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The'scale'of'things'vs'radia7on'wavelengths'
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Common'modali7es'of'op7cal'microscopy''

3'

Bright'field'microscopy!
ScaBering,'reflec$on,'absorp$on'

'
'

Dark'field!
ScaBering'

'
'

Differen7al'Interference'contrast''
(Nomarsky)','Phase'gradients'
'
'

Fluorescence'microscopy'
Fluorescence'

'

'
'

Phase'contrast'
Phase'

'
'
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 Far Field Optical Detection Techniques 
 Make sure that : 

!  only one nanoobject interacts with the laser 
in the excitation volume  

!  the signal from the nanoobject dominate all 
sources of background  

How? 

Why? 

•  inhomogeneous broadening free Spectroscopy 
•  Isolate a single quantum system 
•  Sub-wavelength localization possible 
•  Extreme sensitivity to local environment 
•  Time evolution, no synchronization needed No ensemble averaging 

(distributions)'
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Fluorescent molecules as a two level system 
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Radiative desexcitation rate 

kdes = kr + knr

σ: absorption cross-section 

exck Excitation rate (s-1) 
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Desexcitation rate (s-1) 

Tfluo radiative lifetime  

η =
kr

kr + knr

Fluorescence quantum yield  

krexck

|e> 

|g> 

knr

PDFOptim
 Lite



6 

For I << Is,   Rfluo ≈η
σλ
hc

I

Fluorescence Emission rate 

For I >> Is,   Rfluo
max = kr =

1
Tfluo

At low excitation intensity: linear regime  

At high intensity: saturation   
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A good fluorophore for single molecule detection 

•  large absorption cross section, 
 low excitation intensities, less background 
 @ Room T: few 10-16 cm2, @ Low T: ~0.1 µm2 

  
•  large quantum yield and short excited state radiative lifetime (~few ns) 
•  low triplet yield, no bottleneck state 
•  good photostability (low photobleaching) 

Rfluo
max =

1
Tfluo

1
1+ kISC kT

Triplet'State''

kT

kISC
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Dyes chemically attached to the proteins or to a ligand (e.g. nanobody) 

Fluorescence'labeling'(1)'

Optical spectra given by the length 
of the double conjugated bounds '
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Fluorescent proteins, genetically fused to the protein of interst 

Structure cristallographique de la GFP 
The jelly fish Aequorea Victoria  

Fluorescence'labeling'(1)'
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A few mutants of the GFP 

Absorption 

Fluorescence 

PDFOptim
 Lite



Red'and'orange'mutants'
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This rich photophysics can be used to engineer interesting 
nanoscale emitters in the cells… 

12 
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Photoactivateable FPs are dark and are irreversibly activated by irradiation. For 
example irradiation of PA-GFP with intense violet light results in a 100-fold increase in 
green fluorescence. It is presumed that the violet light causes the decarboxylation of 

Glu222, which aids in the formation of the anionic fluorescent form of the chromophore, 
see below.  

  

    

  

    

(J. Cell Science 2007,120, 4257)  
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Photoconvertable FPs can be irreversibly converted from a green fluorescent 
form to a red fluorescent form by violet or ultraviolet irradiation e.g. Kaede, 
KikGR, Dendra2 and Eos. The photoconversion is presumably associated with a 
cleavage occurring between the amide nitrogen and the alpha carbon of His62 
that is followed by oxidation of the His62 sidechain.  
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Photoswitchable FPs are dark and are reversibly activated by irradiation. Photoswithable FPs such as 
Dronpa, mTFP0.7 and KFP switch between the dark E (or trans) state and the fluorescent Z (or cis) state, see 
below.  
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Fluorescence'labeling'(3)'

2#

Une#alterna1ve#au#molécules#organiques#:#les#Nanocristaux#semi;conducteurs#
(Quantum#dots)#Nanocrystals'of'Semiconductors'

PDFOptim
 Lite



Time Delay (ns)
-60 -40 -20 0 20 40 60

C
oi

nc
id

en
ce

s

0

50

100

150

Luminescence'Blinking' Photons'An7bunching'

0 200 400 600 800
0

100

200

300

400

C
ou

nt
 R

at
e 

(k
H

z)

Time (ms)

Auger'Process'Quantum'Confinement' Absorp7on'&'Emission'''

