in the conformation, unfolding
force profiles and binding probabilities of the protein as a function of the surface chemistries of the polymers.
The ability to reversibly modulate the fibronectin adhesion by applying electrical stimulation to the polymer
electrode will also be presented. We will finally give insight into the possible mechanisms and implications of
the fibronectin-conducting polymer interactions.
This work opens up the possibility to explore a range of protein interactions with conducting polymer materials
at the single molecule level. This will be important as the interaction of proteins with conducting polymer
surfaces determines the level of performance attainable in their diverse areas of application including
biosensors, bioseperations (including membrane and column chromatography), bioreactors and biomedical
implants.
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Force spectroscopy of individual viruses reveals DNA storage strategies
and structural properties of capsids and virions
Mercedes Hernando, Alvaro Ortega, J. L. Carrascosa, M. Garcia-Mateu, Antoni Luque, David Reguera,
Pedro J. de Pablo Gómez
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Abstract
By using Atomic Force Microscopy in buffer conditions we performed nanoindentation experiments on a variety
of bacteriophages and eukarytoric viruses. In the spherical virus Minute Virus of Mice (MVM) we discovered
that the DNA molecule exerts an architectural role by increasing the stiffness of the virus on the 3 and 2-fold
1
symmetry axes . This mechanical reinforcement is a consequence of the interaction between
crystallographically visible, short DNA patches and the inner capsid wall, and apparently does not build internal
pressure inside the virus. We have further manipulated the virions stiffness by protein engineering the junctions
2
between the DNA and the capsid-wall .
Preliminary experiments performed on φ29 bacteriophage proheads reveals built-in stress of the viral shell
3
which behaves counter-intuitively different from standard continuum elasticity predictions . In addition, the
comparison of empty and full DNA viruses results in a different stiffness which can be attributed to the internal
pressure provided by the DNA. We have also isolated the effect of capillary forces on single viral particles
4
during desiccation processes .
[1] C Carrasco et al. PNAS 103, 13706 (2006).
[2] C Carrasco et al. PNAS 105, 4150 (2008).
[3] C Carrasco et al. Biophysical Journal 2011(100) 1100-108.
[4] C Carrasco et al. PNAS 106, 5475-5480 (2009).

Figure 1: AFM images in liquids of the minute virus of mice showing the three symmetry axes.
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Characterizing the glyphosate-induced epidermal cell mechanical
properties using the QFM-based Peak Force QNM technology
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Abstract
The epidermal differentiation and the different cell death programs need to be well orchestrated to maintain
skin homeostasis and the biological barrier function. Environmental chemical aggressions can lead to a
deregulation of one of these mechanisms and consequently to cutaneous pathologies. We previously showed
that glyphosate, an extensively used herbicide, caused cytotoxic effects on cultured human keratinocytes,
affecting their antioxidant capacities and impairing morphological and functional cell characteristics through an
apoptosis phenomenon. Particularly, the tubulin cytoskeleton disruption is one of the glyphosate-exposure
consequences. The aim of the present study, led on the human epidermal cell line, HaCaT, was to investigate
the mechanical properties of the cells by using the QFM-based Peak Force™ QNM™ technology. This method
offers the opportunity to combine high resolution mechanical properties measurements to confocal
fluorescence imaging.
We have conducted different incubation periods to reveal morphological events implied in glyphosate-induced
cell death. We observed a significant increase in the cell stiffness up to two fold concomitant with a reduction of
cell deformation and volume. These results are in agreement with the mechanical characteristics changes
occurring through skin aging. Topography images revealed a possible cytoskeleton mobilization at low
cytotoxicity treatment. Moreover, an original and complementary study by Atomic Force Microscopy (AFM)
combining fluorescence imaging with mechanical property measurements will allow us pointing out the
importance of the keratin intermediate filament network in glyphosate-induced mechanical property variations.
In conclusion, Peak Force™ QNM™ technology enables accurate and high resolution characterization of the
whole cell mechanical properties. Eventually a better understanding of the glyphosate-induced deleterious
mechanisms will help us in making a relevant choice of antioxidant molecules able to reverse these cellular
impairments.
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Nanomechanical characterization of the stiffness of eye lens cells
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Abstract

Cells/Cell regions

The eye’s lens is a biological marvel, a complex structure comprising about 1,000 layers of perfectly clear cells.
It has undergone several adaptations to fulfill its function to focus light originating from distant objects onto the
retina where photoreception takes place. In order to focus to different distances the lens must accommodate its
shape implicating that the lens is, in contrast to a solid glass lens, flexible.
Atomic force microscopy (AFM) is a powerful tool to study the mechanical properties of biological objects with
high spatial precision. Here we have used AFM featuring a spherical tip at the end of a soft cantilever to indent
single fibre cells isolated from lens core and cortex. Quantitative characterization of each type of lens cells was
performed by the determination of the Young’s modulus of elasticity. The elastic modulus of nuclear lens cells
(4.69 kPa) was 20-fold higher than that of cortical lens cells (0.251 kPa) showing that single cells from the lens
core and cortex can be unambiguously distinguished using the elastic modulus as criterion.
Such measurements, carried out on the single cell level, will allow studying the effect of drugs and of aging on
the mechanical properties of lens cells, and thus provide novel quantitative insights to accommodation and lens
pathologies.
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Young’s moduli derived from the force data collected over 40 regions of 9 cortical lens cells and 50 regions of
11 nuclear lens cells. Light-colored bars show the distribution of values obtained on all different cell regions,
while dark-colored bars represent the distribution from different cells.
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Mechanism of single biopolymer adhesion
Stefanie Krysiak, Bizan Balzer, Thorsten Hugel
Technical University of Munich, Department of Physics (E22a) and Institute of Medical Engineering (IMETUM),
Boltzmannstr. 11, 85748 Garching, Germany
Abstract
The interaction of polymers with solid substrates, namely the adhesion of polymer molecules to a surface, is a
central issue to numerous applications in materials science, engineering, biology and medicine(e.g. polymer
coatings of medical implants). In this project the mechanism of adhesion between single biopolymers and solid
substrates in liquid environment are investigated.
During the last years AFM-based molecular force probes consisting of a single polymer covalently coupled to
1
an AFM-tip were developed . Such a single polymer can be adsorbed on solid substrates in aqueous
environment several thousand times and the adhesion force determined by pulling them off the substrate.
Usually plateaus of constant force are observed in the force extension traces, which yield important information
2,3
on the influence of surface properties, pH or salt . Possible information from the desorbed length is usually
dismissed, because there is no clear picture on how variations in the desorption length report on molecular
4
(non-equilibrium) interaction properties .
Here we present the characterization of the desorption length of a polymer in addition to the force and
therefore gain qualitatively new information on adhesion of polymers at interfaces. In particular, we study the
temporal stability of the single polymer adhesion and how the desorbed length relates to the contour length for
different adhesion forces.
[1] M Geisler, T Pirzer, C Ackerschott, S Lud, J Garrido, T Scheibel, T Hugel. Langmuir, 19; 24(4): 1350-5 (2008)
[2] T Pirzer, M Geisler, T Scheibel, T Hugel. Phys. Biol. 6, 025004 (2009)
[3] M Geisler, SB Xiao, EM Puchner, F Gräter, T Hugel. JACS, 132, 17277-17281 (2010)
[4] DB Staple, M Geisler, T Hugel, L Kreplak, HJ Kreuzer. New J. Phys. 13, 013025 (2011)
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Adhesion of human mesenchymal stem cells on nano-porous crystallized
TiO2 surfaces
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Abstract
Understanding of the interactions between living cells and surfaces is essential in the field of tissue engineering
and biomaterials. One of the challenges in implantology is to permit, maintain and enhance the
osseointegration. One way to achieve this consists of modifying the surface properties of the implants, such as
1,2,3
chemical composition, roughness, morphology, wettability, elasticity…
In this work, we investigate the early adhesion of living human mesenchymal stem cells on titanium (Ti)
surfaces and on anodized Ti surfaces by using AFM imaging and long-distance force spectroscopy
4
measurements .
Ti is commonly used for implants, especially in dental surgery. The anodization process permits to modify the
morphology at the Ti surface and its chemical composition. In fact, in our experimental conditions, the anodized
surfaces exhibit a homogeneous layer of crystallized TiO2 with a thickness of ~ 500 nm constituted by
nanometer-size pores at their surface. We characterize the composition by Raman spectroscopy and the pore
size and density by scanning electron microscopy and atomic force microscopy.
In a typical force spectroscopy experiment, a living human mesenchymal stem cell, immobilized onto a tipless
cantilever functionalized with fibronectin, is bring in contact with the sample surface for several seconds before
5
being detached while measuring the adhesion and interaction forces . The protocol of measurement consists
of acquiring tens of force curves on the Ti smooth surfaces and the anodized Ti surfaces with the same living
cell. From the analysis of the acquired force curves, we extract the maximal adhesion forces, the length of
detachment and the numbers of tethers as a function of the experimental conditions. For example, the
adhesion force of a human mesenchymal stem cell on an anodized Ti surface, having pores of 80 nm
diameter, is (1,01 ± 0,45) nN.
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Force volume analysis of bacteria
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sandor.kasas@epfl.ch
Abstract
Early detection of microorganisms in clinical specimens is essential for the rapid diagnosis and treatment of
infections. In particular, shortening the time needed to detect resistant bacteria and identify the most effective
antimicrobial treatment could significantly decrease overall morbidity and mortality.
In this framework, modern bacteriology is increasingly leaning towards a more in-depth study of bacterial
physiology and characteristics not only at the population level but at the single-cell level. Indeed, several
instruments are nowadays available to observe at high resolution specific properties of microscopic samples.
Specifically AFM, due to its versatility and its simplicity, is nowadays the most widely used instrument to
perform mechanical and adhesive characterizations of microscopic samples. In particular, it is the instrument of
choice to perform such analyses on living biological systems in liquid environment. For instance, AFM can
routinely image single bacteria at a nanometric scale resolution and in physiological environment, and probe
the mechanical properties of its membrane. This can be obtained by indenting (i.e. pushing) the AFM tip into
the cell and monitoring the deflection of the cantilever during the process (force curve).
Indeed such analyses are increasingly used to characterize the state of single cells: at a cellular scale, it has
been demonstrated that the mechanical properties of single cells are reflecting their physiological state and
that these properties are clearly altered in some pathological conditions such as cancer, diabetes or
thalassemia. It seems reasonable to extrapolate these observations to bacterial cells and to track a possible
correlation between their mechanical properties and their growing environmental conditions.
In this work we present an analysis of the surface mechanical properties of different bacterial strains grown in
various conditions. Such measurements were performed by collecting several force curves on bacteria
surfaces in order to reconstruct a map of the membrane stiffness (force volume). We will show the variation of
the bacterial membrane stiffness when exposed to different substances and how this parameter can be used to
discriminate between the various bacterial metabolic conditions.
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Drug-induced changes in nanomechanics and ligand-receptor binding
forces of mammalian cells as measured by AFM
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Abstract
Investigating cell mechanics is of high interest because it includes several essential and fundamental cellular
processes such as cell motion, deformation and interaction, as well as adhesion, division, shape maintenance
and mechanical signals processing into biochemical ones. This type of studies can lead to a better
understanding of mechanical properties of cells and cellular structures and their interactions with the
environment can be also evaluated. Comparative studies on the mechanics of normal and malignant cells of
the same type are of great importance as they can reveal new information about, and help understanding
mechanisms of malignant transformation.
In this work, we investigate the morphology and the elastic properties of live cultured, normal human
mammalian epithelial cells (HMEC) and cancer breast epithelial cells (MCF7), using atomic force microscopy
(AFM). We describe the different behavior of the two similar cell lines under curcumin treatment. The first
changes in the HMEC cell morphology are observed after two hours long incubation with curcumin. A six-hour
long treatment leaves the MCF7 cells morphology non-affected, but the microtubules of HMEC cells
disassemble and form a ring-like organization circumscribing the nuclear area. The observed morphological
changes were correlated to modifications in cell’s mechanics via elasticity force-volume measurements.
Curcumin treatment modified elasticity of the HMEC cells increasing the cell’s average Young’s modulus twoto three-fold, especially in the cytoplasmic area. Contrariwise, a slight decrease in the Young’s modulus was
noticed for the MCF7 cells, as they become softer due to the action of curcumin. This different response of the
malignant and non-malignant cells under the same treatment might be of high importance in developing followup therapy against breast cancer.
Moreover, an anticancer agent, the Cetuximab antibody that can interfere with Epidermal Growth Factor
Receptor (EGFR) activity, was coupled to the AFM tip in order to evaluate the Cetuximab-EGFR binding forces
on the surface of human epithelial carcinoma cells (A431) presenting an EGFR overexpression as in a large
variety of tumors. The effect of mixed treatments, i.e. different therapeutic drugs in combination with the
Cetuximab, was studied on the ligand-EGFR binding forces and on cell elasticity. Our results evidence the
modification of the A431 cells’ elasticity and of the binding forces between the EGFR receptor and the
Cetuximab agent when the cells were treated with Cetuximab alone or in combination with other drugs,
opening the way to the development of new approaches for epithelial carcinoma treatment.
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Interaction of lectins with galactose multivalent ligands characterized by
force spectroscopy to assess the binding efficiency of new polymeric
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Abstract
Urinary tract infections (UTIs) are a serious health problem affecting millions of people each year. They
represent one of the most common bacterial infections affecting humans. The microorganisms responsible for
UTIs are frequently Escherichia coli but also in some cases Proteus mirabilis, Pseudomonas aeruginosa,
Klebsiella pneumoniae and Streptococcus faecalis. E. coli adhesion to urinary tract is mediated by bacterial
surface lectins. The lectins bind the bacteria to host receptor molecules consisting of oligosaccharide
sequences attached to glycoproteins or glycolipids. In the present project, we are working with Atomic Force
Microscopy (AFM) to characterize innovative drugs (synthetic multivalent ligands of bacterial surface lectins)
that prevent bacterial adhesion on the urinary tract walls, thereby inhibiting the formation of biofilms. AFM is
one of the most powerful tools in nanotechnology as it allows microscopists to explore living cells at the
nanoscale under physiological conditions. AFM-force spectroscopy gives access to the measurement of
interaction forces of receptor-ligand pairs with a great precision, at the molecular level. Here, we are using
force spectroscopy to measure interaction forces between synthetic multivalent antibacterial drugs and a model
of lectin (the Peanut Agglutinin, PNA). First, we have functionalized the AFM tip with the different ligands.
Then, we have measured the interaction between the ligand attached to the AFM tip, and the PNA lectin model
covalently grafted on a surface. Moreover, we are trying to measure the ability of multivalent ligands to interact
with different binding sites of PNA lectin by varying the loading rate. Finally, we aim at measuring these forces
directly on the living bacteria.

