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Microscopia a scansione di sonda (SPM)

SPM: Famiglia di tecniche di microscopia che ricavano le immagini di
superfici usando una sonda fisica che esegue la scansione del campione.
Si misurano le interazioni sonda-superficie.
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Principio generale di

funzionamento delle techiche SPM

Sonda che permette
rilevare le interazioni locali ¢

Posizionamento a alta
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Microscopio a effetto tunnel (STM)

Si basa sulla misurazione della
corrente a effetto tunnel tra la punta
e un campione conduttivo
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Tecniche di SPM

AFM, atomic force microscopy

BEEM, ballistic electron emission microscopy
CFM, chemical force microscopy

C-AFM, conductive atomic force microscopy
EFM, electrostatic force microscopy

ESTM electrochemical scanning tunneling
microscope

FMM, force modulation microscopy

KPFM, kelvin probe force microscopy

MFM, magnetic force microscopy

MRFM, magnetic resonance force microscopy
NSOM, near-field scanning optical microscopy
(or SNOM, scanning near-field optical
microscopy)

PFM, Piezoresponse Force Microscopy

PSTM, photon scanning tunneling microscopy

Scanning

+—r

Probe

4

Current >
Magnetic "\ ‘

? Light Force

@ ©

PTMS, photothermal
microspectroscopy/microscopy

SECM, scanning electrochemical microscopy
SCM, scanning capacitance microscopy
SGM, scanning gate microscopy

SICM, scanning ion-conductance microscopy
SPSM spin polarized scanning tunneling
microscopy

SSRM, scanning spreading resistance microscopy
SThM, scanning thermal microscopy

STM, scanning tunneling microscopy

SVM, scanning voltage microscopy

SHPM, scanning Hall probe microscopy
SXSTM synchrotron x-ray scanning tunneling
microscopy
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Microscopio a Forza Atomica (AFM)

Misura le forze tra gli atomi della punta e quelli del substrato

Le sonde o cantilevers funzionano d'accordo alla legge di Hooke.

Materiali tipici: Si, SiN. K =0.01 - 200 N/m

La deflessione del cantilever viene ricavata solitamente tramite leva ottica.
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100 um




Principio de funzionamento del AFM
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Principio de funzionamento del AFM
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Modalita di funzionamento del AFM

Dipendendo del materiale del il

campione e della punta la interazione

tra di loro puo dipendere di diversi tipi —

di forze: | oontact L
Forza di van der Waal
Forza di capilararita -
Forza electrostatica 0 !-:xc-mav:t (tip-to-sample separation)
Forza Magnetica
Legami chimici

hon-contact

SFM routact mode scanned profile SFM semicontact scanned profile SFM nancontast mode szanned profile
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L’AFM nello studio cellulare
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Modalita Contatto

Altezza constante. Distanza scanner-campione fissa.
Superficie piate.
Immagini con risoluzione atomica.

Immagini in tempo reale di superfici che cambiano nel tempo
Forza constante. Deflessione del cantilever fissa usando feedback elettronico.

Superfici con alta variabilita di altezza (centinaia di micrometri).
Velocita e risolu

Madl J. et al. A combined optical and atomic force microscope
for live cell investigations. Ultramicroscopy 106 (2006), 645-651
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Vedere e toccare

Immaginiin fluorescenza
e AFM in modo contatto

La topografia delle
cellule puo essere
correlata all'immaginiin
fluorescenza

Madl J. et al. A combined optical and
atomic force microscope

for live cell investigations.
Ultramicroscopy 106 (2006), 645-651




Ricostruzione topografica 3D

Le immagini A-C sono state fate smin tra di loro

900nm
McNally, H.A. and R. B.

450nm Borgens (2004).
"Three-dimensional
imaging of living and
dying neurons with
atomic force
microscopy." Journal of

neurocytology 33(2):
251-258.




Modalita contatto intermittente (tapping)

Si fa oscillare il cantilever circa alla sua frequenza di
risonanza

L'interazione con la superficie produce cambiamenti nella
ampiezza, fase e frequenza di risonanza

L'immagini di ampiezza e fase possono dare
dell'informazione aggiuntiva non presente nelle immagini di
topografia

La forza laterale durante la scansione si riduce
sostanzialmente ‘

E piu lento e complicato di aggiustare della modalita di
contatto



Oscillazione del cantilever

Oscillazione acustica vs. magnetica




Immagini in tapping mode

Cell surface and membrane skeleton
reorganizations between successive
scans.

In contrast with contact mode, the
visualization of structures like the
membrane skeleton does not require
the use of high (nN range) scanning
forces.

