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Why do we need
single molecule techniques ?

Complexity

Challenges in biophysics



Context : existing sensors

Environment monitoring or surveillance  #ood sensorisron)
(light, heat , humidity, temperature)

Body Temperature Sensor

On line collaborative sensor management plateform
(Wikisensing platform, 2012)
Operating systems for wireless sensor network nodes On board physical sensors

(TinyOS, 2009) '

What is at stake today ?
@ An increasingly complex networked world

@ Exploring the unknown
@ Decision support prescription tools

=> Give sense to sensors in a real life




Into the unknown : from complicated to complex issues
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« Pick a flower on Earth and you move the farthest star »
P. Dirac

MULTIDISCIPLINARITY ISSUE —— SENSING TOOLS
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New tools for proteins

Understanding of protein function

Determining dynamics of protein structure => . _
Design of new proteins

Kingsley R. Stern, Botany Visual Resource Library @ 1897 The McGraw-Hill C Inc. Allrights r

The Four Levels of Protein Structure Primary structure : sequence 20 amino-acids
@R connected by strong peptide bonds

- d

polypeptide  polypeptice Secondary structure : local folding
a-helix
B-sheet

Pt/ P tham Third structure : complex interactions

heme

3-D conformation

A. primary structure B. secondary structure C. tertiary structure D. quaternary structure

Summary of the four levels of protein
Oc ON Rgroups(JH (7O wmHemegroups structure, using hemoglobin as an example.

“Species that survive are not the strongest or , the most intelligent
but those that are the most adaptatable to their changing
environment »

C. Darwing 1838




From chemical point of view
Phase transitions between unfolded and native forms

Assumption on reversibility : Linear polymer having thermodynamical stability

Ky

Fiolced) Uinfolded)

K, is the equilibrium constant for unfolding.
Activation by low difference in free energy G ( 5-15 kcal/mol )
Comparison to covalend bond ( 30-100 kcal/mol)

Irreversibility — unstability : not fully unfolded and/or folded
Kinetic unstability : multiple constant rates
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Activation by - difference in free energy G
- surface properties (charge, surface energy, hydrophilicity)

Multiple states




Protein identity : proteomics approaches

Challenges

Predicting reaction rates in complex protein dynamics

Environment fluctuations &= Amino acids interaction

such as immunoassays based on antibodies
(Elisa, Western Blot, SDS-PAGE )
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Protein structure : mass spectroscopy
Needs of large homogeneous sampling
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Spectrometry‘

High resolution structure
X-ray crystallography, TEM
neutron or nuclear magnetic resonance (NMR)
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http://soft-matter.seas.harvard.edu/images/5/5e/FRET1.jpg
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Single molecule techniques

Direct observation of the dynamics of proteins
Fluorescence Correlation Spectroscopy High Speed

Forster resonance energy transfer (FRET) Atomic Force Microscopy

F Energy Transfer (FRET)
Protein Labeled with
Two Fluorochromes

Donor tor
Excitation loresosnce:

12 Nanometer Separation Distance 2 Nanometer Separation Distance

-

828832385888 8E8883888

200 nanometers

This avoids the complexities of averaging over heterogeneous dynamics
in bulk biochemical assays.



Time scale in protein dynamics

10> 1012 10° 10% 103 1 103
Simulation
Ultrafast energy X-ray / NMR

transfert

SERS/Fluo AFM

Numerical simulation for 1 us

P. Senet, Dijon



Raman scattering
in biology?



What information can we get from Raman ?

From Band intensity : The intensity of spectral features in solution is directly
proportional to the concentration of the particular species and the time
acquisition and laser power, the EM gain
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From band position : the selectivity

Bandwidth : time scale of vibration 10-%3s, Conformation selection
snapshot of conformers

=> hetereogenneous broadning
Flexible structures => broader bands

Quantification of the degree of freedom of molecules : entropic effect {EFT vs. RIGHT



Spectroscopy
for medical diagnosis

Optical microscopy
(Henkjan Gersen)

Fluo B

-

Lipid
Density of protein
Solvent

Bacteria

2
‘@
c
E]
£
c
£
© = ‘g

< S A 2

- ©

' el

1
1 1 " 1 1 1 1 L 1
500 1000 1500 2000 2500 3000

Wavenumber (cm™)

Krafft et al. (2015, 2012)



NATURE BIOTECHNOLOGY VOLUME 26 NUMBER 1 JANUARY 2008

In vivo tumor targeting and spectroscopic detection
with surface-enhanced Raman nanoparticle tags

Ximei Qian!, Xiang-Hong Peng?, Dominic O Ansari!, Qigin Yin-Goen?, Georgia Z Chen?, Dong M Shin?,
Lily Yang®?, Andrew N Young’, May D Wang® & Shuming Nie!*
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VOLUME 78, NUMBER 9

PHYSICAL REVIEW LETTERS

3 MARcH 1997
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Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS)

Katrin Kneipp, Yang Wang.* Harald Kneipp.' Lev T. Perelman, Irving Itzkan,

Ramachandra R. Dasari, and Michael S. Feld

George R. Harrison Spectroscopy Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
Department of Physics, Technical University of Berlin, D 10623 Berlin, Germany
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VOLUME 83, NUMBER 21 PHYSICAL REVIEW LETTERS 22 NOVEMBER 1999

Spectroscopy of Single Hemoglobin Molecules by Surface Enhanced Raman Scattering

Hongxing Xu, Erik J. Bjerneld, Mikael Kill.* and Lars Borjesson

Department of Applied Physics, Chalmers University of Technology, S-412 96 Goteborg, Sweden
(Received 22 January 1999)
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12348

J. Phys. Chem. B 2001, 105, 12348—12354

Time-Dependent Single-Molecule Raman Scattering as a Probe of Surface Dynamics

Amir Weiss and Gilad Haran®

Chemical Physics Department, Weizmann Institute of Science, Rehovot 76100, Israel
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EM Selection Rules and the Spectral Fluctuations.

orientation of a molecule on a surface

Charge Transfer and Spectral Fluctuations.

work function (or charge density) of the metal
‘WF Variations and the Diffuse Background.

role for electrostatic screening.
Diffusion of Silver Adatoms.