Unbinding Force Distribution obtained with a monovalent synthetic galactose ligand and the PNA lectin model (A)
Force distribution when free galactose is added (B).
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From the quantification of tissue mechanics to morphogenesis
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Abstract
Understanding how organismal shape is generated remains a central challenge in developmental biology.
Indeed, shape is imposed by structural elements, so that an investigation of morphogenesis must address how
these elements are controlled at the cell level, and how the mechanical properties of these elements lead to
specific growth patterns. In the soft tissues of animals, shape is imposed by the cytoskeleton, adherent
junctions, and the extracellular matrix, while in plants, shape is mostly determined by the extracellular matrix
(cell walls) and by osmotic (turgor) pressure. Therefore plants appear as perfectly suited for an investigation of
the mechanical basis of morphogenesis. We are laying the foundations of this investigation using live AFM
force measurements in the shoot apical meristem of Arabidopsis, a small population of stem cells that
orchestrates the aerial architecture of the plant. Building on modeling and experimental data, we designed a
protocol that is able to measure stiffness very locally, i.e. within 40–100 nm deep into the wall of living cells.
We identified three levels of complexity, with significant heterogeneity in stiffness at regional, cellular and even
sub-cellular levels. More strikingly, we found that, on average, stem cells are significantly stiffer than more
differentiated cells, which correlates with growth and consequently with morphogenesis. Finally, we developed
a new theory of the indentation of pressurized shells, opening the way to AFM-based measurements of
osmotic (turgor) pressure.
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Interplay between compartmentalization of cells and tumor spreading
Steve Pawlizak, Anatol Fritsch, Mareike Zink, Josef A. Käs
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Abstract
The formation of cellular compartments (e.g. tissues and organs) is a universal and essential process during
embryonic development. It generates well-defined boundaries and barriers for various differentiated cell types.
Cells of the same type adhere better to each other, whereas mixtures of different migrating cell types
segregate. Studies in the field of developmental biology show that the interplay between single cell
biomechanics, cell adhesion, and cell migration contributes to the formation of cellular compartments by
1
causing a surface tension at the compartment boundaries .
In this context, we investigate to which extend the same physical principles described above affect tumor
growth and spreading between compartments. It has been observed that metastasis and tumor
aggressiveness are correlated with a loss of epithelial characteristics and the acquirement of a migratory
2
phenotype. Due to this behavior, tumor cells are able to overcome compartment boundaries . Further studies
indicate that surface tension plays a crucial role for tumor progression, but this has not been systematically
investigated so far.
For our investigations, we use healthy and cancerous breast cell lines of different malignancy as well as
primary cells from human cervix carcinoma. We apply a variety of techniques to study their cellular mechanical
properties and interactions. Particularly, atomic force microscopy is applied for quantifying the local and global
viscoelastic properties of single cells. Furthermore, we are able to directly measure the cell-cell-adhesion
forces with the help of a modified atomic force microscope. The combination of the AFM techniques together
with 3D segregation experiments in droplet cultures might help to clarify whether or not surface tension is a
necessary – or even sufficient – factor to characterize tumor spreading.
[1] RA Foty, MS Steinberg: The differential adhesion hypothesis: a direct evaluation, Dev. Biol. 278 (1): 255–263
(2005)
[2] A Fritsch, M Höckel, T Kiessling, KD Nnetu, F Wetzel, M Zink, JA Käs: Are biomechanical changes
necessary for tumour progression?, Nature Physics 6 (10): 730–732 (2010)
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Adhesion force measurements on patterned surfaces for guided neural
networks
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Abstract
Chemical cues are often used to guide cell adhesion on surfaces. The alternation of adhesion promoting
proteins, such as polylysine and adhesion inhibiting agents (such as hydrogels) can be obtained by different
patterning techniques. In this work we employed a nano drop patterning tool based on a cantilever system to
design geometry of different adhesion molecules on a surface coated by agarose. This intermixed layer was
used as a substrate for rat embryo hippocampal neurons cultures. The development of the resulting neural
network was observed up to the third weeks (DIV 21). At least three different molecules have been employed,
i.e, poly-D-lysine, polyethilenimine (PEI) and extra cellular matrix (ECM). As repulsive agent a spin coated
agarose layer was used. Patterns consisting of single spot or line arrays of different size, spacing and length
were deposited, to optimize the geometrical conditions for cell adhesion and neuritis development.
The neuron/substrate interface in the three considered conditions was investigated by AFM, to highlight their
differences in topography; Force-Volume mappings of the patterned areas were collected as well.
Finally, cell adhesion on spots of different composition was investigated and quantified by single cell force
spectroscopy.
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Investigating bacterial adhesion by means of FluidFM
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Abstract
Bacterial adhesion to natural or engineered surfaces, mediated by a complex interplay between specific and
non-specific interactions, is the initial step for survival, growth and biofilm formation. Adhesion forces are
dynamically regulated depending on environmental conditions like shear forces or the metabolic state of the
cell. A detailed understanding of the bacterial adhesion phenomena is therefore highly relevant for instance in
industrial and bio medical applications. Interaction forces of microbial cell surfaces have been studied
extensively using a variety of methods. Among those, force spectroscopy approaches using atomic force
microscopy (AFM) provided novel information on bacterial adhesion and nanomechanical properties. In this
project we are using fluidic force microscopy (FluidFM), a newly developed technique combining the accurate
1
force-controlled positioning of an AFM with the universality of nanofluidics . FluidFM consists of an AFM
cantilever with an integrated microsized channel. Under-pressure applied through the nanofluidic system
allows aspiration of bacteria to the apex of a pyramidal tip (350 nm opening) and detachment from a surface to
measure bacterial adhesion. In contrast to standard AFM force spectroscopy, FluidFM technology enables
measurements of cell adhesion forces without prior time consuming biochemical functionalization of the
cantilever. Therefore the spectrum of examinable bacteria is enlarged, measurement time is reduced and the
possibility of multiple usage for serial experiments is offered. High spatiotemporal resolution of the FluidFM
technology opens new perspectives for unraveling the details of bacterial-surface interactions.
[1] A. Meister et al. (2009) Nano Letters 9:2501.
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Force-clamp spectroscopy monitors the kinetics of lipid bilayer failure
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Abstract
In biophysics, it has been of primary importance to elucidate the role of mechanical stress on membranes. For
that reason, efforts through several approaches have been done to characterize the mechanical stability of
supported lipid bilayers (SLBs). Recently, a systematic study by means of AFM-based force spectroscopy has
been reported where the breakthrough force value, this is, the force the bilayer is able to withstand before
1
rupture, was used as a molecular fingerprint for the bilayer mechanical stability . By this means, it has been
possible to understand that subtle variations in the chemical structure of phospholipid molecules have a
compelling effect on the membrane response when exposed to mechanical forces, a mechanism of common
occurrence in nature.
From the physical perspective, the penetration of the cantilever tip through the lipid bilayer has been modeled
2
and widely conceived as a two-state process . In the continuum nucleation model (CNM), Butt and coworkers
explicitly take into account the molecular nature of the lipid film. In this model, each molecule in the lipid bilayer
has certain binding sites, which are energetically favorable positions. This implies that a phospholipid molecule
requires overcoming a potential energy barrier in order to jump to a neighboring free binding site. When the tip
is away from the bilayer, these sites are energetically equivalents, but once the tip is pressed onto the lipid film,
the energy of the molecules increase drastically and it is energetically favorable to jump apart and form a hole
under the tip. Once a critical number of phospholipids have jumped out of the contact area, the pressure on the
remaining molecules is so high that at certain time the bilayer ruptures and the tip pierces the membrane.
However, as more than a single molecular determinant (tail, headgroup) is involved in the breakthrough
process, it is necessaryto experimentally determine the width of the energy barrier(s) governing the system.
3
Here, we use force-clamp spectroscopy to mechanically characterize the lipid bilayer failure. To our
knowledge, it is the first time that this experimental approach is applied to study the kinetics of rupture of
phospholipid bilayers. Our results show that the average time course of the lipid failure is well described by a
single exponential decay function which decay constant depends on the constant force value applied to the
system. Our force-clamp experiments directly demonstrate that lipid failure event is well described by a
process that obeys the Arrhenius equation. This work opens up a new avenue in force-spectroscopy to
unambiguously characterize the kinetics of lipid failure by mechanical forces.
[1] S Garcia-Manyes, L Redondo-Morata, G Oncins, F Sanz. Journal of the American Chemical Society 2010,
132, 12874-12886.
[2] HJ Butt, V Franz. Physical Review E 2002, 66;S. Loi, G. Sun, V. Franz, H.-J. Butt, Phys Rev E Stat Nonlin
Soft Matter Phys 2002, 66, 031602.
[3] PE Marszalek, H Lu, HB Li, M Carrion-Vazquez, A F Oberhauser, K Schulten, JM Fernandez. Nature 1999,
402, 100-103.
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Schematics of the experimental force-clamp spectroscopy setup and force-clamp curve on an SLB. When SLB
cannot withstand any longer the constant force applied, the AFM tip breaks through the lipid film. The sudden
penetration makes the tip to lose the set deflection, consequently, a drop in force can be observed in the plot.
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rhodopsin II: a single molecule comparative study
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Abstract
Mechanical single molecule techniques offer exciting possibilities for investigating protein folding, structural
conformations and stability in native environments at sub-nanometer resolutions. The single molecules without
inherent symmetry can directly be monitored in their physiological conditions using atomic force microscopy
(AFM).
Microbial rhodopsins are a family of seven-helical transmembrane proteins containing retinal as chromophore.
Sensory rhodopsin II triggers different responses upon light activation. Similar changes are expected from
bacterirhodopsin which also acts as a proton pump. Using single molecule force spectroscopy, we analysed
the differences in the stability and structural changes in dark and under illumination and compared the force
spectroscopic data for both these membrane proteins belonging to rhodopsin family.
These information and approaches are expected to provide more insight into the conformational and structural
changes which occur in different members of microbial rhodopsins and thus are uniquely powerful in
characterizing the complex dynamics of their response to light and dark and correlate their structural and
functional properties at the sub-molecular level.
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Abstract
Engineered protein-inspired elastomeric biopolymers represent a new class of nanobiomaterials as a starting
point in a wide range of biomedical application. Their ability to form nano-organised structures and to induce
self assembling and self-organization processes made them suitable candidates as substrates for the adhesion
and proliferation of cellular systems. They can be designed at molecular level and genetically synthesized with
tailored mechanical properties from sequences belonging to different elastomeric proteins.
A morphological and mechanical characterization of an elastomeric inspired chimeric protein, engineered
starting from elastin, resilin and collagen (REC), will be presented by following a multi-scale approach, from
single molecule to mesoscopic level.
In particular, AFM single molecule force spectroscopy (SMFS) experiments were performed to assess the
elastic properties of single REC polymers. High resilience behaviour, peculiar of elastin and resilin, was
highlighted. Moreover AFM imaging was used to describe the aggregation process of REC polymer in fibres
structures. The mechanical properties of single REC fibres were also measured and analyzed based on WLC
model, exhibiting Young modulus typical of elastic materials. Finally, the cellular response to REC fibres was
tested, showing a low cytotoxicity of the polymer, and beyond the ability to guide the cellular growth, it was
tested on human mesenchymal stem cells (MSC).