PDFOptim
 Lite



Fluorescence'labeling'(3)'
Semiconductor'quantum'dots'bioconjuga7on'
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“Standard”'fluorescence'microscopy'techniques'

WideBfield'fluorescence'microscopy'

Resolu7on'1.22'λ'/'2'NA''
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Improved'resolu7on'0.86'λ'/'2'NA''

“Standard”'fluorescence'microscopy'techniques'

WideBfield'fluorescence'microscopy'

Resolu7on'1.22'λ'/'2'NA''

pinhole'
+'laser'scanning'

Confocal'microscopy:''
localized'excita$on'+'spa$ally'filtered'detec$on'

'
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Improved'resolu7on'0.86'λ'/'2'NA'
+'Axial'resolu7on''

“Standard”'fluorescence'microscopy'techniques'

Resolu7on'1.22'λ'/'2'NA''

Confocal'microscopy:''
localized'excita$on'+'spa$ally'filtered'detec$on'

'

WideBfield'fluorescence'microscopy'
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'

Fluorescence'microscopy'

22'

Fluorescence'image'of'neuron'

Live'cell'imaging'
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E.'Abbe'(1873),'Arch.'Mikroskop.'Anat.'9,'413.'
23'

Diffrac7on'limit'

1. 22
2

x
NA
λΔ =diffrac7on'spot'width'

Resolu7on':'
Rayleigh'criterium'

High N.A. = 1.49, oil immersion 
Δx = 214 nm  @ λ= 500 nm,  PDFOptim
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Poin7ng'accuracy'
The'poin7ng'accuracy'i.e.'precision'of'the'localiza7on'of'the'fluorophore'

is'only'limited'by'the'signal'to'noise'ra7o'

N.'Bobroff,'Rev.'Sci.'Inst.'57'(1986)'1152'

N:'number'of'the'collected'photons,'s:'PSF'width,'
p:'Pixel'size''B:'Background'signal'

Typically','for'a'SNR'of'~'30'
The'poin7ng'accuracy''is'~'40nm' In'the'limit'of'a'SNR'limited'by'

the'photon'number'noise:'

Δx( )2 =
s2 + p2 12

N
+
8πs4B2

p2N 2

Δx( )2 ≈
λ 2
N

PDFOptim
 Lite



Myosin'V'Mo7lity'

b 'Cargo'carrying'processive'molecular'motor'
b '37'nm'center'of'mass'steps'along'the'ac7n'filament'at'
each'ATP'hydrolysis'
b ''two'heads'held'together'by'coiledbcoil'stalk'

PDFOptim
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Single'molecules'detected'
with'high'S/N'ra7o'
Poin7ng'accuracy'<'5nm'PDFOptim
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4'PI'confocal'microscopy'

improvement''the'axial'resolu7on'
(z)'of''a'Confocal'Microscope'

PDFOptim
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b  revolu7onized'imaging'capabili7es'offered'by'farbfield'op7cal'
microscopy'in'complex'environments'

b  development'mainly'driven'by'the'need'for'improved'
resolu7ons'to'study'biological'processes'in'live'samples.'

b  op7cal'resolu7ons'down'to'the'scale'of'individual'
biomolecules'in'order'to'give'access'to'nanoscale'molecular'
organiza7ons'

based'on:''
controlling'fluorescence'emission'volumes'to'highly'localized'
regions,'using'structured'illumina7on'schemes'or'stochas7c'
detec7on'of'single'emieers'

Superbresolu7on'microscopies'
i.e.'which'provide'images'with'resolu7on'below'the'diffrac7on'limit'

PDFOptim
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Superbresolu7on'microscopies'
i.e.'which'provide'images'with'resolu7on'below'the'diffrac7on'limit'
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Superbresolu7on'microscopies'
i.e.'which'provide'images'with'resolu7on'below'the'diffrac7on'limit'

'
'

b'based'on'single'molecule'detec7on:'PALM,'STORM,'uPAINT'etc…'
'

b'based'on'controlled'fluorescence'emission'volumes'(STED,'RESOLFT…)'
'
'

30'
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Single'molecule'detec7on'allows'localizing'isolated'
emieers'with'nanometer'resolu7ons'

31'