Model of surface diffusion

ﬂ Gold adatom : 40% surface coverage

=) measured by STM
109 cm?/s : a rate about nm/s

ﬂ Thiol Chemisorbed to goid
10-8 cm?/s : a rate of nm/hour

‘ : non resonant adsorbate molecule
Thiophenol marker of Au adatome

Increase of the Raman cross section
With the orientation of ring towards the surface

Chemical Raman Enhancement of Organic Adsorbates on Metal Surface Zayak AT, Hu YS, Choo H, et al. PRL (2011)

J. Margueritat, J. Phys. Chem, 2012



NANO. .

Super-resolution Optical Imaging of
Single-Molecule SERS Hot Spots

Sarah M. Stranahan, and Katherine A. Willets*

Department of Chemistry and Biochemistry, The University of Texas at Austin, 1 University Station A5300,

Austin, Texas 78712
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Challenges in Spectroscopy of protein

Bovine serum albumine

MW : 67 kDa
607 amino acids

15 atoms / amino acids
9100 atoms
3-6 degree of freedom

Around 30 000 normal modes !!!

5cm?!

<->

0.02% of elongation



Enhancement using
Nanostructured sample

Electromagnetic enhancement
Challenges in biophysics

Polarisation = polarisability of molecules x electrical field



High NA Raman microscopy

Resolution: 300 nm
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Nanopa rticles Bottom up approach :  Cheap but ramdon

sphére ~10nm triangles & hexagones ~200nm, Nanorod
Turkevitch (white tea)

y oy 1
.

Flat spiral ~5um
(grap juice)

T. Brulé J. Phys. Chem C 2012



Nanostructured sample : expensive but more reproductible

10 .0kV X011 000

SEl  10.0kv X50,000 100nm

E-beam lithography

PM Adam , Troyes



Capillary Force Assisted depositon (CFA)

|Glass

D. Peyrade, Grenoble



2 important steps :
Lithographie UV Résine

— Deposition of
Functionalized Gold
NanoParticles (GNPs) Développement
using UV lithography.
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Nano assembly of colloids

T~ well identified isolated SERS
> nanoarea
- ©
N ,.‘ -‘..‘"..;‘- .
T RN The e-beam lithography
@> - determines the SERS active area
e Chemical immobilisation of
RSN colloids ( 25 nm in diameter ) on

glass template

Nordin Felidj, Paris J. Margueritat, ACS Nano, 2011



Excitation EM field controlled by = “i”

1. polarization

2. Colloid gap
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Rasberry- like structure
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Chemical and ElectroMagnetical enhancement

PHYSICAL REVIEW E VOLUME 62, NUMBER 3 SEPTEMBER 2000

Electromagnetic contributions to single-molecule sensitivity
in surface-enhanced Raman scattering

Hongxing Xu,! Javier Aizpurua,? Mikael Kall.! and Peter Apell

YCondensed Matter Physics, Department of Applied Physics, Chalmers University of Technology, S-41296 Goteborg, Sweden
’Materials and Surface Theory, Department of Applied Physics, Chalmers University of Technology, S-41296 Goteborg, Sweden

Nano Leff. 2010, 10, 4040-40438
pubs.acs.org/NanolLett

Charge Transfer Enhancement in the SERS of
a Single Molecule

Won-Hwa Park, and Zee Hwan Kim*

Department of Chemistry and BK21 Division of Chemistry, Korea University, Seoul 136-701, Korea

CT-enhancement of 10'~10°,

(charge-transfer and electromagnetic) enhancement of 10°~10%®
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SERS for proteins

Rasberry- like structure



Optical fingerprint of proteins
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Fourier polar

Principal component analysis representation
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Sorting of molecules 43
one by one

o

Hierarchical clustering

Clustered spectra

JC Clement( in preparation)



(b)

Intensity (cts/s)

60

EN
o
1

N
o
1

Cysteine fingerprints

\
Y

> [Tl

3s-b

(d)

Intensity (cts/s)

400 600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

80 4

2}
o
P

&
o
" 1 M

20+

B o A
400 600 800 1000 1200 1400 1600 1800

Raman Shift (cm")

T. Brulé J. Phys Chem 2014




Higher level of
complexity
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Amide | of proteins
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Dynamics
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Intensity(counts/ms)
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Stationnary process / ERGODICITY

Time average

) ) 1 'I~l,"'2
t)" = lim — t)"dt
m( ) T—Igo T v/;T,.-"2 m( )

Average over the entire protein sample

Probability density p, (x, t,)

o0

EX(ty)"] =/ z"px (z,ty)de

— 00

Stationnary process : pis independant of t_

Ergodicity : the time average = the average over the entire protein volume



Noise analysis : Fourier Transform of time series

White noise : a constant PSD ; mostly a Poissonian process ( diffusion, PL)

Pink noise : loss of - 10 dB per frequency decade ; Raman events
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Intensity (cts/s)
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Single molecule spectroscopy : binary mixture
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Higher level of complexity : Protein
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What statistics for protein ?

Board of Galton
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Conclusions

The story is far from over .....
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