(a, b) Typical force-extension curves of a single REC polymer; (c) AFM image of REC fibres (8µmx8 µm); (d)
MSC on REC fibres at 48 hours: cells are growing along peptides (4x)
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Abstract
One of the main applications of nanotechnology to medicine is the use of individual molecule handling
techniques for the discovery of potential new therapeutic agents. Of particular interest is the search for new
inhibitors of metabolic routes exclusive of human pathogens, such as the 2-C-methyl-D-erythritol-4-phosphate
(MEP) pathway, essential for the viability of most human pathogenic bacteria and of the malaria parasite. The
present study probes at the single-molecule level, using atomic force microscopy single-molecule force
spectroscopy, the interaction between 1-deoxy-D-xylulose 5-phosphate synthase (DXS), which catalyzes the
first step of the MEP pathway, and its two substrates, pyruvate and glyceraldehyde-3-phosphate. The data
obtained proofs the substrate sequentiality in DXS activity, according to previously reported mechanisms, and
allow for the calculation of enzymatic parameters with single-molecule resolution. Likewise, the detection of the
DXS inhibitor, fluoropyruvate, at a two-order-of-magnitude lower concentration than in conventional enzyme
activity assays, highlights the potential of single enzyme-substrate handling for the detection in liquid samples
of new antimalarial and antibiotic compounds at an improved sensitivity.
This work was supported by project BIO2008-01184 (NANOMALARIA) from the Ministerio de Ciencia e
Innovación (MCINN).

A) SMFS analysis of the effect of soluble fpyr on the
binding between immobilized DXS and pyr. Temporal
sequence from top to bottom: no soluble fpyr, addition of
0.1 mM fpyr, and removal of soluble fluoropyruvate.
B) SMFS analysis of the effect of soluble fluoropyruvate
on the binding between immobilized DXS and g3p. All
samples contained 1 mM pyr. Temporal sequence from
top to bottom: no soluble fpyr, addition of 1 mM fpyr, and
removal of soluble fpyr.
From: Sisquella et al. 2010. FASEB Journal, 24(11),
4203-4217.
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Abstract
In the present study, the forced unbinding of macromoleculer components known to be present in the mucous
of patients suffering from cystic fibrosis lung disease is determined by atomic force microscopy. Cystic fibrosis
(CF) is a lethal genetic disease where mutations in a chloride channel, the Cystic Fibrosis Transmembrane
Regulator (CFTR), leads to hyperviscous mucus secretions. In CF lung disease, the primary cause of mortality
is hyperviscous mucus that leads to a failure of mucociliary clearance, mucus stasis, and bacterial colonization.
Most patients eventually succumb to infections with Pseudomonas aeruginosa, which secretes a highly viscous
polysaccharide, alginate, exacerbating the problem of hyperviscous mucus through its innate viscosity and its
1
interaction with the mucin polymers that make up the mucus barrier. The aim of the present study is to design
and implement a CF patient relevant model system that supports direct determination of mucin-alginate
interactions applying single-molecule techniques. The main focus is on the dose-dependent perturbation of the
interaction profiles in the presence of oligoguluronates. This interaction forms the basis for a new treatment of
2
mucus hyperviscosity that is presently under development.
Pig gastric mucins (PGM) were isolated and linked by carboxylic acid groups to mica surfaces, and the AFM tip
functionalised with high molecular weight alginate using previously established protocols. Alginate-mucin
forced unbinding profiles were determined at different position on the PGM grafted surface in buffered (pH 6.9),
aqueous 150 mM NaCl, with and without oligoguluronates from 0.001 to 2 mg/ml, to the buffer. The PGMalginate forced unbinding profiles revealed unbinding events with magnitudes up to 4 nN occurring at
separation distances up to 3 micrometer. It is expected that both the PGM and alginate used here will present
multiple possible intermolecular interaction sites. Generally, the observed unbinding profiles were considered
consistent with such multiple ligands, high molecular weight biopolymers in the rather high grafting density
aimed for here in the model barrier. We employed the de-adhesion work among the macromolecular pair for
quantiative assesment of the effect of oligoguluronates. Increasing concentrations of oligoguluronate showed a
dose dependent cancellation of the unbinding events. Typically, the overall de-adhesion work was reduced by
25-75% at 0.005 mg/ml and 50-80% at 0.01 mg/ml oligoguluronate. The ranges given are for independent
prepared samples, whereas within the same preparation, a consistent oligoguluronate dose-dependent
suppression of mucin-alginate interactions was observed. It is suggested that oligoguluronate competitition with
alginate for mucin interaction sites can account for the observations. In conclusion, the oligoguluronate dosedependent suppression of mucin-alginate interactions in the forced unbinding assay in the model biological
barrier are consistent with other assays, and can be used for screening of other potential mucolytic agents.
[1] Taylor C, Pearson JP, Draget KI, Dettmar PW, Smidsrod O. Carbohydrate Polymers 2005, 59, 189-195.
[2] Taylor C, Draget KI, Smidsrød O. WO 2007/039754 A1, 2007.
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Abstract

Thanks to Dynamic Force Spectroscopy (DFS) and developments of massive data analysis tools, such as
YieldFinder, Atomic Force Microscopy (AFM) becomes a powerful method for analyzing long lifetime ligand–
receptor interactions. The energy landscape of a bond rupture explored by DFS characterizes the force-driven
pathway along the pulling direction until bond rupture. We have chosen the well-known system, (strept)avidin–
biotin complex, as an experimental model due to the lack of consensus on interpretations of the rupture force
spectrum. We present new measurements of force–displacement curves for the (strept)avidin–biotin complex.
These data were analyzed using the YieldFinder software based on the Bell-Evans formalism. In addition, we
performed an analysis of the bonding state of the system and interpreted the presence of multiple parallel
bonds using the Williams’ formalism. Our results indicate the presence of at least two energy barriers in two
loading rate regimes. Combining with structural analysis, the two energy barriers can be interpreted in a novel
physico-chemical context as one inner barrier for H-bond ruptures (xb <1Å), and one outer barrier for escaping
the binding pocket (xb > 1 Å) which is blocked by the side chain of a symmetry-related Trp120 in the
streptavidin tetramer. In each loading rate regime, the presence of multiple parallel bonds was implied by the
Williams model. We found that in the literature the different terms created for addressing the apparent
discrepancies in the results of avidin–biotin interactions can be reconciled by taking into account multiple
parallel bonds.

Structural interpretation of the two energy barriers detected by DFS experiments upon the pulling direction
indicated by the red arrow. Starting from the crystallographic configuration (A and B), the first inner energy
barrier is attributed to the rupture of hydrogen bonds (C) then it meets the second outer energy barrier
attributed to the bumping of biotin in orange with the symmetry-related Trp120 side chain of streptavidin in
purple (D). Initial hydrogen bonds (green dots) are shown in panel (A). Because we used a PEG-Biotin, some
original hydrogen bonds cannot be formed as shown in (B).
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Abstract
Neuroblastoma is the most common extracranial solid cancer in childhood and the most common cancer in
infancy; it is one of the few human malignancies known to demonstrate spontaneous regression from an
undifferentiated state to a completely benign cellular appearance. It is a disease exhibiting extreme
heterogeneity, and is stratified into three (low, intermediate, and high) risk categories. Low-risk disease is most
common in infants and good outcomes are common with observation only or surgery, whereas high-risk
disease is difficult to treat successfully even with the most intensive multi-modal therapies available. The
correct diagnosis of the risk category of a cancer is thus fundamental to choose the right therapy for a specific
patient, typically an infant.
Single Cell Force Spectroscopy (SCFS) is proposed as a potential tool to define the malignancy stage of a
neuroblastoma cell.
Experiments were carried out on mock neuroblastoma cells (M) and on a modified cellular line induced to retrodifferentiate to a less malignant stage (S). Differences in several SCFS related indicators were found and they
were explained by comparison with reference experiments on HEK cells treated with different cytoskeleton
affecting drugs.
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Abstract
Chondrocytes are highly specialized cells responsible for the production and maintaining the integrity of the
cartilaginous extracellular matrix (ECM), which contributes strongly to the viscoelasticity of the cartilage tissue.
Chondrocytes change their morphology and dedifferentiate during in vitro expansion of the culture. They
change gene expression pattern from chondrocyte-specific (collagen II and aggrecan) to type I collagen, which
is normally expressed by fibroblasts. In this study, we investigated the effect of the passage number of the
living Bovine Articular Chondrocytes (BACs) on their elasticity using AFM. The BACs were isolated from a knee
joint of a 6-week-old calf and sub-cultured 5 times to obtain serially passaged chondrocytes. We measured
elasticity freshly isolated (P0) and older generations (P3 and P5) cells. This part of experiment allowed us to
investigate a passage number on chondrocytes elasticity. Before the experiment every of these chondrocytes
generations were divided in to 5 groups cultured respectively for: 1, 4, 24, 48 and 168 hours. This part of the
experiment allowed us to estimate influence of produced by cells extracellular matrix on their stiffness. For
confirmation of cells dedifferentiation the gene expression analysis (GEA) of collagen I, collagen II and
aggrecan was performed.
Acknowledgement
This work was supported in part by the WPI Initiative on Materials Nanoarchitectonics and in part by the NEDO
Japan. Michal J. Wozniak is awarded the Fellowship for Young Doctors Center for Advanced Studies Warsaw
University of Technology.
[1] MJ Wozniak et al., Soft Matter 6 (2010) 2462-2469.
[2] MJ Wozniak et al., Micron 40 (2009) 870–875.

128/168

Session: Force and mechanical measurements

POSTER

Virus PBCV-1 packages DNA around proteins
Timo Wulfmeyer
Technical University of Darmstadt, Institute of Botany - membrane biophysics, Schnittspahnstrasse 3-5,
D-64287 Darmstadt, Germany
Abstract
Eukaryotic virus particles are commonly used for gene therapy in the sense that they deliver DNA into host
cells. In this context it is of great interest to understand the mechanism and the physical principles of DNA
packing and storing in these viral particles. Eukaryotic organisms compensate the negative charge of their
DNA by histones, which act as protein aggregates around which DNA is associated. Thereby a highly densely
packed DNA can be guaranteed. Histones are characterised by their basic property so that the negative charge
of the phosphate backbone can be compensated. Also bacterial phages and the large DNA viruses of the
Phycodnaviridae are able to store DNA at high density. Instead of histones, phages use cations and
polyamines for neutralising the DNA. The present study provides evidence for the fact that the model virus of
the phycodnaviruses, the Paramecium bursaria chlorella virus 1, PBCV-1 accomplishes DNA neutralisation by
DNA binding proteins. Viral DNA was isolated from the capsid by an osmotic shock method. After accumulation
of salt into the viral particle the capsid was burst open by a sudden dilution of the incubation buffer. The DNA
which was released was imaged by fluorescence microscopy and atomic force microscopy (AFM). Both
methods reveal that the viral DNA strands are associated with distinct and periodic occurring structures.
Several data support the hypothesis that these periodic structures are the consequence of the association of
the viral DNA with proteins. First, the analysis of the cation content of PBCV-1 particles by EDX spectroscopy
and ICP-MS shows that viruses do not contain sufficient ions for neutralisation of the DNA. Furthermore
biochemical analysis of isolated viral DNA from virus PBCV-1 showed an association of the DNA with proteins.
One of these proteins, which can be separated on an SDS gel, has a mass of 71 kDa. This mass is similar to
protein Vp73-3a from a related phycodnavirus, CVK2, a protein which was already shown to bind DNA. Peptide
sequence analysis of PBCV-1 revealed a protein, A561L, which is analogue to Vp73-3a and has the
physicochemical properties of human histones. The fractionation of viral core proteins and capsid proteins with
a following SDS-PAGE purification process exposed a peptide with a similar molecular weight. Collectively the
data support the view that DNA binding proteins are involved in charge neutralisation and DNA packing in case
of PBCV-1.

AFM image of PBCV-1 and viral DNA, which was isolated by osmotic shock. The method reveal that the viral
DNA strand is associated with structures.
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Abstract
Inspired by the NIH road map in NanoMedicine, the ESF launched its Scientific Forward Look on NanoMed in
2004. In addition, the EC in 2006 promoted a key initiative, the European Technology Platform (ETP)
NanoMed, to unite research with industry partners. The ETP NanoMed, involving 150 member organizations
and in its strategic research agenda one of the topics stressed is nanodiagnostics using imaging. The ESF
NanoMed meeting in 2007 recognized Atomic Force Microscopy as a key technology in the field. Nowadays,
the AFM technique is reaching a relative maturity with dramatic improvements made in the last ten years. A
strong European AFM community exists, as demonstrated from the AFM BioMed Barcelona meeting in 2007
(200 attendees / 23 states, http://www.afmbiomed.org), reflecting that Europe is at the origin of the AFM
invention. Single-molecule AFM studies provide new insights into the supramolecular assembly of synthetic
and biological molecules, which is critical for the understanding of biological functions at the nanoscale. While
the scientific knowledge in AFM-based research grows exponentially, the technology transfer to NanoMedicine
and Life Sciences (NanoMed&Bio) remains challenging. The main hindrance lies in the abrupt research
boundary between physicists, who create and develop the technology, and biologists, who apply the
technology to solving the problems in life sciences. To bridge the research gap between AFM developments
and AFM applications in Nanomedicine and to maintain the European leadership in NanoMed&Bio, this COST
Action aims to organize scientific and technological cooperation with experts of different backgrounds. This
transdisciplinary Action relies on scientists from different fields such as physics, chemistry, mathematicians,
biochemistry, biology and medicine, as well as those in more recently developed and developing fields such as
genomics, proteomics, metabolomics and microscope design assembly of synthetic and biological molecules,
which is critical for the understanding biological functions at the nanoscale A Trans-Domain COST Action is
believed to provide a key strategic platform and community to bundle these research activities.
The COST Action will provide the conditions required for facilitating personal interactions throughout Europe
and for increasing collaborations in the AFM community, ranging from physicists to clinicians. Due to the strong
interdisciplinary features of the Action, the participants will greatly benefit from the synergy of continuous
exchange of experimental skills and research prospects.
This Action will also provide a nurturing environment for participants to apply for European Programmes (within
the Seventh Framework Programme), and for individual scientists to apply for Intra-European Fellowships or
Initial Training Networks under the Marie Curie Action.