Every'single'molecule'detec7on'corresponds'to'a'diffrac7on'limited'spot'
'
With' the' preOknowledge' that' each' spot' corresponds' to' a' single' molecule,'
determina7on' of' the' center' of' each' spot' by' 2D' curve' fiing' provides' the'
posi7on'of'the'emiing'molecule'with'nanometer'resolu7on'(limited'by'signal'
to'noise'ra7o).'
Requirement':'molecules'are'isolated'so'that'their'signal'spa7al'distribu7on'
do'not'overlap'
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Superbresolu7on'imaging'methods'based'on'single'
molecule'detec7on'(PALM,'STORM,'uPAINT'…)'

32'

The'idea:'Separate'in'space'and'7me'the'detec7on'of'all'molecules'
by' acquiring'movies' where' in' each' image,' isolated'molecules' are'
detected'so'that'their'signal'spa7al'distribu7on'to'not'overlap.'
How?'Stochas7c'photoac7va7on,'binding'etc…'

Movie'frames'(1000’s)'

Single'molecule'posi7ons'
amer'image'analysis'

Superbresolved'image'
(reconstructed!)'

1µm'
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Photobswitchable'Fluorescent'Protein'

Gurskaya'NG'et'al.'2006'Nat.'Biotechnol.'
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PhotoAc7vable'Light'Microscopy'(PALM)'

Betzig'et'al,'Science'2006'
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Stochas7c'op7cal'reconstruc7on'microscopy'(STORM)'

Rust'2006'Nat'Meth'
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universal Point Accumulation Imaging in the Nanoscale 
Topography (uPAINT) 

~5°  

Microscope objective 

Off axis excitation beam 

!  do not need stochastic photoswitching of emitters 
!  captures real-time molecular interactions to control the density of fluorescent emitters 
!  can use any binding entity conjugated to fluorophores having high specificity toward a target molecule 

(e.g. ligand, antibody) 
!  allows to image and track endogenous receptors at high  
!  can combining single molecule FRET and dual-color uPAINT allow the specific super-resolution imaging 

and tracking of interacting receptors activated by their cognate ligand in live cells 

PDFOptim
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uPAINT'Example':'Unprocessed'real'7me'uPAINT'images'
Model'transmembrane'protein'on'fibroblasts'(Aeo'dyes)'

TrisNTABdye'

polyBHis'tagged'protein'

Unprocessed'real'7me'uPAINT'images'
'
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uPAINT':'Superbresolu7on'imaging'of'endogenous'EGFR'dimers'in'live'cells'by'smFRET'

Donor Acceptor (EGFR dimers) 

PDFOptim
 Lite



Superbresolu7on'en'3D'(PALM'/'STORM'/'uPAINT'etc…)'

40'
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Superbresolu7on'microscopies'
i.e.'which'provide'images'with'resolu7on'below'the'diffrac7on'limit'

'
'

b'based'on'single'molecule'detec7on:'PALM,'STORM,'uPAINT'etc…'
'

b'based'on'controlled'fluorescence'emission'volumes'(STED,'RESOLFT…)'
'
'

41'
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”confocal'microscopy”'beyond'diffrac7on'limit'

?????'

Diffrac7on'limit'–'distribu7on'of'light'intensity'
'
However,'if'the'process'is'nonlinear'func7on'of'intensity,''
then'the'localiza7on'is'not'limited'by'the'wavelength'

PDFOptim
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STimulated'Emission'Deple7on'microscopy'(STED)'

FLU
O
'

STED'

EX
C.
'

Hell,'1994'

S7mulated'Emission'
Experimental'proof'of'the'nonblinear'
dependence' of' the' excited' state'
popula7on' with' deple7on' beam'
intensity'

Exc:%%561%nm,%2%ps

Dep:%760%nm,%150%ps
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STimulated'Emission'Deple7on'microscopy'(STED)'

FLU
O
'

STED'

EX
C.
'

Hell,'1994'

S7mulated'Emission' Structured'illumina7on'
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Reduc7on'of'the'fluorescence'emission'volume'

In'prac7ce','one'generally'uses'a'deple7on'beam'with'a'doughnut'shape'to'deplete'molecules'
excited'around'the'center'of'the'excita7on'beam'

'' 45'

  

Â L A P H I A Centre of Excellence in Lasers & Photonics 

SYMPOSIUM LAPHIA_SEMP 4TH_BIN YANG 

Super-resolution with Stimulated Emission Depletion(STED) 