Vié V. et al. Tapping-mode atomic force microscopy on
intact cells. Ultramicroscopy 82 (2000) 279}288




Risoluzione laterale del AFM

Criterio di Rayleigh

‘/ . 19%
image Convoluzione e topografia

L - trug imaging
for vesolved dsperities Q
| path
- - = of tip
Effetto de convoluzione campione o
R pp—— path of tip
tip imaging
pyr%gwidal E:I D 4 %?Ep
Punte migliori: radio de curvatura 5 nm H
L |
petth of tip

risoluzioni laterale: 1-2 nm sample



Immagini della formazione di complessi
RecA/DNA con el AFM

Typical RecA/dsDNA complexes observed at different incubation times, at 37°C:
(A) after 30 min— 38% coverage of DNA by RecA; (B) 45 min— 88% coverage;
and (C) 60 min—DNA fully coated by RecA. Topographic images acquired in air:
scale bar = 250 nm; z scale = 10 nm (dark to light).

Ref: Bernie D. Sattin and M. Cynthia Goh, Biophys 1., 87:3430 (2004)

RecA is a 38-kDa globular protein Escherichia coli protein essential for the repair and
maintenance of DNA and other functions.



http://www.biophysj.org/content/vol87/issue5/images/large/biophysj00045567F03_HT.jpeg

Immagini a risoluzione atomica di proteine

Cambiamenti strutturali indotti per la forza nella

bacteriorodopsina
i

10A lateral and 1A
vertical resolution

20X20 NmM

Muller, D.J., et al. (1996a). Immuno-atomic force microscopy of purple membrane. Biophysical Journal 70 , 1796-1802
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Modalita di Forza

Utile per misurare le proprieta elastiche o di adesione di una superficie

generando curve forza-distanza (F-D)
Le curve F-D sono generate controllando il movimento verticale senza

spostamento laterale

£’ &— Approach
—> Retract
contact
electrostatic repulsion (’_

—J
non-contact

adhesion L, z

(A) Hard surface

Paulirepulsion

Vian der Waals attraction




Curve forza-distanza
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Single molecule force spectroscopy

Funzionalizzazione di superfici
Studio delle proprieta delle singole molecole o

copie molecolari (e.g. antigeno/anticorpo)
Allungamento, torsione, folding/unfolding

microfabricated
Struttura molecolare / Energia di legame i@ Si.N, probe tip
surface (bio)chemistry techniques: % @3

covalent bonds
self assembling

proteins

self-assembling

ligands
monolayer

antibodies

synthetic polymers




Misura della forza tra singole molecole
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Unfolding di proteine con I'AFM

unfolding of a multidomain protein under stretching

it

Eisoo-
§200-
L 100 -

0 50 100 150 200
Extension (nm)

Rief et al, Science, Reversible Unfolding of Individual Titin Immunoglobulin Domains by AFM,
276:1109 (1997)

The sawtooth pattern of peaks that is observed
when force is applied to extend the protein
corresponds to a sequential deformation and
unfolding of individual domains. When the
distance between substrate and cantilever
increases (from state 1 to state 2), the protein
elongates, generating a restoring force that
bends the cantilever. When a domain unfolds
(state 3), the free length of the protein increases,
reducing the force on the cantilever to almost
zero. Further extension again result in force on
the cantilever (state 4). The consecutive domain
deformation of the molecule (titin) obeys the
worm-like chain model, with the persistence
length p fixed at 0.56 nm and the contour length
Lc for each peak adjusted as shown.



Spettroscopia di forza nello studio della

adesione cellulare

400 5

200+

force (pN)

Wdetach
-200 -

400

piezo movement (um)

Puech, P.-H., A. Taubenberger, et al. (2005). "Measuring
cell adhesion forces of primary gastrulating cells from
zebrafish using atomic force microscopy.” J Cell Sci
118(18): 4199-4206.



L’AFM nello studio nano-meccanico di tessuti

biologici

Motivazione
Studio delle proprieta biofisiche delle cellule
Diagnostico
Cambiamenti nelle proprieta meccaniche correlati a patologie

Ingegneria di tessuti

Ottimizzazione delle proprieta funzionali / controllo della qualita
dei tessuti ingegnerizzati




Indentazione usando I’AFM
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Indentazione usando I’AFM

Procedure used: W.C. Oliver, G.M. Pharr, J. of Mat. Res., 7, 1564-1583 (1992).