COST Ation TD 1002
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Abstract
The atomic force microscope (AFM) has proved its usefulness in biomedical as well as in other research fields.
AFM is now the most widely used scanning probe microscope among others. It is now possible and important
also to measure specific interaction forces of proteins with polymer surfaces of different types. Artificial
surfaces made of various kinds of polymer materials have been recently gaining increasing attention in medical
field for their possible applications as the basis for artificial vessels and organs. We used the force mode of the
AFM to measure the interaction forces between several serum proteins and artificial dialysis tubing. For this
1
purpose, gold coated probes were functionalized with immobilized human serum albumin (HSA) or fibrinogen
and used to measure their interaction force towards the inner wall of the artificially prepared dialysis tubing
made of polyvinyl pyrrolidone (PVP). When the tip-sample distance was increased after the initial contact
between them, the protein molecules were initially stretched and finally detached from the polymer surface at
specific range of the interaction force, due to the affinity of the proteins toward the polymer surface. Collection
and analysis of the rupture force clearly revealed that both proteins had significant affinity to the polymer
surface. The range of force was clearly distinguishable from the force ranges of non-specific interaction as well
as covalent bond rupture (1.5 ?2.5 nN). In control experiments on glass or mica surfaces, the proteins did not
show significant adhesive interactions. As a conclusion, the distribution of the observed force (0.5 to 1.0 nN)
most likely indicated the interaction force between the proteins and polyvinyl pyrrolidone surface. Results also
showed that the adhesion force of the proteins and surface were strongly dependent on the force loading rate.
The results provide an important contribution to understand the nature of interactions between some of the
major serum proteins and the man-made polymer surface prepared for medical applications.
Acknowledgements: We thank Mr. Hiroyuki Sugaya of Toray Company (Japan) for supplying samples of
artificial dialysis tubing and proteins for this study.
[1] R. Afrin, H. Arakawa, T. Osada and A. Ikai, Cell Biochem Biophys, 39 (2003) 101.
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Abstract
Purpose: Atomic force microscopy (AFM) is a high resolution technique has been providing information about
elastic properties for biological samples. The aim of this study was to determine the elastic properties of
anterior lens capsule in cataractous dogs using AFM. Methods: Elasticity measurements were performed on 15
capsules. The control group (COG) was represented with 4 anterior lens capsules and the cataract group
(CATG) 11 anterior lens capsules from cataractous lenses. The capsules were obtained from capsulorhexis
and stored at -80°C and returned to room temperature before analysis. Data were obtained from Scanning
probe microscopy (Agilent Technology, Pico SPM I, Molecular Imaging, Tempe, AZ, USA) in contact-mode
AFM with cantilever tip II. The calculations of the measures were done through elastic modulus (Young´s
modulus) based on the theory of Hertz. Unpaired Student´s t-test was used. Values of p<0.05 was considered
statistically significant. Results: Each capsule was analyzed 10 distinct positions. The average was 0,233 kPa
to GCO (range 0,200-0,300 kPa) and 0,377 kPa to GCAT (range 0,199-0,885 kpa). Conclusions: There was no
significant difference between GCO and GCAT. However, the elasticity values of anterior lens capsule of
cataractous lenses were slight increase in 45%. The cataract formation was associated with decreasing
thickness of the lens capsule.
Support: The authors would like to thank Sao Paulo Research Foundation – FAPESP (2005/00698-1) for
financial of the study.
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Morphological evaluation of feline corneal sequestrum: atomic force
microscopy and histological examination
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Abstract
The cornea is the outermost layer of the eye; it is a structure composed by a highly organized group of cells
and proteins. This tissue does not contain any blood vessels, pigment and its nourishment is given from tears
and aqueous humor. The corneal tissue is arranged in five basic layers: lacrimal film, epithelium, stroma,
Descemet’s membrane and endothelium. To regular functioning all the five layers must be transparent.
Corneal sequestrum is a common ocular pathology in feline characterized by brown to black discoloration of
the cornea. It is a peculiar condition of extensive corneal stroma necrosis. The exact etiology has not been
determined; however the corneal sequestrum is often related with corneal trauma, dry eye syndrome, feline
herpes virus infection and others. Surgical procedures are used to remove the fragments of cornea surface
affected by the disease.
In this investigation our objective was characterize and compare morphological alterations in feline’s corneas.
We selected some clinical cases and classified in two groups being the first group of healthy tissue and the
second one of corneal sequestrum.
The evaluations were carried out with the atomic force microscopy PicoSPM I (Molecular Imaging, Tempe, AZ,
USA) with PicoScan 2100 controller acopled with MAC Mode controller. The corneas were fixed in 10%
buffered formalin. Subsequent to the fixation the fragments were embedded in historesine and paraffin.
Histological 3 µm sections were stained with haematoxylin-eosin.
Topographical images of the diseased tissues were obtained showing structural alterations. Histological and
AFM images were compared showing that AFM can be useful to analyse healthy and diseased tissue.
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Investigation of mechanical properties of living cells by combined optical
microscopy and atomic force microscopy
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Abstract
The invasive power of cancer cells is often related to their intrinsic mechanical properties. Atomic Force
Microscopy (AFM) has proved itself to be the technique of choice to investigate living cells properties in situ
and provide mechanical information in response to various external stimuli. Derivative of tapping mode, the
phase signal reflects the energy dissipated between the tip and the sample during each tap on the surface but
is a contribution of several factors. Force spectroscopy allows stiffness mapping but suffers from a lack of
resolution and a lack of control of the nominal force applied on the sample.
More recently, the combination of most of commercial AFMs with inverted optical microscopy (IOM)
techniques, especially epifluorescence, confocal and TIRF, enables easy and straightforward navigation to the
location of interest and also displaying both AFM and optical information simultaneously. Moreover, the
development of new AFM systems allows the user to gently control the force applied on the sample.
In the first part of this presentation was investigated the effect of two cytoskeleton-disrupting agents,
Nocodazole and Latrunculin, on different types of living cells on cell mechanical properties. Actin and tubulin
networks were fluorescently labeled. We clearly demonstrate that the drugs induce a specific change in
elasticity, which can be correlated to a change in fluorescence signal.
In a second part, we aimed at studying the differences in elasticity between wt glioblastoma cells and cells
transfected with different plasmids (including tumor suppressive factors). A clear difference in mechanical
properties was observed, which can be directly correlated to a difference in invasive properties.
This type of results may see AFM-IOM combination emerge as a potential diagnosis tool in cancer research.
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Exploring by AFM the role of Ephrin-B1 as a stabilizer of the mature
cardiomyocyte morphology
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Abstract
Ephrin-B1 is a transmembrane protein specifically expressed at the lateral membrane of the ccardiomyocyte.
Loss of ephrin-B1 led to a progressive cardiomyopathy characterized by left ventricule dilatation, reduction of
atrio-ventricular conduction and high cardiac tissue disorganization linked to specific alteration of the
cardiomyocyte (CM) morphology. In this study, using a transgenic mouse model with a general deletion of
ephrin-B1 encoding gene (ephrin B1 KO) and taking advantage of Atomic Force Microscopy, we explore, at the
single cell and nanoscale level, the role of ephrin-B1 in the adult cardiomyocyte living cell.
The cells were extracted from mice and kept alive all along the experiment using the perfusing cell from Bruker.
We found that the tapping mode, in liquid, with relatively soft cantilevers (0.1 N.m-1), was the optimized
condition for cell imaging. Figure 1 shows the height image of a WT CM (1A) and of a KO CM. In both cases,
highly organized Z striations and myofilaments alignment can be observed on both WT control and KO CMs,
but care full analysis using cross sections clearly demonstrate alteration of the lateral membrane architecture in
the absence of eprhine-B1 (KO).
Moreover, we performed elasticity measurements on WT and KO CMs. The results indicate that KO CMs
exhibit increased stiffness of their plasma membrane. This observation demonstrates the role of Ephrin-B1, at
the nanoscale, in the stabilization of the lateral membrane of the adult CM and thus in its morphology control.

Figure 1: AFM height images recorded in tapping mode in liquid, of living WT (A) and KO (B) cardiomyocytes.
The graphs represent cross section according to the solid or dotted lines.
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Morphological study of polyamine-lipid/DNA complexes (Lipoplexes) as
effective gene carriers
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Abstract
Cationic lipids have been paid attention for therapeutic gene carriers because of their biosafety and other
advantages over viral carriers. However, there are many problems to be solved, such as cytotoxicity and low
transfection efficiency. We have previously synthesized new type of polyamine-dialkylphosphate conjugates,
1,2
which have moderate transfection activity . More recently, we found that the conjugates incorporated into
liposome with phospholipids and cholesterol (polycation liposome, PCL) possess prominent efficiency. In this
study, we observed the morphology of the PCL/DNA complex (Lipoplex) by atomic force microscopy (AFM) to
gain insights into the relation between the morphology and transfection activity. We found homogeneous
spherical Lipoplexes and the morphology change which is necessary to induce DNA release from the complex
by an acid treatment.
Polyamine derivatives used in this study were shown in Scheme 1. After the preparation of the PCLs which
composed of polyamine-lipid conjugate (1-3)/DOPE/Cholesterol (1/1/1 as a molar ratio), the Lipoplexes were
obtained by mixing the PCL suspension and plasmid DNA. The resulting solution of Lipoplex was spread on a
mica substrate and was observed by AFM, using AC mode under an ambient air condition. Transfection activity
(luciferase-coded plasmid DNA) was evaluated by luminescent assay.
Polyamine-lipid-based PCLs exhibited prominent transfection activity in the following order: DCP-DETA (2) >>
DCP-DPTA (3) ??DCP-spd (1), exhibiting that chemical structure of the polyamine significantly affects the
transfection activity. AFM images of DNA and 1-based Lipoplexes are shown in Figure 1A-C. In (A), ColE1
DNA (6646bp) is clearly observed. When the DNA is mixed with PCL, spherical Lipoplex readily formed (B).
The observed size of the complex is 200-300 nm, consistent with the diameter estimated by dynamic light
scattering, ~260 nm. The DNA molecule seems to be tightly packed in spherical complexes. Figure 1C shows
the complexes incubated in an acidic solution (pH 4) for 1h. Large and heterogeneous structure was observed,
showing that the Lipoplex was decomposed under acidic condition. Such a deformation of complex is
necessary to release DNA in transfection processes, especially in endosomal escape. Similar morphological
change of the most efficient Lipoplex, 2-based PCL/DNA, was also observed. It was found that the structural
transformation proceeded more readily than that of 1-based Lipoplex. This may result in the efficiency of DNA
release from Lipoplexes, which is influenced the difference in the transfection activity.
[1] T Dewa et al. Bioconjugate Chem. 15 (2004) 824.
[2] T Dewa et al. Bioconjugate Chem. 21 (2010) 844.
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Abstract
Background: Cis-platin belongs to the family of inorganic metal drugs which has a success rate of ~ 90 %
against testicular and ovarian cancer. Substantial research has been done on cisplatin–DNA interaction using
various techniques including atomic force microscopy AFM, however, the exact mechanical change (e.g. bend
angle and ridigidty) in DNA due to its interaction with a single molecule of cis-platin is controversial.
Elucidation of these parameters will enhance our understanding of how proteins interact with cis-platin and will,
thus, enhance our understanding of the successes and limitations of cis-platin.
Objectives & Methods: Using statistical analysis of AFM imaging and simulations based on the worm-likechain model we investigated the interaction of cis-platin with DNA at the single molecule level to determined
the cis-platin induced DNA bend angle and change in DNA mechanical properties. We used two constructs of
DNA (300 bp) with a single GG, a single AG in the center. We measured the contour length (L), end to end
distance(R) of DNA and DNA-cisplatin complexes, and determined the persistence length (P), bend angle ß,
and local flexibility around the cis-platin site.
Results: R/L Distribution of the DNA-cisplatin complex showed a small but significant change when compared
with the normal DNA distribution; the cisplatin-induced bend angle ß was measured to be 34°. R/L distribution
of the simulated DNA molecules matched the experimental data.
Conclusions: The R/L distribution of the DNA-cisplatin complex vs normal, of AFM images and simulated DNA
molecules shows that the DNA is damaged locally at the platination site while retaining its global mechanical
properties. Our bend angle agrees with the X-ray and the gel-electrophoresis data further confirming the
specificity of our technique in capturing the DNA-cisplatin interaction.
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Giant wormlike micelles: towards targeted drug delivery via size and
persistent length control
Anika Embrechts, Piotr Glazer, Dorette Spaans, Eduardo Mendes
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Abstract
Targeted and controlled drug delivery is the holy grail of medicine. At present many patients still suffer from the
side effects of drugs, since it is often not possible to directly administer the drugs to the diseased area or
1
control the burst-effect of drug release. Progress has been made over the past couple of decades in the areas
2
of receptor-targeted drug release , where the drug delivery system is decorated with specific recognition
molecules for a specific area or disease. However a significant drawback of these receptor-targeted drug
delivery systems lies in the fact that it is not universal and every disease needs its own specific receptor
molecules to be able to target a diseased area.
3
Several studies have reported the different circulation times - e.g. biodistribution - of these drug carriers in the
human body, indicating that the carrier morphology (i.e. wormlike) and physical properties can be tuned to
3a
promote uptake by diseased tissue . To investigate the possibilities of targeted, but receptor-free, drug
delivery system we started to developed protocols to synthesize block-copolymer (wormlike) micelles and
vesicles with different sizes and persistent length. We investigated the physical properties of these micellar
systems - using a combined approach of AFM imaging and nano-identation techniques - to be able to identify
the effects that play a role in biodistribution.
[1] (a) TM Allen, PR Cullis. Science 303, 1818-1822 (2004); (b) W Arap, R Pasqualini, E Ruoslahti. Science
279, 377-380 (1998).
[2] (a) DJ Yoon, CT Liu, DS Quinlan, PM Nafisi, DT Kamei. Ann Biomed Eng. 4, 1235-1251 (2011); (b) A
Gabizon, R Catane, B Uziely, B Kaufman, T Safra, R Cohen, F Martin, A Huang, Y Barenholz. Cancer Res. 54,
987-992 (1994).
[3] (a) DA Christian, S Cai, OB Garbuzenko, T Harada, AL Zajec, T Minko, DE Discher. Mol. Pharm. 6, 13431352 (2009); C Allen, D Naysinger, A Eisenberg. Colloid Surface B 16, 3-27 (1999).