STED resolution 

60nm 

p~450nm 
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Â L A P H I A Centre of Excellence in Lasers & Photonics 

SYMPOSIUM LAPHIA_SEMP 4TH_BIN YANG 

Super-resolution with Stimulated Emission Depletion(STED) 

Intensity of depletion beam 

B.Harke et al., Opt. Express. 16, 4154 (2008), scale bar: 200nm 

STED  resolution:   Δ𝑟  ~
𝑝
𝐼ௌ்ா஽
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Experimental'setup'
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Illustra7ons'

Images'of'24nm'fluorescent'beads'and'of'neuron'
'form'S.'Hell'Group'

Experimental'proof'of'the'nonblinear'
dependence' of' the' excited' state'
popula7on' with' deple7on' beam'
intensity'

The'quality'of'the'“zero”'in'the'deple7on'
beam'is'crucial'
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Résolu7on'du'STED'
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Centre'of'Excellence'in'Lasers'&'Photonics'

Willig,'K.'I.,'et'al.'Nature'440,'935–939'(2006).'
49'

STED'Nanoscopy'

b  STED'nanoscopy'techniques'are'based'on'
single'pointbscanning'

b  Gain'in'spa7al'resolu7on'requires'dense'
pixela7on'and'hence'long'recording'7mes''

b  This'cons7tutes'a'drawback'for'fast'wide'
field'imaging'

b  need'paralleliza7on'

PDFOptim
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'

Centre'of'Excellence'in'Lasers'&'Photonics'Mul7Bdoughnut'STED'microscopy'

Bingen,'P.,'et.'al.,'Opt.'
Express'19,'23716–23726'
(2011).' 50'
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STED'Paralleliza7on'

B'Deple7on'power'limit'
B'Experimentally''Complicated'''

APD'

APD'

APD'

2D'detector'

...'

...'

...'

51'

APD'

B'wideBfield'excita7on''
B'op7cal'ladces'for'deple7on''
B'A'fast'camera'for'detec7on''

Large'STED'paralleliza7on:'

Mul7'doughnuts'configura7on:'

PDFOptim
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'

'

Sample''
plane'

Objec7ve''
back'
aperture'

52'

LadceBSTED'microscopy''

Op7cal'ladces''

 
 
 

 

  

Â L A P H I A Centre of Excellence in Lasers & Photonics 

SYMPOSIUM LAPHIA_SEMP 4TH_BIN YANG 

Optical lattices for In-STED microscopy 

Sample  
plane 

Objective  
back 
aperture 

Period:    𝑝 = ఒ
ଶ௡  ௦௜௡ఏ
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Â L A P H I A Centre of Excellence in Lasers & Photonics 

SYMPOSIUM LAPHIA_SEMP 4TH_BIN YANG 

Optical lattices for In-STED microscopy 

Sample  
plane 

Objective  
back 
aperture 

Period:    𝑝 = ఒ
ଶ௡  ௦௜௡ఏ
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LadceBSTED'microscopy''
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LadceBSTED'nanoscopy'Setup'

Excita7on:'λ~''561nm,'2ps'pulses''
Deple7on:'λ~''750nm,'150ps'pulses'

PDFOptim
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!'L A P H I A'
Centre'of'Excellence'in'Lasers'&'Photonics'InBSTED'nanoscopy'Setup'

Synchroniza7on'

55'

Excita7on'

Deple7on'

Excita7on:'
λ~''561nm,'2ps'pulses''
Deple7on:'
'λ~''750nm,'150ps'pulses'
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LadceBSTED'Images'acquisi7on'

56'

Deple7on'paeern'

b  scan'the'sample'over'a'unit'cell'in'the'
presence'of'the'wide'field'excita7on'and'the'
deple7on'paeern,'while'acquiring'a'
fluorescence'image'for'each'scanning'step'

b  A'stack'of'camera'frames'is'produced'

PDFOptim
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LadceBSTED'Images'acquisi7on'

57'

Binary'mask' InbSTED'image'

b'Overlay'a'binary'mask'on'the'images,'the'transparent'parts'
corresponding'to'the'minima'posi7ons'of'the'deple7on'paeern.''
b'CMOS'camera'+'digital'mask'"'Array'of'parallelized'“point'detectors”'
recording'an'image'of'the'size'of'the'laice'unit'cell.''
b'The'InbSTED'image'obtained'by'assembling'all'the'unit'cell'images'
together.''