Loading

Unloading

for a spherical indenting tip m = 1.5

Indentation, h

h max

v = PoIsson ratio
S = contact stiffness
A = projected tip contact area




Vantaggi dell'indentazione usando I'AFM

nanometer range indentations
(thin films)

low applied loads (soft materials) e
high force resolution (high I /e,
sensitivity) : .
small contact area (high spatial o i L
resolution) 1 e
non destructive measurement S e L
miniaturized probe (in vivo N
measurements)

Matzke, K. Jacobson and M. Radmacher,
"Direct, high resolution measurement of furrow
stiffening during the division of adherent cells",

Nature Cell Biol., (2001), 3(6) 607-610



http://www.biophysik.uni-bremen.de/radmacher/publications/celldiv.html
http://www.biophysik.uni-bremen.de/radmacher/publications/celldiv.html
http://www.biophysik.uni-bremen.de/radmacher/publications/celldiv.html
http://www.biophysik.uni-bremen.de/radmacher/publications/celldiv.html
http://www.biophysik.uni-bremen.de/radmacher/publications/celldiv.html
http://www.biophysik.uni-bremen.de/radmacher/publications/celldiv.html

AFM mechanical testing of articular cartilage
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Comparison of cartilage elasticity monitored
at the nm versus the pum scale by AFM

nm

nanoscale "indenter"
radius of tip: 20 nm

microscale "indenter"

radius of tip: 2.5 um

E-module nm = 0.021 MPa E-module = 2.6 MPa

um
Reported values: 1.5to 9.7 MPa

Cartilage is a hierarchically organized material

M. Stolz et al., Biophys. J. 2004; 86 3269-3283
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A scanning force arthroscope

Stabilization Scanning Indentation
stage stage stage
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Classical Indentation-
MRI Indentation Testing type AFM

+ non-invasive, - only limited + non-destructive

overview of the information about : . |
entire joint surface the health status + higher spatial resolved
N of cartilage structural and functional
- only recognition analysis

of large-scale defects - no early detection
of cartilage diseases *+!T SFM allows for an

- no early detection early detection of
of cartilage diseases Osteoarthritis!



Understanding Cardiac Electro-Mechanics

Electro-physiological
domain
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Micro-Electrode Arrays (MEAs)

Array of 60 planar titanium microelectrodes
Multipoint extra-cellular recording of action potentials




AFM/MEA combined set-up
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AFM/MEA combined set-up

Multi-Channel Systems MEA on the custom-made MEA stage
Agilent 5500 AFM onto the MEA stage

Inverted light microscope Olympus I1X70

ymbined MicroElectrode Aray TR s
M) set-up for the simultaneous =Y=-

2\ properties of cell networks in

ry results showed that AFM can

£As. Other experiments dealing

erization of the combined set-up 1
electromagnetic noise/drilts are 2
ep will be, in order to prove the
form, ‘o focus on two types of =
fiac myocytes and hippocampal/




Syncronus Indentations
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Extracellular potential {p¥)

Load {nN}

Data Analysis

Indentation curve.
Indentation fitting.
Indentation curve.
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Changes in morphology and
elasticity during the beating cycle
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The colors of the facets represent the average elastic modulus
calculated at a constant indentation depth of 195nm.
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Saenz Cogollo J.F., et al. 2011. A new integrated AFM-MEA system for Measuring the
Mechanical Properties of Living Cardiac Myocytes . Biomedical Micro-Devices Journal.



Simulazione nano-meccanica

To test physiological function of
engineered myocytes, slow
Ca2+wave propagation was
activated by mechanical
perturbation of a myocyte with an
AFM  during  high  speed,
fluorescence video microscopy.

B 0.667s C 1.333s

Adams, W., T. Pong, et al. (2007). "Engineering design
of a cardiac myocyte." Journal of Computer-Aided
Materials Design 14(1): 19-29.




Effect of the mechanical stimulation
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Observed induced responses seems to be produced by
membrane perforations of the AFM tip

Using blebbistatin as an inhibitor of muscle contraction
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The AFM in the quantification of the

single cell-substrate adhesion strength

Lateral Deflection Signal




Investigation of the effects of integrin expression in
the cell-substrate adhesion of osteoblast-like cells

Lateral Deflection

-
.

Vertical Deflection

Cell type Force AF [nN] Work AW [nN/pum]
Non-treated (n = 24) 138.09 + 44 .48 7305 £+ 2242
Treated with TGF31 (n = 23) 78.44 + 22.38 5234 4+ 1706

Caneva Soumetz, F., Saenz J. et al.,, 2010. Investigation of integrin expression on the surface
of osteoblast-like cells by atomic force microscopy. Ultramicroscopy, 110(4), pp.330-8.



Riassunto delle possibilita dell’AFM

high (molecular) resolution
e high flexibility

e vacuum/ambient/liquid

e nosample preparation

e non destructive imaging

e true 3D topography

e functional imaging
(electric, magnetic,
mechanical, chemical
properties)

e guantitative measurement of
interaction forces

0]
* nano- actuation/manipulation °

Coupling AFM with optical techniques



Domande?