Figure 1. Giant wormlike micelles with different size and persistent length: (a) AFM height image; (b,c) SEM
images. Note the difference in persistence length between (a) and (b, c).
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Nanoscale effects of antibiotics on P. aeruginosa
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Abstract
Recently, AFM has been used to study the effects of antimicrobial drugs on living microorganisms (Francius et
al.). In this study, we focus on the dreadful bacteria Pseudomonas aeruginosa which is implicated in 10% of
nosocomial infections in France (Raisin). This pathogen is naturally resistant to several antibiotics and
antiseptics, and has a great capacity for acquiring new resistance mechanisms under selective antibiotic
pressure (Strateva & Yordanov). Therefore, understanding the effects of antibiotics on this bacterial species
has become a necessity.
For this purpose, we chose to study two reference antibiotics, ticarcillin and tobramycin, that are highly active
on P. aeruginosa, and widely used in therapeutics. Ticarcillin is a ß-lactam which inhibits the bacterial
transpeptidases and transglycosylases responsible for the assembly of the constitutive elements of the cell wall
peptidoglycan (Jehl et al). Inhibiting the good assembly of the bacterial cell wall will therefore kill the bacteria.
The second molecule, tobramycin, is an aminoglycoside that works by biding to the 30S and 50S bacterial
ribosome, preventing the formation of the 70S complex. As a result, mRNA cannot be translated into protein
(Jehl et al), which compromises the survival of the bacteria.
Ticarcillin treated cells (fig 1B) present a filamentous form. They are 5 µm long, 0.8 µm large, 200 nm thick,
which is completely different from native cells. Those (fig 1A) are 2 µm long, 1 µm large, 500 nm thick.
Surprisingly, the surface roughness (0.793 nm for an area of 200 nm²) of ticarcillin treated cells is reduced
compared to native cells (2.536 nm for 200 nm²). Tobramycin treated bacteria are presented in fig 1C, they are
3.4 µm long, 0.8 µm large, and 180 nm thick. Their surface roughness is increased to 4.201 nm for an area of
200 nm². After both treatment (ticarcillin or tobramycin) the cell wall elasticity of P. aeruginosa is dramatically
decreased. The native bacteria have a young modulus of 261 +/- 70 kPa. It drops down to 50 +/- 18 kPa when
treated by ticarcillin, and to 24 +/- 4 kPa when treated by tobramycin.
These results demonstrate that AFM is a useful tool for antibacterial agents evaluation. The fundamental
knowledge acquired here will be of first interest to compare with the effects of new drugs, to better understand
the mechanism of action, and to find the target of such new antibacterial.
[1] Coignard B, JM Thiolet, L Lacavé pour le groupe de travail ENP RAISIN 2006. Enquête nationale de
prévalence des infections nosocomiales juin2006.
http://www.invs.sante.fr/publications/2009/enquete_prevalence_infections_nosocomiales/enquete_prevalence
_infections_nosocomiales_vol1.pdf
[2] Francius G, O Domenech, MP Mingeot-Leclercq, YF Dufrêne. 2008. Direct observation of Staphylococcus
aureus cell wall digestion by lysostaphin. J Bacteriol. 190:7904-7909.
[3] Jehl F, M Chomarat, M Weber, A Gérard. 2004. De l'antibiogramme à la prescription. Editions bioMérieux,
Marcy l'Etoile, France.
[4] Strateva T, D Yordanov. 2009. Pseudomonas aeruginosa : a phenomenon of bacterial resistance. J Med
Microbiol. 59:1133-1148.
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Figure 1: AFM deflection images of A: native, B: ticarcillin and C: tobramycin treated P. aeruginosa
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TEM, SEM, and X-ray analysis of the fibril forming inorganic and organic
nanoparticles
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Abstract
It is known that the air space of the environment and live organisms contain nanoparticles of inorganic and
organic nature in dispersed condition. The purpose of the present work was to improve the factors of high
resolution electron-microscopic methods for visualization of various types of fibril forming inorganic and organic
1,2,3
particles in the environment and in live systems . The items of our study are the filters used at aspiration of
air, as well as biosamples responsible for some pathology (mesothelioma and Alzheimer’s disease). The
results of electron microscopic (TEM, SEM) and X-ray microanalysis of asbestos and other dust particles on
the air aspiration filters, construction materials and powders have shown that fibrils differ by their parameters
and morphology from identical asbestos particles. X-ray electron microscopic analysis clearly revealed tubular
structure of asbestos fibrils with length 5-200 µm and diameter between 5-20 µm. Fibrils with diameter from 40
nm to 134 nm and length 200 µm and more were observed under scanning electronic microscope.
Accumulation of asbestos fibrils in the phagosome macrophages has been observed at studying cytotoxic
impact of asbestos and the way of interaction with eukaryotic cells of the microorganisms (bacteria and
yeasts). We are realizing also the ultrastructural study of development of ?-amyloid protein fibrils in the
presence of a serine protease DPPIV.
Thereby, application of light- and electron-microscopic methods will enable identification of asbestos and of
other dust fibrils in the environment and in live systems. They can also be applied to find out the mechanism of
carcinogenic action of inorganic nanoparticles and of fibrillation of A? peptide having key impact on the
development of Alzheimer’s disease.
[1] Murr LE. (2008) Int J Environ Res Public Health. 5 (5): 321-36.
[2] Muscat JE, Wynder EL. (1991) Cancer Res., 51 (9): 2263-7.
[3] Goldsbury CS, Wirtz A, Muller ShA. Sunderji Sh, Wicki P, Aebi U, Frey P. (2000) J Struct Biol. 130:217-231.
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Abstract
Septins are conserved GTPases that form filaments and are required for cell division. During interphase, septin
filaments associate with cellular membrane and cytoskeleton networks, yet the functional significance of these
associations have, to our knowledge, remained unknown. We recently discovered that different septins, SEPT2
and SEPT11, regulate the InlB-mediated entry of Listeria monocytogenes into host cells. Here we address the
role of SEPT2 and SEPT11 in the InlB-Met interactions underlying Listeria invasion to explore how septins
modulate surface receptor function. We observed that differences in InlB-mediated Listeria entry correlated
with differences in Met surface expression caused by septin depletion. Using atomic force microscopy on living
cells, we show that septin depletion significantly reduced the unbinding force of InlB-Met interaction and the
viscosity of membrane tethers at locations where the InlB-Met interaction occurs. Strikingly, the same order of
difference was observed for cells in which the actin cytoskeleton was disrupted. Consistent with a proposed
role of septins in association with the actin cytoskeleton, we show that cell elasticity is decreased upon septin
or actin inactivation. Septins are therefore likely to participate in anchorage of the Met receptor to the actin
cytoskeleton, and represent a critical determinant in surface receptor function.
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Combined AFM and fluorescence microscopy for cell stimulation and
substance delivery
Josef Madl, Rong Zhu, Christian Rankl, Gerhard J. Schütz, Peter Hinterdorfer
JKU Linz, Institute for Biophysics, Altenbergerstrasse 69, 4040 Linz
Abstract
Both optical microscopy and atomic force microscopy are essential methods in biophysics and cell biology.
Optical microscopy allows to measure the distribution of labeled molecules inside cells or to study the kinetics
of cellular processes via fluorescent indicators. AFM can be employed to resolve molecular details of biological
surfaces or for performing force spectroscopy on receptor/ligand complexes. In addition, AFM facilitates
manipulation of samples on the nanoscale and permits delivery of substances directly to the cell of interest.
The combination of both techniques facilitates many new applications. For example, individual cells can be
stimulated via a functionalized AFM tip as the cell response is monitored simultaneously via the fluorescence
microscope. The advantage here is that the time point of stimulation can be adjusted with a higher accuracy
compared to experiments on the ensemble level. Another intriguing application of a combined
AFM/fluorescence microscope is the delivery of substances directly onto or into an individual cell. The transfer
efficiency can be assessed with fluorescence microscopy and the delivered molecules can be traced even
inside the cell.
In the present study we show preliminary experiments that demonstrate the performance of our combined
AFM/fluorescence microscope for the described experiments. In a first test application we directly stimulate
individual cells via antibody-functionalized AFM tips. The cell response is measured by monitoring the change
of cytosolic calcium levels via a ratiometric calcium indicator. In the second application the cantilever is utilized
as a nano-crane. Here the transfer of fluorescent molecules from the loaded AFM tip into the cell membrane
will be tracked with the fluorescence setup.
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properties to explore potential determinants in host cells adhesion
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Abstract
Bacteria have complex parietal structures in direct contact with the medium, which constitute a zone of
exchanges with their local environments. Recent studies on physicochemistry of the bacterial interfaces have
highlighted that physical properties (viscoelasticity, hydrophobicity) and electrokinetic ones (charge density,
1
hydrodynamic permeability) are crucial determinants in bacterial adhesion processes .
In this context, the physicochemical surface properties (charge and hydrophobicity) of the human pathogenic
bacteria, Legionella pneumophila sg1 (Lp1) were investigated to explore the initial interaction step during host
cells-bacteria interactions.
The bio-interfaces of different clinical L. pneumophila strains and also four mutants deficient in some parietal
structures (pili, lipopolysaccharides) were characterized at the micrometer scale using microelectrophoresis
2
and at nanometer scale by atomic force microscopy (AFM) . The first allowed to measure electrophoretic
mobilities (electrostatic interactions) and the second to quantify local hydrophobicity and specific adhesion
interactions of surface biopolymers. The impact of different ionic strenghts (1 to 100 mM) at neutral pH of the
medium on the physicochemical properties and infection capacity were investigated.
Our results showed that initial long-range repulsive forces could possibly play an important role in defining the
adhesion/infection process. The LPS nature of the Lp1 strains contributed to their negative electrical charge
and consequently to their electrophoretic mobilities. Complementary informations, particularly the cell surface
imaging (presence of flagella and pili) and mapping the hydrophobic domains of cells, were performed with
AFM on the Lp1 strains with contrasted mobility patterns. These data should lay the molecular basis of the L.
pneumophila adhesion mechanisms to host cells.
Aknowledgment: The authors thank S. Jarraud and C. Ginevra from CNRL INSERM-U851 who provided all the
Legionella strains.
[1] Clements A et al. (2008) PLoS One, 3(11), e3817.
[2] Francius G et al. (2008) ACSNano, 2, 1921-1929.
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Extracellular distribution of alpha-synuclein. Molecular recognition
approach by using AFM
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Abstract
Misfolding and abnormal aggregation, overexpression and mutations of the neuronal protein alpha-synuclein
are implicated in the pathogenesis of Parkinson's disease and related neurological disorders, such as
dementia with Lewy bodies. Alpha-synuclein is a soluble protein enriched at the pre-synapse, and is thought to
exert its physological and pathogenic function exclusively in the neuronal cytoplasm in a cell-autonomous
manner. However, the current model is being challenged by a series of new observations that demonstrate the
presence of alpha-synuclein and its aggregated forms in the extracellular fluid both in vivo and in vitro.
In the last two decades, the atomic force microscope (AFM) has been widely used to measure the binding
force and the dynamics of the interaction between molecules. An interesting application is related to the
process of molecular recognition that can allow for the detection of the presence of particular molecular
species on the surface of a sample, such as on the external side of a cell membrane.
The fundamental issue for measuring molecular recognition interactions is to functionalize AFM tips with
biomolecules using appropriate procedures. First of all, the forces that bind molecules to the AFM probe should
be stronger than the intermolecular force being studied. The attached biomolecules should maintain their
mobility so that they can freely interact with complementary molecules and non-specific adhesion should be
minimized. Once the probe is functionalized molecular recognition can be achieved by force mapping on the
sample.
We studied the extracellular distribution of alpha-synuclein, by adding the purified recombinant protein, wt and
A30P mutant, in the media of coltured embryonic hippocampal neurons. Alpha-synuclein is internalized and is
found inside the neurons showing a punctate distribution. A fraction of the proteins can however be localized
stably on cell membrane. To determine the presence and distribution of alpha-synuclein we labeled the AFM
probe with a specific antibody and we tested the neurons icubated with alpha-synuclein using different probes:
1) 4 µm functionalized bead, to detect the presence of the protein on the membrane of the whole cell body; 2)
a standard functionalized tip to investigate the spatial distribution of the protein at the nanoscale.
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Stochastic sensors based on nanostructured materials used in the
screening of whole blood for hepatitis B
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Abstract
A study of the electrochemical active materials used for stochastic microsensors’ design was proposed in order
to identify the best material for screening of whole blood for hepatitis B. The electrochemical active materials
proposed were maltodextrins, cyclodextrins, porphyrin, and hemolysine. The study is performed using two
techniques based on different principles, namely chronoamperometry and Atomic Force Microscopy (AFM).
The chronoamperometry is able to show the “signature” of the HBc Ag which is the biological substance
responsible for hepatitis B, as well as to make a quantitative evaluation of the antigen in whole blood, while we
employed AFM for studying morphology, elasticity and adhesion forces of HBc Ag.
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Following platelet activation by atomic force microscopy
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Abstract
Cardiovascular diseases like Atherothrombosis belong to the most common human diseases. The main reason
therefore is a male function or male regulation of the platelets, in particular of platelet receptors. It is known that
only so called activated platelets play a major role in thrombus formation after vessel injury or on negative
purpose formation of Embolism. Here, the surface of platelets is increased with increased activation. It is even
supposed that the amount of certain receptors on the cell membrane is changed. However, as the process of
platelet activation is very complex and many actors (proteins, receptors, etc.) take part, far to less is known
until now about these sophisticated interactions. Therefore, the Atomic Force Microscope (AFM) serves as
most suitable tool to detect platelets in various activation states as well as to probe the activity and binding
1
behavior of distinct receptors under physiological conditions on the single molecular level . In the present study
we investigated several blood withdrawal and coupling strategies in order to catch platelets in different
activation states. AFM images were acquired in Mac mode to apply as less harm as possible to the sample.
Moreover, we applied Single Molecule Recognition Force Spectroscopy (SMRFS) to gain detailed information
on the binding properties of the integrin receptor GPIIbIIIa using antibody CD41 (detection of activated
GPIIbIIIa) and PAC-1 (detection of inactivated GPIIbIIIa). GPIIbIIIa serves as one of the most important
receptors for platelet activation. This protein is able to bind fibrinogen, fibronectin, vitronectin, and van
Willebrand factor on activated platelets and therefore plays an essential role in platelet aggregation and
2
adhesion . Promising results on the isolated GPIIbIIa system as well as on alive platelets pave the way for
further investigations on platelets activation using the AFM. Here, the TREC method (Simultaneous
Topography and Recognition Imaging) allows to map the amount and distribution of receptor site on blood
3
constituents . Moreover, the influence of newly developed drugs can be directly tested.
[1] Hinterdorfer P, Baumgartner W, Gruber HJ, Schilcher K and Schindler H. Detection and localization of
individual antibody-antigen recognition events by atomic force microscopy. Proc. Natl. Acad. Sci. USA 93
(1996), pp. 3477–3481
[2] Phillips DR, Charo IF, Parise LV, Fitzgerald LA. The platelet membrane glycoprotein IIb-IIIa complex. 24.
Blood 71: 831-843, 1988.
[3] Ebner A, Nikova D, LangeT, Häberle J, Falk S, Dübbers A, Bruns R, Hinterdorfer P, Oberleithner H,
Schillers H. Determination of CFTR densities in erythrocyte plasma membranes using recognition imaging.
Nanotechnology 19 (2008)
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Pseudomonas aeruginosa lectin PA-IL /glycoconjugate arrangement: an
AFM study of protein/sugar interaction
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Abstract
The bacterium Pseudomonas aeruginosa is present in many natural environments such as soil, water and
plants. For healthy individuals, it presents no real danger. For people with cystic fibrosis, it is the main cause of
mortality in severe infections in the lungs. Immuno-depressed or weaker patients such as badly burnt persons
are also prone to these infections. Finally, this pathogen is responsible of 10% of nosocomial infections in
french hospitals. These bacteria have developed strains resistant to multiple antibiotics, and the treatment is
often very long and grueling for patients. New therapeutic approaches, more effective, are currently under
development.
As many viruses and pathogenic bacteria, P. aeruginosa use sugars present on the surface of host cells as
1
ligands for a first contact . The binding occurs by a lectin-sugar interaction. Lectins are proteins that recognize
2
specifically the sugars without modifying them . In our study, we focused more specifically on the lectin PA-IL,
3
galactose-specific, which has a tetrameric structure with a calcium ion in its binding sites (Fig. 1) .
The affinity of the lectin PA-IL with galactolysed -glycoclusters presenting a core in calix[4]arene, has been
4
shown by Isothermal Titration Calorimetry (ITC) and Surface Plasmon Resonance (SPR) . The spatial
geometry of these glycoconjugates and their valence are directly related to their affinity with the lectin.
According to results on the affinity between the lectin PA-IL and various synthesized glycoconjugates, we have
chosen to focus on the 1,3-alternate configuration that presents the best affinity.
Our study, by atomic force microscopy (AFM), is to observe the molecular arrangement of the complexes
formed by the lectin PA-IL and the galactosylated-glycocluster to establish a link between the sugar
conformation and arrangement. We also tried to understand the influence of the concentration of sugar on the
sugar-lectin interaction. Lectins and glycoconjugates were adsorbed onto a freshly cleaved mica substrate and
observed in air.
We performed experiments with two different concentration of lectin, 10?M and 100pM. For high concentration,
the presence of sugar induces an organization in 2D or 3D structures, whereas lectins manifests on the surface
as small isolated islands, without sugar. The arrangement is dominated by a lectin-lectin interaction, but is
induced by the presence of sugar even for small amount 1/10000. Lectins organize themselves in small sticks
of several molecules juxtaposed to each other. For low concentration and for a lectin/sugar ratio of 1/1,
filaments are present, randomly spread on the mica surface with some areas of intersections or bifurcations.
These observations are in good agreement with the molecular aggregative chelate model established to
4,5
describe the sugar/lectin interaction .
[1] Imberty A et al, Curr. Opin. Struct. Biol., 18 (2008) 567-576.
[2] Kocourek J et al, Nature, 290 (1981) 188.
[3] Cioci G et al, FEBS Letters, 555 (2003) 297-301.
[4] Cecioni S et al, Chem. Eur. J., 15 (2009) 13232-13240.
[5] Sicard D et al, to be published in Chem. Comm.
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FIG. 1: three-dimensional structure of the lectin PA-IL of the bacterium P. aeruginosa. Magenta spheres
4
represent calcium ions .
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Analysis of morphology and nanomechanical properties breast cancer
cells
Svetlana Pleskova, Ekaterina Gorshkova, Elza Mikheeva
N.I. Lobachevsky Nizhny Novgorod State University, Gagarina ave., 23, build. 3 208, 603 950 Nizhny
Novgorod, Russia
Abstract
Change in cell stiffness is a new characteristic of cancer cells that affects the way they spread. Whether
besides nanomechanical properties of cells characterize stages of a cellular cycle and can characterize the
different kind of cells death (necrosis, apoptosis et setera). Using atomic force microscopy, we report the rigid
of live cancer cells taken from the body of patient with breast cancer (by surgical way). First of all AFM allows
to investigate the cancer cells with the high resolution. It is necessary to notice that cancer cells have unstable
morphology, they have bad adhesion on the surface (glass or polyvinylchlorid) and the components of the
cancer cells membrane were attached to a probe even at scanning in a semicontact mode.
The results of definition of the cancer cells nanomechanical properties by FS-spectroscopy are not less
interesting also. It has appeared that the breast cancer cells in 3 times more rigid then not transformed normal
cells. The research of nanomechanical properties of the cells received from patients is very important. It can to
solve the three problems: (1) development of the early diagnostics methods of malignant transformation; (2)
prediction of the malignant process development at this patient; (3) search of fundamentally new targets for
medicinal therapeutic drugs, being based on changes of cellular membranes nanomechanics.
Acknowledgments: the work is confirmed by the Russian Foundation for Basic Research (project 09-04-97068
r_Povolzhye_a), Federal-desired program GK № 14.740.11.0456.
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Effect of silver nanoparticles on marine diatom – an AFM study
Galja Pletikapic, Vesna Svetlicic, Vera Zutic
Ruder Boskovic Institute, Division for Marine and Environmental Research, Zagreb, Croatia
Abstract
Silver nanoparticles (Ag NP) were found to reduce cell-specific growth rate, photosystem II quantum yield, and
1
chlorophyll-a content of marine and freshwater algae . These toxic effects were accounted for by the release of
Ag+ ion. The toxicity of NP themselves remains an open question, as the NP-cell wall interactions were not
precisely analyzed. The exopolymeric substances (EPS) production has been shown to increase as a feedback response to Ag NP exposure and may thus contribute to detoxification mechanisms. Algae typically have
glycoproteins and polysaccharides in their cell walls. However, diatoms represent a special case, with cell walls
composed of hydrated silicon dioxide. Principal question is: can nanoparticles enter the diatom cell or does the
diatom cell wall acts as a barrier for entering nanoparticles?
We have chosen to study the effect of Ag NP on ubiquitous, weakly silicified marine diatom Cylindrotheca
fusiformis. In our previous AFM studies we performed a detailed morphological and nanomechanical
2,3
characterization of Cylindrotheca spp. cell wall and its EPS release at a single cell level . Thus, we have tools
to monitor the NP-cell wall interaction and to verify if the released EPS has a detoxifying capacity. AFM
imaging was performed after 24 h-exposure at 103 Ag NP/cell in filtered seawater. The primary NP diameter
was 60 nm. After the exposure the cells were placed on mica using drop deposition method modified for
2
phytoplankton samples for imaging in air. The panel illustrates the effect of Ag NP to the C. fusiformis cell and
Ag NP accumulation within EPS. The Ag NP can enter the diatom cell through the valve region causing local
damage inside the cell without the cell wall disintegration. This can be understood in the light of the organo3
silica structures of the Cylindrotheca spp. cell wall . More experiments are needed to strengthen the results.
[1] Navarro E, Baun A, Behra R, Hartmann NB, Filser J, Miao AJ, Quigg A, Santschi PH, Sigg L. Environmental
behavior and ecotoxicity of engineered nanoparticles to alge, plants, and fungi. Ecotoxicology, 2008, 17:372-386.
[2] Pletikapic G, Misic Radic T, Hozic Zimmermann A, Svetlicic V, Pfannkuchen M, Maric D, Godrijan J, Zutic
V. Extracellular polymer release AFM imaging of extracellular polymer release by marine diatom Cylindrotheca
closterium. J Mol Recognit. 2011, 24(3):436-445.
[3] Pletikapic G, Berquand A, Misic Radic T, Svetlicic V. Quantitative nanomechanical mapping of marine
diatom. J Phycol. 2011, (in press).