X'

Camera'frames'
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Centre'of'Excellence'in'Lasers'&'Photonics'

58'

LadceBSTED'images'

8'µm'*'8'µm'images'of'a'sample'containing'
30'nm'fluorescent'nanodiamonds'

'80ms'recording'7me'
''' 'excita7on'power'~'2'mW'

'deple7on'power'~'400'mW''

Yang'et'al.'Op7cs'Express'(2014)'
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LadceBSTED'images'

Imaging''of'microtubules'in'a'fixed'cell'
'3'µm'*'3'µm'field'of'view'
'80ms'recording'7me'
'excita7on'power'~'2'mW'
'deple7on'power'~'400'mW''

''
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Yang'et'al.'(2015)'
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Resonant Fluorescence Excitation spectra : 
- Sharp Zero Phonon Lines (T1 limited) 

Single Molecule Spectroscopy @ Low Temp.  
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Single Molecule Spectroscopy @ Low Temp.  

Intensity Saturation 

γhom= 20 MHz 
I ~ 250Is 
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can be studied on even shorter time scales via stimulated photon
echoes,151-153 which amounts to burn a sine-shaped hole (or
population grating) with a pair of pulses, and read it at a later
time with a third pulse. The slow dynamics which account for
the time-dependent properties of many amorphous solids154 came
to be accepted as the origin for spectral diffusion of the optical
lines. For all their sensitivity, however, hole-burning and photon
echoes experiments probe large ensembles of molecules. Single-
molecule methods, although their time resolution is fairly limited
so far, can bring a very local view of the dynamical processes
responsible for spectral diffusion. The spectral shape155,156 and
saturation157 of single molecule lines make it possible to
distinguish between broadenings by dephasing and by spectral
diffusion. The first examples of spectral diffusion of a single
molecule were found in a crystal,78 but shortly afterward it was
also observed in polymers.158,159 These experiments gave direct
evidence for the microscopic processes which until then had
been empirically postulated to explain the low-temperature
dynamics of disordered solids.160,161
In simple crystals of small, rigid molecules, the only degrees

of freedom activated at low temperature are acoustic and optical
phonons. The correlation time of perturbation by acoustic
phonons is of the order of kBT (below the Debye temperature),
and for a dispersionless optical mode, it is of the order of the
phonon lifetime. Since these times are shorter than the inverse
of the frequency jitter caused by phonons (or much shorter than
T2, the coherence lifetime), perturbations by phonons are
motionally narrowed and give rise to dephasing. Dephasing
arises from elastic interactions with the phonon bath, and
requires one phonon absorption and one phonon emission at
the lowest order.162,163 Therefore, dephasing varies as n(n+1),
where n is the average phonon number at temperature T. At
low temperature, and for a single optical mode, this law is very
similar to the Arrhenius dependence of n.133 Figure 9 shows an
example for DBATT in naphthalene, where the activation energy
of 40 cm-1 corresponds to a quasilocal mode which appears in
the fluorescence spectrum.105 For broader temperature ranges,
the full expression should be used.
Besides phonons, slower dynamics can also take place in

some crystals. Unexpectedly, spectral diffusion of single
molecules was first observed in pentacene in para-terphenyl, a
crystalline system. More generally, if a system presents multiple
ground states with nearly degenerate energies, long dwell times
in each metastable state at low temperatures will lead to long
memory times and to spectral diffusion. Spectral diffusion of
single molecules often appears as sudden jumps of their