Effect of Ag NP on C. fusiformis cell. NP indicates treated cell. Arrows indicate penetration sites of spherical nanoparticles
and nanorods. Large area deformations are assigned to intracellular damage caused by nanoparticles uptake.
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Investigation by AFM and SEM the influence of electroporation on cells
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Abstract
A temporary increase of cell membrane conductivity and permeability (electroporation) is achieved by the
1
exposure of cells suspended in an electrolyte solution to pulses of strong electric field (up to 100 kV/cm) . This
phenomenon is widely used for cell electromanipulations in biomedicine, cell biology, biotechnology, and food
2
processing .
The various applications of electroporation require cells to survive the procedure and therefore the occurrence
of irreversible electroporation, following which cells die, is obviously undesirable. A fundamental understanding
of the cellular scale phenomena in the permeabilized cells during irreversible and reversible application is
3
important in the design of optimal electroporation protocols . In this work, we have investigated morphological
changes of cells membrane as well as the changes of shape and size of the cells at the state of reversible and
irreversible electroporation by using Atomic force microscopy (AFM) and Scanning Electron microscopy (SEM).
For this aim mouse hepatoma MH–22A cells in suspension were subjected to a single electric pulse of different
strengths (ranging from 800 to 1600 V/cm with pulse duration of 2 ms). The dependence of cells viability was
determined by using fluorescent Calcein–AM (calcein acetoxymethylester) staining test. It was obtained that at
the field strength ranging from 0 to 1400 V/cm, at least 70% of the cells remain alive. With further rising of
pulse strength the viability of cells decreased dramatically.
Morphometric analysis after reversible (pulse strength – 800 V/cm) and irreversible (pulse strength - 1600
V/cm) electroporation was carried out by examination of fixed electroporated cells. The AFM and SEM images
of cell’s membrane surface at the reversible electroporation state showed the disappearance of the ordered
surface ripples and furrows typical to the unexposed cells. The enhancement of corrugation of all surface
membrane at increasing dose exposure was noted, but the shape of cells was still maintained. Microscopic
images showed that irreversible electroporation affects hepatoma cell’s size, shape, and orientation. In
irreversibly electroporated cells the membrane rupture was evident. It has been shown experimentally that
electroporation could be used to deliver the anti-cancer drug meso-tetrakis (p-sulfonatofenyl) porphyrin
(TPPS4) into mouse hepatoma MH–22A cells. Immediately after adding of TPPS4 into the cell suspension, the
cells were subject to a single electric pulse of different strengths, with pulse duration of 2 ms. The percentage
of the fluorescent cells was calculated as the poration yield. We obtained the highest percentage of viable
porated cells with the electroporation potential in the range of 0.8–1.2 kV/cm. Our research demonstrate the
capability of AFM technique to be used as a high-resolution instrument to image the structural changes of the
cells membranes.
[1] E Neumann, AE Sowers, CA Jordan. Electroporation and Electrofusion in Cell Biology, Plenum
Press, New York, 1989.
[2] J Gehl. Electroporation: theory and methods, perspectives for drug delivery, gene therapy and research,
Acta Physiol. Scand. 177 (2003) 437–447.
[3] B Rubinsky. Irreversible Electroporation in Medicine. Tech. Canc. Res.Treat. 6, (2007) 255-259.
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Behaviour of the human dystrophin repeats and their organization with
lipid membrane as revealed by AFM
Joe Sarkis, Jean-François Hubert, Sarah Ameziane, Baptiste Legrand, Estelle Robert, Angélique Chéron,
Julien Jardin, Eric Hitti, Céline Raguénès-Nicol, Elisabeth Le Rumeur, Véronique Vié
Université Européenne de Bretagne (UEB),
UMR-CNRS 6251, Institut de Physique de Rennes (IPR), Université de Rennes 1, Rennes, France
UMR-CNRS 6026 - IFR 140, Equipe RMN-Interactions lipides protéines, Faculté de Médecine, CS 34317,
Université de Rennes 1, Rennes, France
INRA, AGROCAMPUS-OUEST, UMR 1253, Science et Technologie du Lait et de l'œuf
Laboratoire Traitement du Signal et de l'Image (LTSI), INSERM 642, Rennes, France
Abstract
Dystrophin is a long filamentous protein essential to skeletal muscle function, which is demonstrated by the
lethal pathophysiology associated with its deficiency, namely, Duchenne muscular dystrophy (DMD). The
subsarcolemmal location of dystrophin and its association with both cytoskeleton and membrane, suggest a
role in the mechanical regulation of membrane stress during contraction and elongation of muscle fibers at
work.
This protein has mainly three specific parts: N-ter interacting with actin filaments, C-ter interacting with a
protein membrane complex and a central domain known as the rod domain consisting of 24 spectrin-like
repeats. Tryptophan fluorescence studies on SUVs (small unilamellar vesicles) showed that some of these
1
central repeats bind anionic lipid membrane .
First, we present here the characterization of the behaviour of DYS R11-15, a five spectrin-like repeats from
the central domain of human dystrophin, in the presence of liposomes and monolayers as membrane models.
The atomic force microscopy was used to observe the organisation of proteins in monolayer experiments.
Additional information obtained by image analysis allowed to characterize the pattern formed by the protein
interacting with two different mixture of lipids. Combination of studies in SUVs, LUVs and monolayers showed
that DYS R11-15 interactions depend on the lipid nature, anionic or zwitterionic, with SUVs, and on the lipid
packing when comparing LUVs to SUVs. Lateral pressure of lipid monolayers modifies the protein organization
and leads DYS R11-15 to form a regular network as revealed by AFM. Trypsin proteolysis assays show that
the protein conformation is modified following its binding to monolayer and SUVs. Results indicate that DYS
R11-15 constitutes a part of dystrophin that interacts with anionic as well as zwitterionic lipids and adapts its
interaction and organization depending on lipid-packing and lipid nature. This specific behaviour will be
2
compared to other DYS fragments, DYS R 1-3 and DYS R20-25 previously studied by AFM and DYS R16-21
(AFM studies in progress).
All together, these results provide strong experimental evidence for a physiological role of the central domain of
dystrophin on sarcolemma scaffolding through modulation of lipid-protein interactions.
[1] Legardinier S, Legrand B, Raguénès-Nicol C, Bondon A, Hardy S, Tascon C, Le Rumeur E, Hubert JF.
(2009) J Biol Chem 284(13), 8822-8832
[2] Vie V, Legardinier S, Chièze L, Le Bihan O, Qin Y, Sarkis J, Hubert JF, Renault A, Desbat B, Le Rumeur E.
(2010) Biochim Biophys Acta. 1798(8), 1503-1511
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Real-time monitoring of cardiomyocyte activity using atomic force
microscopy: a study of pacemaking activity and biological signals.
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Abstract
The heart electrophysiology and the regulation of its activity offer a real challenge when it comes to
understanding its relation to cardiac rhythmic contractility. Addressing those mechanisms at the cellular level is
central to understanding cardiac pathophysiologies such as arrhythmia and testing in vitro the potency or
toxicity of new drugs on cardiac function. Several approaches have been reported to monitor cardiomyocyte
activity in term of frequency and amplitude. They include patch clamp monitoring of trans-membrane ionic
currents, image analysis of phase contrast video microscopy and fluorescence microscopy of intracellular
calcium using fluorogenic probe such as Fluo-4 AM. The AFM was also used as force transducer to quantify
the beating frequency, amplitude of contraction and to monitor cardiomyocyte activity in both spatial and
temporal dimensions (Domke, J., 1999). Here we use AFM to quantify the rhythmic/arrhythmic beating profile
of a fully functional cardiomyocyte cell line (HL-1) exposed to pharmacological agents well-known to affect
cardiovascular functions such as cardiac rhythm and output. We show that AFM-based force vs. time
monitoring of cardiomyocyte pulsatile activity represent a powerful tool to study the mechanism of action and
functional effect of selective calcium and/or sodium ion channel blockers or agonists/antagonists of G-protein
coupled receptors. Moreover, we show that changes in the rhythmic/arrhythmic profile of cardiomyocyte allow
the detection of functional membrane receptors not commonly linked to cardiac physiology such as the deltaopioïd receptor.
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Abstract
The early diagnosis of cancer is a priority in the medical world because patients detected at an early stage
have the highest rate (80 to 100%) of survival if treated with correct medication. Screening is an option for this
purpose, and can be easily performed using stochastic sensors. Hyphenating it with a technique based on a
totally different principle of analysis such as Atomic Force Microscopy (AFM), will contribute to the
improvement of the reliability of early diagnosis of breast cancer.
Therefore, a stochastic microsensor based on modified diamond paste was designed and used for the
screening of whole blood and saliva for the specific breast cancer biomarker. The stochastic sensor was able
to determine the signature of the biomarker in whole blood and saliva samples and also, it can be used for its
quantification. AFM measurements for characterizing morphology, elasticity and adhesion forces of specific
biomarkers were performed. Correlation between different measurements will be presented.
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Abstract
Tumor Necrosis Factor alpha (TNF-alpha) is a critical cytokine that is involved in systemic inflammatory
response and contributes to the the activation of the pro-inflammatory phenotype of the endothelium. In the
present study effects of TNF-alpha on morphology and elasticity of endothelium in relation to the production of
NO and actin fiber reorganization were analyzed in endothelial cells. The cells were incubated in supplemented
medium solution and stimulated with solution of 10 ng/ml TNF-alpha for different periods (1h, 3h, 6h, 12h, 24h).
Atomic Force Microscopy (AFM) measurements have enabled characterization of cell morphological and
elastic properties in physiological conditions. Nitric oxide (NO) production of the cells was analyzed in order to
determine the physiological state of endothelium. We demonstrated that TNF-alpha induced changes in
elasticity of endothelium anti-correlate with NO production and are associated with the reorganization of actin
cytoskeleton. The comprehensive analysis was performed for human dermal microvascular endothelial cells
(HMEC cell line). In order to generalize the dependencies observed for HMEC, the extended research was
performed for human umbilical vein endothelial cells (HUVEC cell line). Although biochemical mechanisms of
the registered modulations are yet to be explained, one can advance a thesis that TNF-a evokes a two-stage
inflammatory response of endothelium tissue.
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The influence of TRAIL cytokine and the chemotherapy drug actinomycin
D on the elasticity of tumor cell lines HeLa and Hep2
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Abstract
TNF-related apoptosis inducing ligand (TRAIL) is a cytokine capable of inducing the process of apoptosis in
tumor cells by interacting with the DR4 and DR5 receptors. Concurrently, the action of TRAIL results in
increased susceptibility of tumor cells to the action of chemotherapeutics. In the presented study, the elasticity
of tumor cell lines HeLa and Hep2 was examined under the action of TRAIL cytokine alone or combined with a
chemotherapy drug – actinomycin D.
In the first stage of the study, the two investigated cell lines were subject to the action of TRAIL cytokine
applied in concentration of 20 ng/ml. The incubation with TRAIL lasted for 1h, 3h, 12h, 24h and 48h. Then, the
elasticity parameter of the cells was determined by means of AFM technique. The measurements consisted of
acquisition of ca. 100 force-distance curves in the apical part of cell surface. Applying a mathematical model,
the elasticity parameter was evaluated for each cell. The conducted measurements have revealed a timedependent decrease in elasticity of HeLa and Hep2 cells induced by the action of TRAIL. The change in
elasticity of the cells is correlated with a rearrangement of cell cytoskeleton, that is polymerization of actin
fibers. Obtained fluorescence photographs of F-actin fibers prove that during the incubation with TRAIL actin
turns to the polymerized F-actin form, and constitutes cytoskeletal filaments which extend through the entire
cell.
In the next stages of the study, the HeLa and Hep2 cells were subject to the action of actinomycin D, or to
simultaneous action of TRAIL and actinomycin D. Evaluation of the elasticity parameter has shown a
substantial decrease in the elasticity of the cells incubated concurrently with TRAIL and actinomycin D. The
observed effect was twice larger than the one noted for the cells incubated only with TRAIL. Fluorescence
photographs reveal a concomitant effect of cell contraction and condensation of actin in the region surrounding
the nucleus.
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Atomic force microscopy study of photodamage on cancer cells
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Abstract
Atomic force microscopy (AFM) is capable of simultaneous nanometer spatial resolution and piconewton force
detection allowing for detailed studies of cell surface morphology and monitoring of cell-tip interaction. This
technique allowed the investigation of cytomorphology and cytomechanical properties of living cells on a
submicrometer scale. High resolution imaging of biological structures and their changes induced by different
agents such as drugs and toxins is commonly performed by fluorescence and electron microscopy (EM).
Although high-resolution imaging is possible with EM, the requirements for fixation and staining of samples for
image contrast severely limits the study of living organisms. We present a method that images and
mechanically characterized cells are studied by atomic force microscopy on neoplastic HeLa cell line (cervix
carcinoma cell), which is sensitive to photodynamic therapy (PDT). We used growth media as a scanning
surrounding for living cell mechanical characterization and with 0.5% glutaraldehyde concentration for cells
imaging. As equipment we used atomic force microscopy NT-MDT Aura for imaging and cytomechanical
measurement, scanning electron microscopy Hitachi Su 6600 for control images of the cells. In summary,
elastic properties of intact cell can indicate mechanical characteristics of cells. On the other hand, cell elasticity
changes can offer the degree or value of cells damage for example after PDT.
This work was supported by Ministry of Health NS9648-4/2008, Ministry of Education MSM 6198959216,
GACR 202/09/1151, GACR P304/10/1316, GACR 303/09 H048 LF 2011/009 and CZ.1.05/2.1.00/01.0030.
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Abstract
An immediate obstacle encountered in interpreting AFM images is stripe noises, which appear in various
patterns depending on sample and operational conditions. In order to analyze an AFM image on a biological
system at the molecular or sub-domain level, the unsupervised denoising protocol, DeStripe
(http://biodev.cea.fr/destripe), was developed for removing vertical stripes based on the Fourier spectral image.
The critical step in denoising procedures is to identify the noisy pixels and re-assign an appropriate intensity.
The term “unsupervised” implies that the denoising parameters in DeStripe for restoring images are not
controlled at the user's free will, at least not in the determination of potentially noisy pixels. Consequently, the
denoising effect may be jeopardized due to unnecessary restorations at some pixels. In this work, we present a
supervised version of DeStripe, which allows us to sample potentially noisy pixels with input values of relevant
parameters provided by the user. Our results show that the image features can be better revealed with better
parameter setups.
Acknowledgments:
This work was partially supported by the French ANR agency (Grant ANR-07-PCVI-0002-01 to JLP) and by the
French Atomic and Alternative Energies Commission.