transition frequency. Spectral jumps can be followed on a
spectral trail,164,165 i.e., on a collection of fluorescence excitation
spectra recorded as a function of time. It is also possible to
deduce a spectral trajectory of a single molecule when the
spectrum is simple enough, and the number of molecules very
small.69,78,166 In the case of pentacene in p-terphenyl, Ambrose
et al.78 found that jumping did not depend on laser power (i.e.,
spectral diffusion was spontaneous, or thermally induced).
Different molecules presented different kinds of trajectories,
each trajectory with a large number of various jump amplitudes.
Reilly and Skinner167 explained the many jump amplitudes by
coupling the molecule to a large number of uncorrelated two-
level systems (TLSs). The TLSs cannot be related to flips of
the central phenyl rings of p-terphenyl molecules in the bulk
of the crystal, because the activation barrier (approximately
equal to the temperature of the order-disorder transition of the
crystal) would be too high. But they could be related to
p-terphenyl molecules in domain walls, i.e., in regions where
the molecules hesitate between two degenerate, but different
crystal structures related by a symmetry. A simple model of a
molecule coupled to a 2-dimensional lattice of TLSs reproduced
the distribution of frequency jumps and the temperature
dependence of spectral diffusion with essentially three param-
eters: the coupling constant, the activation barrier of the TLSs,
and the distance of the molecule to the lattice. Spectral diffusion
can also occur in other crystals such as Shpol’skii matrixes,164,168
which present a high concentration of defects due to their
preparation mode.
Single molecules have been detected and investigated in a

number of polymers. Compared to crystals, polymers are
complex systems, because they present a broad distribution of
local environments, of tunneling barriers, and therefore a very
broad spread of jumping rates, over many orders of magnitude
(from picoseconds to years and beyond). When large ensembles
of solute molecules are studied, the broad spread of time
constants leads to quasi-logarithmic kinetic laws.103 A single
molecule probes its immediate surrounding (within a few tens
of nanometers), and the spectral diffusion of each molecule thus
reflects the specific kinetic features of its neighborhood.
Therefore, there will be different line widths and line shapes,155
different amounts of dephasing and of spectral diffusion for
different individual molecules.166,169,170 The shorter jumping
times (shorter than T2) will give rise to dephasing, i.e., to a
broadening of the homogeneous line. Jumping times longer than
T2 will give rise to spectral diffusion, which can be studied by
the method of the spectral trail if it is not too fast (i.e., for
correlation times longer than one second, a typical scanning
period). Shorter correlation times (between seconds and micro-
seconds) can be studied by the autocorrelation function of the
fluorescence intensity.171 Histogrammes of spectral widths of
single molecules have been plotted for terrylene in various
polymers, polyethylene (PE),155 polyvinylbutyral, polystyrene,
poly(methyl methacrylate),93 and polyisobutylene (PIB).69 The
specific dynamical properties of glasses at very low temperatures
are usually explained within the standard model of two-level
systems (TLSs) which states that local domains in the glass may
jump between two configurations by tunneling. A single
molecule is coupled to TLSs by strain or electric fields, and its
transition frequency is modulated by the jumps of surrounding
TLSs as illustrated in Figure 10. The general shape of the
histogramme was found to be consistent with the standard TLS
model,155,172 assuming that anomalous glass dynamics is pro-
duced by a random distribution of local defects tunneling
between two positions. However, since the histogramme is

Figure 9. Dependence of the line width of a single dibenzanthanthrene
molecule in a naphthalene crystal with temperature. The data are well
fit by an Arrhenius plot. The activation energy corresponds to a local
mode in the fluorescence spectrum.
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At low temperature and weak laser excitations 
Optical resonances with high quality factors (up to 107-108) 
Extremely stable lines: no spectral diffusion, no blinking 
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Image'of'a'molecule'excited'with'a'doughnut'beam'

Molecule'excita7on'at'linear'regime'
Image'of'a'molecule'excited'with'a'Gaussian'beam'
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Principle'of'ESSat'microscopy'

64'

500'nm'
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Simulated'confocal'and'ESSat'images'

Confocal' ESSat'
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Experimental'setup'of'the'ESSat'microscope'

~589nm'
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Resolu7on'of'ESSat'microscopy'
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Two'superBresolved'molecules'
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ModulatedBESSat'microscopy'

Fluorescence'signal'Fluorescence'signal'PDFOptim
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Confocal'' DirectBESSat' ModulatedBESSat'

Simulated'images'of'single'molecules'
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71'

Experimental'setup'of'modulatedBESSat'

#  Temporal'modula7on':''
1'kHz,'500'µs'“on”'and'500'µs'“off”;'
#  Laser'frequency'shim:'~1'MHz'
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Confocal' DirectBESSat' ModulatedBESSat'

Resolu7on'of'modulatedBESSat'microscopy'
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ModulatedBESSat'Confocal'Fluo.'excita7on'spectrum'

'
'

Two'molecules'with'overlapping'resonances'
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