Illustration of restored, Phi, and noise images from the unsupervised DeStripe and normalized heterogeneity
images.
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Abstract
Atomic Force Microscopy (AFM) technique is widely used to image sample surfaces with high accuracy.
However, despite the wide application for operation in air, the imaging of soft biological samples in liquid has
shown a low success rate. Biomolecular imaging requires to maintain constant a very small interaction force
between the tip and the sample surface under liquid conditions. Commercial AFM probes present a very low
quality factor (Q) when samples are immersed in liquid. On the other hand, probes based on quartz tuning fork
resonators have shown its ability to image the sample topography with sub-nm resolution. Moreover, they
present higher Q factors than standard cantilevers so they can be used to perform experiments in liquid
environment with high performance.
Authors present an IgG antibody array on top of a flat substrate imaged in a buffer solution (PBS, pH=7.4) with
a tuning fork sensor based tool and a liquid cell. To fabricate the sample, IgG antibodies were anchored onto a
reactive surface obtained by microcontact printing technique (µCP). For this, a pattern of functional alkylthiols
containing reactive groups for protein coupling (spotdiameter 10µm) was produced on top of gold covered
glass substrates by means of µCP. Subsequently, a protein repellent ethyleneglycol alkylthiol was selfassembled to fill the remaining substrate positions.
The tuning fork presents a Q factor in liquid of 120 (which is still more than one order of magnitude greater than
Q factor obtained with standard AFM probes in liquid).
The quartz tuning fork sensor with a pulled fiber mounted at its end is electrically driven to its resonant
frequency. A customized analog control module is integrated in the preamplifier. This module allows to control
Q factor and oscillation amplitude (A) independently to obtain the needed effective spring constant Keff [N/m] in
function of the sample mechanical properties. Indeed, this effective spring constant appears to be proportional
to the ration A/Q following the equation 1 reported in [Tung09]. According to each experiment and sample,
different sensor sensitivities can be selected.
In figure 1, topography and profile of the antibody SAM can be observed with the same sensor but with
different sensitivities. Microstructured molecular layers are well formed but the topographic height of the
antibody layer does not reproduce their real size Fig.1(a) due to high force exerted over biomolecules. A very
low force topography images are required, because if the force is high, the molecules are deformed and the
topography measured is lower than the real one (14 nm). In Fig.1(b) the Q-control is used to increase
electronically the Q-factor (while maintaining constant the amplitude of oscillation) of the tool from 120 to 380
and, in consequence, to increase sensitivity. In this case, proper topography information can be obtained
because interaction force is reduced by increasing Q factor.
[Tung09] Vo Thanh Tung, Chizhik S.A., Hoai T.X., “Parameters of tip-sample interactions in shear mode using
a quartz tuning fork AFM with controllable Q-factor”, Journal of Eng. Phys. Thermophys. (USA), 2009, 140-148.
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Equation 1 shows the influence of the quality factor Q: the higher it is, the more sensitive the device to the
interaction forces. Where A0 is the free oscillation amplitude, A is the measured amplitude and k is static spring
constant.
Fig. 1 (a) Topography and profile of a circular antibody pattern imaged with a tuning fork based nanosensor
with a Q-factor of 120 (b) and real topography information by increasing Q-factor up to 380.
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Advancements in the processing and data-analysis of high-speed atomic
force microscope (HS-AFM) movies
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Abstract
Atomic force microscopy (AFM) provides a topographical characterization of the surface of the imaged samples
at high resolution and signal-to-noise ratio, which allows studying the various bio-molecular processes under
physiological conditions. AFM is performed by raster-scanning a faint tip mounted on a cantilever with respect
to a sample. As the probe contours the surface, attractive and repulsive forces arise between tip and surface;
these forces are measured by a laser monitoring the deflection of the cantilever. The image acquisition process
has particularities that distinguish the AFM from other imaging techniques: Drift, unequal image contrast,
unequal acquisition along the fast and the slow scan axes, physical contact between the tip of non-definable
geometry and the sample, tip modification during imaging and the dependence of image on the force applied
by the tip on the sample.
Over the last years high-speed atomic force microscopy (HS-AFM) has been developed. HS-AFM has
consolidated itself as a powerful technique for studying bio-molecular dynamics allowing image acquisition
about three orders of magnitude faster than conventional AFM. Such HS-AFMs produce large data sets.
Therefore, in order to analyze these movies, we have developed a software package that: (i) adjusts individual
scan lines and images to a common contrast and z-scale, (ii) filters specifically those scan lines where
increased or insufficient force was applied, (iii) corrects for drift, (iv) defines particle localization and angular
orientation, and (v) performs particle tracking to define the lateral and rotation diffusion of single molecules. In
this study we document the development of a devoted HS-AFM software package and how this performs in the
treatment of HS-AFM movies.

Frame contrast adjustment; A) Original image containing highly and poorly contrasted scan lines. B) Processed
image after contrast enhancement and filtering of the poorly contrasted scan lines.
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Cellular distribution of soluvel and insoluvel forms of terbium nitrate in
enterocytes after its oral administration
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Abstract
In order to investigate the behavior of terbium in enterocytes of the small intestine, adult Sprague dawley rats
received a single intragastric administration of a solution of terbium nitrate, Tb(NO3)*6H2O - 1050 mg/kg. One
hour after the gavage, they were anesthetized for dissection of the intestinal tract. Samples of the initial part of
the duodenum were processed according to methods for correlative fluorescence and transmission electron
microscopy. Alternately semi- and ultrathin sections were cut with ultramicrotome from epon embedded
samples and respectively put on glass side and copper grid. Terbium luminescence was detected in the whole
cell, spread through the cytoplasm. Small and large electron-dense particles were observed on contours of
microvilli of the enterocytes and inside the lysosomes of the apical part of their cytoplasm. Deposits were also
found in large vesicles of macrophage-like cells of the submucosa layer. These results shown that a part of
terbium nitrate remain in soluble form. Thus suggested that it could cross mucosa via a transcellular transport
and precipitated in underlying layers of the intestine or reached blood circulation.
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FluidFM and electrophysiology: Towards force-controlled patch clamp
and scanning ion conductance microscopy
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Abstract
The Fluid Force Microscope (FluidFM) is a recently developed technology based on atomic force microscopy
1
with cantilevers having an integrated micro- or nano-fluidic channel connected to an external liquid reservoir .
Different cantilever designs have been fabricated so far, with different tip shapes and apertures down to 30nm.
The FluidFM allows for precise control on both the force exerted on a sample and on the pressure at the
cantilever’s aperture. Here we present the FluidFM adapted for electrophysiology experiments, in particular
Patch-Clamping and Scanning Ion Conductance Microscopy (SICM).
SICM is a Scanning Probe Microscopy method which adapts very well on soft living tissues where the AFM
fails to preserve the integrity of the imaged sample. The SICM technique performs in far-contact mode and in
2
physiological solutions measuring ion conductivity between probe and tip . SICM is thus becoming increasingly
important in life sciences where imaging tools for living cells reaching a resolution at the nano scale are of
great interest. The peculiarity of our system is the use of custom-made cantilevers which can be used both for
AFM and SICM. This allows for fast switch between the two techniques making the FluidFM an even more
versatile tool. Promising results are presented showing the possibility to scanning regulating on the deflection
with simultaneous monitoring of the current.
The same setup is suitable for patch clamping, which is considered the gold standard for electrophysiology
measurements on living single cells. Here we report on the formation of a force-controlled gigaseal using the
FluidFM technology. This new setup overcomes the most laborious and time-consuming procedures of
traditional patch clamping. Indeed, exploiting the force control capabilities of the FluidFM the electrode is
automatically positioned on the cell membrane and the necessary high-resistance seal between recording
electrode and cell membrane (gigaseal) reproducibly established. Results obtained with pyramidal tips on
hERG overexpressing HEK cells are shown.
[1] A. Meister, M. Gabi, P. Behr, P. Studer, J. Vörös, P. Niedermann, J. Bitterli, J. Polesel-Maris, M. Liley, H.
Heinzelmann, T. Zambelli, Nano Letters 9 (2009) 2501.
[2] P. Hansma, B. Drake, O. Marti, S. Gould, C. Prater, Science 243 (1989) 4891.
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Purple membranes of Haloquadratum walsbeyi and Halobacterium
salinarum
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Abstract
A principally new method for preparing the naturally orientated cellular energy-transducing membranes of
halobacteria is offered. This method makes it possible to simplify the technique of extracting the immobilized
cytoplasmic membranes of large areas (Fig. 1). Atomic force microscopy was first revealed on an internal
surface of natural membranes of halobacterial cells, and makes it possible to see well-definitude purple
membranes of Haloquadratum walsbeyi (Fig. 2) and Halobacterium salinarum (Fig. 3-4). At minimal
enlargement, the purple membranes of different sizes (ages) are visualized (at the fragment A), characteristic
hexagonal fractures of the zone are showed at the towering areas of the purple membranes (B). At a maximal
enlargement of the region (C) flanking the purple membranes, there are numerous spherical structures (Ø ~10
nm) corresponding to A1 domains of ATP-synthases.
The close neighboring of key functional transmembrane proteins of two halobacterial bioenergetics systems
(purple membranes as photo driven proton pump and transmembrane complexes ATP-synthase) it is possible
to see only in cells obtained in optimized conditions for cultivation in photobioreactors (using high efficient H.
salinarum producer, in optimal regimes of culture aeration, illumination as well as supplementation with the
additional component of growth media, etc).
This principally new method for isolating large fragments of natural cell membranes from halobacteria opens up
numerous prospects for AFM investigating and utilizing the functional structures of membranes.
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An easy route to the functionalization of AFM tips for simultaneous
topography and molecular recognition imaging
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Abstract
The simultaneous access to the nanoscale topographic characterization and to the chemical/biological
1
recognition mapping at the single-molecule level is a unique prerogative of the PicoTREC technique . To apply
this technique, a linker 5-15nm long has to be attached to the AFM tip to enable both the coupling of the
interested species to the tip and the recording of the recognition event (that is to induce a decrease of the
upper part of the cantilever oscillation due to the stretching of the polymer when there is a recognition event).
2
The approach to functionalize the tips for PicoTREC investigations generally involves a multistep procedure ,
including an amino-functionalization of the AFM tip, a covalent binding of the heterobifunctional crosslinker
NHS–PEG–aldehyde to the amine groups on the tip, a binding step of the antibody to the PEG, followed,
finally, by an inactivation of the remaining aldehyde groups.
The direct electro-grafting of poly-N-succinimidyl acrylate (PNSA) on AFM tips has been shown to provide a
generic platform for the one-step design of versatile probes with potential applications in several areas of
3
chemistry and biology . Its application has been already proved in various SPM applications, from single4
molecule mechanochemistry delivery to single-molecule force spectroscopy investigations and to the design
3
and applications of “smart” SPM probes . The monomer is directly grafted and polymerized onto the AFM tip
(in one-single step) and the presence of activated esters enables the very easy anchoring of a wide range of
nucleophilic compounds by simply dipping the tips in a solution of the species.
In the direct electro-grafting approach, the length of the polymer depends on the starting monomer
concentration, while the density of the chains depends on the number of electro-grafting cycles. The electrografting conditions have been therefore optimized to obtain polymers in the 5-15 nm length range. The
capability of these tips to be successfully employed for PicoTREC measurements has been proved on the
system Glycine receptor – antibody goat IgG (N-18).
[1] C Stroh et al. PNAS 101 (2004), 12505.
[2] J Preiner et al. Nanotechnology 20 (2009), 215103.
[3] F Cecchet et al. Small 4 (2008), 1101.
[4] A-S Duwez et al. Nature Nanotechnology 1 (2006), 122.
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AFM imaging on embedded sections of cyanobacteria reveals their inner
structures
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Abstract
Atomic force microscopy has been widely used for the morphological study of biological samples embedded in
1
epoxy resin . Comparison with TEM results facilitates images interpretation and confirm the ability of AFM to
reveal ultra-structural architecture.
2
The growing interest in this techniques recently brought to the development of devoted instrumentation where
an AFM microscope is combined with a cryoultramicrotome.
In this study we adopt, for the sample preparation, a simple procedure based on a previous work on
3
histological sections . Liquid cultures of two cyanobacterial strains were filtered using nitrocellulose acetate
filters (0.22 µm). The filters containing a visible cyanobacterial layer were cut into small pieces (2x2 mm) and
then fixed in glutaradehyde 2.5% in PBS for all night, then embedded in epoxy resin. Semi-thin sections (2-3
µm thick) where cut with ultramicrotome and attached to a glass slide. A treatment with sodium methoxide for a
few (2 to 5) minutes melt a thin layer of epoxy resin thus exposing the inner structure of the sample. Finally the
sample surface is rinsed off with distilled water and allowed to dry. AFM imaging was performed with a PicoSPM, in dynamic mode with NSG01 probes. The results of the AFM imaging on two different bacterial cultures
will be presented together with the implication for cyanobacteria identification.
[1] N.B. Matsko, Atomic force microscopy applied to study macromolecular content of embedded biological
material, Ultramicroscopy 107 (2007) 95–105
[2] A.E. Efimov, A.G. Tonevitsky, M.D. Dittirich, N. B. Matsko, Journal of Microscopy, 226 (2007) 207–217
[3] B.Tiribilli, D.Bani, F.Quercioli, A.Ghirelli, M.Vassalli, Atomic force microscopy of histological sections using a
chemical etching method, Ultramicroscopy 102 (2005) 227-232

AFM image of a thin section of embedded cyanobacteria (Aphanothece)
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